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PREFACE 

This draft report was prepared in compliance with Contract Number 
EG-77-C-01-4042 for the U.S. Department of Energy. The report 
marks completion of the economic feasibility and market readiness 
assessment portion of Joint Task 5213/6103 in the Economics and 
Market Analysis Branch and Technology Evaluation Branch of the 
Solar Energy Research Institute. The final portion of this Joint 
Task will assess the costs and market readiness of the solar 
technologies evaluated tn this report and make commercialization 
recommendations. 

SERI staff members contributing to this report were: 
R. Witholder, biomass and SPS costs, and market assessments, and 
computer costing mode 1 s; D. Buchanan, passive costs and market 
assessment; S. Christmas, photovoltaic costs and market 
assessment; C. Fellhauer, wind costs and ocean thermal costs and 
market assessment; S. Flaim, process heat and total energy costs, 
total energy market assessment, cost and market methods of 
assessment; B. Glenn, edited, proofed, incorporated revisions, and 
rewrote several sections of the report; P. Ketel s, markets for 
industrial process heat and process heat systems, market readiness 
assessment; A. Levary, SHACOB costs and market assessment, and SPS 
market assessment; P. Mourning, market readiness and the 
commercialization process; P. Steggerda, market readiness 
assessment for solar thermal electric and WECS; and H. Trivedi, 
solar thermal electric costs. 
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ABSTRACT 

Systems descriptions, costs, technical and market 
readiness assessments are reported for ten solar 
technologies: solar heating and cooling of buildings 
(SHACOB), passive, agricultural and industrial process 
heat (A/IPH), biomass, ocean thermal (OTEC), wind 
(WECS), solar thermal electric, photovoltaics, 
satellite power station (SPS), and solar total energy 
systems (STES). Study objectives, scope, and methods. 
are presented. 
of Joint Task 

The cost and market analyses portion 
5213/6103 will be used to make 

commercialization assessments in the conclusions of. 
the final report. 

xi 



ECONOMIC FEASIBILITY AND MARKET READINESS 
OF SOLAR TECHNOLOGIES 

Joint Task 5213/6103 

I. INTRODUCTION 

A. OBJECTIVE, SCOPE, AND PURPOSE 

To successfully commercialize solar technologies, a continuing 
assessment of economic and market factors is required. 

Accelerating this process places a premium on careful, thoughtful 
planning. The objective of this report is to compile current cost 

estimates and conduct technical and market readiness assessments 
for solar commercialization planning. 

Ideally commercialization activities begin early, during 

technology development, in order to stimulate the development of a 
healthy, growing,· self-sustaining industry. This report seeks to 

provide a foundation for establishing priorities for the 

augmentation of commercialization plans for solar technologies as 

well as for establishing a cost data base for the design of 
particular Conimerc1a11zat1on strategies. The ubjee:tive of this 

report is to assess the current economic feasibility and 

commercial readiness for ten solar technologies: Solar Heating 

and Cooling of Buildings (SHACOB), Passive, Process Heat, Biomass, 

Ocean Thermal Energy Conversion ( OTEC), Wind Energy Conversion 

Systems (WECS), Solar Thermal Electric, Photovoltaics, Solar 

Satellite Power Stations, and Total Energy Applications. 

Commercial readiness is defined in terms of the technical status 

of the technology and of the extent to which particular market 

characteristics exist. 

1 



Computed costs wi 11 be used for comparative cost and economic 

feasibility analyses for each of the solar technologies. 

Comparisons will be drawn between solar and conventional 

alternatives competing in specific markets on the basis of 1978 

cost and market characteristics; however, these costs are 

preliminary estimates only. 

This introduction outlines the costing and market assessment 

methods employed in the following analysis. Cost methods are 

explained in more detail in Section XIII of this report, but 

special cost considerations for each technology are noted here. 

For SHACOB and Passive solar the market readiness assessments were 

covered in considerably less detail because these two technologies 

are already well into the market introduction phase of 

commercialization. 

B. METHODS AND LIMITATIONS 

Costs 

Each technology subsection outlines the principle of operation and 

typical systems currently avai 1 able to consumers. Some systems 

considered have never been built and are conceptual designs only. 

Data for these systems are taken from DOE contractors• engineering 

designs and cost estimates. Costs for all systems should be 

interpreted with ca1,1ti on because the methods were selected to 

minimize bias when comparing dissimilar systems. Thus, costs 

presented as a point estimate are averages of different systems 

within a typical system category. The cost methods empl eyed in 

this analysis are explained in the Appendix, Section XIII, of this 

report. 

The 1 imitations of the cost analysis should be noted. These 

1 imitations wi 11 be discussed in the order that the technologies 

are presented in this report. This report surveys cost studies on 

2 
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each of the technologies. Capital costs, operation and 

maintenance expenses, and other costs are inputs to our costing 
models which have standard economic assumptions regarding interest 
rates, debt-equity balances, etc. 

Sources of data for SHACOB costs are from the MITRE Corporation 
SPURR* Market Penetration Model, interviews with manufacturers of 
these systems, and engineering cost estimates for systems 
currently avai 1 able to consumers. Costs are presented for both 
homeowners and commercial applications for 14 regions and 9 

( 

building types and for both new and retrofit applications. 
Examination of the tables in Section II reveals that the costs (in 
terms of dollars per million Btu) are much higher for homeowners 
than for all other applications. This difference is due to the 
deductibility of fuel costs and fuel expenses related to the 
operation of a business. 

Costs for passive systems were particularly difficult to obtain. 
Passive heating systems performance is highly variable and depends 
on location and other characteristics of the home. This 
variability in turn, greatly affects cost. No satisfactory method 
for calculating passive costs is yet available, but several are 
under development. Passive costs were obtai ned from a 1 arge 
number of research studies. They do not represent costs 
calculated through our models. In some cases, costs are ava1lable 
on a dollar-per-million-Btu basis; however, where these costs were 
not available, costs are reported on dollars per million Btu 
delivered during an average year ($/MBtu/yr). 

*SPURR is the acronym for A System for Projecting the Utilization 
of Renewable Resources. 

3 



Costs for agricultural and industrial process heat systems were 

obtai ned from interviews with manufacturers and engineering cost 

estimates from government contractors. The process heat systems 

cost analysis, performed by MITRE Corporation, represents updated 

costs of delivered energy from systems within the SPURR Model. 

Two types of costs need to be considered for biomass. These are 

the costs of feedstocks and costs of converting these feedstocks 

into useful products.· The model employed for this method i ~ a 

required revenue model which derives the price necessary for the 

product to pay for itself, including a minimum profit return. 

(The advantages and 1 imitations of a required revenue model are 

noted in Section XIII of this report.) The calculations presented 

in this section strictly follow the specifications recorded in the 

studies surveyed. Some assumptions appear 

optimistic, and these assumptions are identified. 

unrealistically 

Since the cost 

of conversion depends on the cost of feedstocks, feedstock costs 

are parametrically varied to obtain dollars per million Btu, 

mi 11 s/kWh, or dollars per gall on for bi amass fuels. A survey of 

the availability of biomass feedstocks is also presented. 

The CO!:;t!i of wind energy conversion systems are highly d~pt:ndt:,)t 

on location and wind characteristics for a given area. Two types 

of systems are considered: small ( 1 ess than 100 kW) and 1 arge 

(more than 100 kW) wind energy systems. Remote market 

applications for small wind energy systems make costs 

noncomparable with most conventional cost data available for 

electricity. For these systems, costs are presented in terms of 

dollars per k"ilowatt of rated capacity. Large wind energy 

conversion systems or wind farms, however, are anticipated to be 

used in utility markets. These costs are expressed in mills per 

kilowatt hour. 

4 
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Solar thermal electric power systems costs were obtained from 
engineering cost estimates based on systems currently being 

considered by the Department of Energy. Although one solar 
thermal electric system is currently under construction, no actual 
system performance and cost data were available at the time of 
this report. 

Cost comparisons of some photovoltaic systems face problems 
similar to small wind energy conversion systems. Many 
photovoltaic systems are in remote markets that are not currently 
supplied by large utility systems. Utility applications for 
photovoltaics are presented in terms of mills per kilowatt hour. 

Costs for solar satellite power systems (SPS) are based on 

conceptual designs and engineering cost estimates only. The costs 
of satellite power stations are highly dependent on the future 
cost of photovoltaics and the development of a suitable economical 
transport system from Earth to outer space. 

Solar total energy systems are generally defined as systems that 
provide electricity and thermal heat. System costs are available 
from contractors 1 estimates. Contractors 1 models were used to 
simulate the performance of these systems to deliver el ectri city 
and process heat. 

Energy Markets 

The commercialization or market penetration of solar energy 
technologies may be viewed from two perspectives. In the first, 
the potential market and its characteristics are identified. Then 

solar energy systems are designed to meet the special requirements 
of a particular market. Alternatively, the most promising 

technologies (in terms of cost and efficiency) are selected, and 
these systems are moved from technological feasibility through 

5 



market acceptance to substantial use. Technologies are 

commercialized by assessing markets in an effort to satisfy 

demands and requirements, while a simultaneous attempt may be made 

to change the characteristics of the market (lifestyles, per 

capita consumption, and attitudes). 

This section wi 11 outline the market for solar energy and the 

process of commercialization to meet special market requirements. 

The technology assessments that fall ow wi 11 refer to this market 

description and will discuss commercialization efforts in 1978. 

Market Description 

Table I-1 presents U. S. energy consumption by market sector from 

1950-1976. Electricity generation consumes the most energy, 

28.8%; industry and transportation consume about 25% each, and 

commercial/residential use accounts for about 20% of total energy 

consumption. The following description centers on industrial 

markets becau5e (1) temperature requir~m•nts ~nrl lnarl~ are least 

understood in this sector, (2) industrial processes are least 

dependent on liquid fuels, and (3) special market factors may 

acccl crate !;Ol ar energy system adoption, de5pi te pres~nt coc;t.s} 

e.g., natural gas curtailments. 

Commercial/Residential. Many solar heating and cooling systems 

are .available for space and water heating in commercial and 

residential applications. Life-cycle cost comparisons with 

conventional fuels are favorable in some regions, especially for 

new construction and when competing fuels are electricity or 

propane. Substantial reductions in retrofit installation costs 

will be required before SHACOB systems will be a large contributor 

in this market. The current stock of housing in this country 

1 argely consists of older, tract-type homes· which are thermally 

6 
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TABLE 1-1 

DOMESTIC ENERGY CONSUMPTION BY MARKET SECTOR 

Percent of Total 

MiscellaneoCJs 
Year Com11erci a 1 I Trans- El ectri ci tt and 

Year (Quads) Residential a Industrial a · portationa Generation unaccounted fora 

1950 34.0 22.3 36.3 25.3 14.7 1.4 
1955 39.7 21.6 35.2 24.8 16.6 1.8 
1960 44.6 22.8 32.9 24.3 18.5 1.5 
1961 45.3 22.9 32.3 24.2 18.8 l.8 
1962 47.4 2.3.1 32.2 24.0 19.2 1.5 

1963 49.3 22.3 32.3 24.3 19.6 1.5 
1964 51.2 2L.7 32.6 23.9 20.3 1.5 
1965 53.3 22.2 32.2 23.8 20.8 1.0 
1966 56.4 22.0 32.0 23.6 21.4 1.0 
1967 58.3 22.3 31.3 24.1 21.8 0.5 

1968 61.8 21.2 31.4 24.5 . 22.5 0.4 
1969 65.0 20.9 30.9 24.3 23.5 0.4 
1970 67.1 20.8 30.1 24.6 24.2 0.3 
1971 68.7 20.7 29.1 24.8 25.1 0.3 
1972 71.9 20.3 28.5 25.1 25.8 0.3 

1973 74.7 19.1 28.6 25.3 26.6 0.4 
1974 73.0 19.1 27.9 25.3 27.4 0.3 
1975 70.6 19.2 25.4 26.3 28.7 0.4 
1976 74.2 20.2 25.4 25.6 28.8 (2) 

aDoes not include electricity. 
bDistributed throughout otliler sectors. 

Sources: FEJl., Energy in Focus, May 1977. 



inefficient and unsuitable for solar systems without substantial 

modification. 

Industria 1 Process Heat. Hi stori ca lly, the consumption of energy 

within the industrial market sector for process heat applications 

has accounted for a 1 arge portion of the tota 1 amount of energy 

consumed in the United States. The quantity of energy consumed 

within each market sector, as a percentage of the total, is shown 

in Table I-1, for the years 1950-19711. Although the relative 

amount of energy consumed has decreased, industrial energy 

consum~tion has increased from 12.3 quads* in 1950 to 18.8 quads 

in 1976. This increase represents a 3% annual rate of growth. At 

the same time, the total amount of energy consumed increased 

annually up to 1973--the year of the imported oil embargo. In the 

three years following, the amount of energy consumed was below the 

1 evel of 1973. The reduction in the quantity of energy consumed 

can be attributed to increased conservation efforts and to the 

nonavailability of additional supplies of energy within some 

l'llarket secto1·s. 

Industrial process heat can be generally defined as thermal energy 

which i 5 U!:ied either directly or indirectly in th~ trPnt.mP.nt. or 

preparation of mined and manufactured goods and materials. The 

temperatures required for various industrial processes range from 

as 1 ow as amb1 ent for sur.h appl i cati ans as drying to as high as 

3300°F. in refractory k i 1 ns. The basis ·for se 1 ecti ng an energy 

source for a specific industrial application is a combination of 

the temperature requirement and the desired specific performance 

characteristics. In some processes the source of direct heat must 

have no pollutants and must otherwise be clean, (e.g., the 

preparation of baked goods and refining certain metals). Some 

industrial processes are possible only because of a combination of 

*A "quad" equals 1015 Btu. 
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certain chemical properties and fl arne or temperature 

characteristics of the energy source. An example is the use of 

natural gas in the heat treating of metals to achieve certain 

physical properties. Other variables considered in the selection 

.of an industrial energy source are dependability, degree of 

temperature control, environmental standards, and cost. 

Transportation. . · The transportation sector represents a 1 arge 

potential market for renewable energy technologies. However, 

except for biomass, solar alternatives are limited unless a major 

shift to electric cars or mass transit occurs. Ocean thermal 

systems can produce hydrogen which may be used as a transportation 

fuel if technical problems are overcome. The use of liquid fuels 

from biomass will also require some modification of the internal 

combustion engine. 

Utilities (Electricity Generation). Utilities are the largest 

consumers of energy in the u. S. and represent a large market for 

solar technologies. Candidate technologies are ocean thermal, 

wind, solar thermal electric, photovoltaics, satellite power 

stations, biomass, and total energy systems. 

There are two di sti net markets for electric generating systems: 

large central plants and remote applications. All of the above 

technologies can be used in the former capacity, but only wind and 

photovoltaics are presently designed for use in small remote 

applications. Cost comparisons of low-maintenance solar systems 

are often favorable with the alternatives of diesel or gasoline 

generators. 

Other Products.· So 1 ar energy collector systems generate thermal 

and electrical energy •. Biomass may also be converted to products 

used for tnei r nonenergy characteristics--ethanol, methanol, and 

ammonia. Ocean thermal systems may prove· most economical for 
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manufacturing and processing aluminum rather than utility grid 
generation. These other products have not been investigated 
thoroughly but do represent potential markets for solar 
technologies. 

Market Readiness and the Commercialization Process 

The degree to which solar will contribute to national energy needs 
will depend not only on action by the federal government but also 
on parallel action by individual states and the private sector. 
These actions need to be aimed at producing a program which 
recognizes regional variations in the solar resource and which 
provides specific solar applications appropriate to particular 
users. Some solar technologies are already reasonable 
alternatives to conventional energy technologies and can be 
considered--with some confidence--as· vfable future sources of 
heat, fuel, and electric power in dispersed and/or centralized 
applications. 

The private sector is already participating in the development and 
application of solar technologies, but it is unlikely that this 
effort alone will lead to the rate of golar 1m~lementat1on 

required to contribute effectively to a prosperous economy, a 
clean environment, a growing job market, improved national 
security, flexibility in foreign affairs, or decreased reliance on 
foreign energy resources. Through <;:Qmmer<;:i g 1 i ~9ti on--the 
acceleration of near-term and widespread use of solar systems--the 
federal government can set the stage for expanded private sector 
solar involvement. Commercialization is the process of moving a 
new techno 1 ogy from technical feasibility to market acceptance. 
Commercialization in the public sector context corresponds to 
innovation in the private sector; in the former, government funds 
are used to stimulate technological flow. The commercialization 
process is deemed successful when the predominant source of 

10 
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financing is from private sources and when the use of the new 
technology is widespread. 

Any attempt to stimulate the adoption of solar energy systems 

through government commercialization efforts should be preceded by 
an assessment of the commercial or market readiness of each 

technology. This assessment is a critical step in the 
commercialization process because it is the point from which 
commercialization planning programs can begin. It is also an 
appropriate point for i denti fyi ng and evaluating other market 
tools directed at increasing the acceptance of a solar technology. 

Assessment of market readiness requires a clear understanding of 
the commercialization/innovation process and the technological 
changes it involves. The private sector of the economy goes 
through sequential stages of the innovation process leading to the 
first application and to subsequent diffusion of a new technology. 
Several private sector models describe as many as 14 di sti net 
stages of technological flow. 

These commercialization/innovation stages can be grouped 
conveniently into four phases: applied research, development, 
market introduction, and diffusion. These phases roughly 
correspond to the points at which firms and government 
administrators make key investment decisions (Figure 1-1). 

Applied 
Research Deve ooment ntroduct1on Di ff us ion 

Research Plan Resource Allocation Equipment Procurement Increased Production 

Ex peri mentation Breadboard Models Plant Construction Licences 

Lab Feasibility Equipment Design In stall ati on Imitators 

Development Prototypes Product Tests Widespread Adoption 
Proposals 

Pi 1 ot Plants 
.. 

Figure I-1. Phases in the Commercialization Process 



The applied research phase includes devising a research plan for 
investigating the technology concept. It also involves 
experimentation, data call ecti on and analysis, and 1 aboratory­
scale feasibility demonstrations. This phase proceeds with 
formulating conclusions from the experiments and making 
recommendations for development projects. Basic research is 
purposely omitted from this phase because such prior work may not 
have been directly connected with any specific technology and can 
be viewed as an effort to attain 9eneral knowledge. 

The applied research phase continues with a description of both 
the technical concept of a proposed development project and the 
potential uses of the project results. Technical feasibility 

studies and cost estimates are also applied research activities. 
Finally, the results are evaluated in terms Df the potential value 
of continuing with the idea. 

The development phase usually involves substantial investment. It 
includes allocating resources to the project and producing 
successful breadboard or bench models. Designs of each component 
of equipment necessary for product performance are completed. 
Succe~~ful operation of a prototype and pi 1 ot p 1 .Jnt tc~ti ng to 
develop desired product characteristics typically complete the 
development phase. 

The market introduction phase includes procurement and 
installation of full-scale production facilities and achievement 
of an acceptable rate and quality of production under plant 
con'di ti ons. This stage is suc'cessful when a 11 p 1 an ned production 
facilities are built and operating. 

Successful introduction is followed by the diffusion phase, where 
adoption of the product incorporating the new techno 1 ogy becomes 
widespread. Production of the system may expand from the first 

12 



company to licensees, and to other companies imitating the 
technology. 

Failure to complete any one stage in this process may result in 

abandonment or shelving of the technology. The· concept may be 
revived when the necessary technical, economic, or social barriers 

have been surmounted or when addi ti ana 1 resources become 
available. 

The introduction phase is the critical point for market readiness. 
If research and development have been completed to such an extent 
that technical uncertainty is si gni fi cantly decreased, then the 
technology may be ready for introduction into the marketplace, 
provided one other condition exists. The service supplied by the 

technology being examined must be cost competitive with existing ·:': 
sources for that service. 

In subsequent chapters, each solar technology is described; these 
descri pti ens attempt to relate current status and acti viti es to 
the stages of the commercialization process. Comparisons of life­
cycle costs (solar vs conventional) and market readiness 
considerations are used as a basis to characterize the 

commercialization potential of these solar technologies. 

1.3 
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II. SOLAR HEATING AND COOLING OF BUILDINGS 

A. INTRODUCTION 

This section presents "typical" solar heating and cooling systems 
(SHACOB) currently available to consumers. These systems are used 

to represent typical system costs that are used for heating and 
cooling of buildings and hot water. All costs are reported in 

ranges to reflect widely varying labor charges for installation as 
well as design and collector· cost differences. The systems• 
configurations presented bel ow represent broadly defined types of 
the many different systems available today. These systems are 

analyzed for 9 building types and 14 climatic regions to account 
for the different systems used in different climate zones. These 
typical systems have been preoptimized for each region and 
building type on the basis of efficiency and cost. No attempt is 

made to obtain costs for one system in all regions. With the 
exception of the thermosiphon hot water system, all systems 
discussed here are active systems. An active system is 
characterized as a system in which an additional energy source is 
used to transfer thermal energy. This additional energy source is 
needed to drive pumps, blowers, and other devices needed for heat 

circulation. 

Principle of Operation 

Solar heating and cooling systems call ect sunlight and transfer 
the radiant energy in the form of sensible heat via a liquid or 

gaseous heat transfer medium. The heat is then transferred to the 
system·s· "load." The loads considered in this analysis are water 

heaters, space heating systems, a space cooling system, and 
storage units. The storage unit stores heat in either its 

sensible or latent form. Latent heat is the heat given off or 
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absorbed in a process, other than change of temperature, such as 
heat of fusion or vaporization. 

All SHACOB technologies collect and convert solar radiant heat to 

sensible heat by a solar collector. This heat can be used 
immediately or transferred to storage. The performance of each 

operation in the system is maintained by automatic or manual 
controls. An auxiliary system is usually available to supplement 
the output provided by the solar system. 

Regional and Building ~Considerations 

Since the economics of SHACOB systems depend on climate and 
building characteristics, life-cycle cost estimates are derived 

for 14 regions and nine building types. The 14 regions outlined 
on Map 1 represent climatic as well as cost regions. Regional 

costs vary because of climatic conditions, labor for installation, 
and the number of competitors bidding to install SHACOB systems. 

The nine building types represent the wide range of SHACOB 
applications from residential to commercial and industrial 

st1·uctutes. 

Costs in the following tables are based on manufacturers• quotes, 
actual systems built and operating, and MITRE Corporation• s cost 
estimates presented in its SPURR model documentation. Costs were 
calculated using the SPURR-SHACOB model to account for buil di nq 

size and regional considerations. In most cases, costs for large 
systems were unavailable. These costs were based on engineering 

estimates of size and efficiency and reflect discounts for large 
quantities purchased. The limitations of market penetration 
models are well known. However, use of the SPURR model for this 
analysis is limited to the insolation data base and buildings in­
ventory. The market penetration algorithm of SPURR is not used. 
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Hi story 

Solar energy has been used for centuries. In the United States, 
use of solar energy for SHACOB applications dates back to the late 
1800s. In California, blackened water tanks were placed on 

rooftops exposed to the sun as a means of heating water. Later, 
these blackened water tanks were placed inside glazed wooden boxes 
to increase their efficiency. During the late 1920s, an estimated 
10,000 solar water heaters were in use in California. However, by· 

1930, sales of solar water heaters had dropped considerably. Gas 
water heaters were more convenient and less costly. During the 

l930s. high e1 ectr1 city price~ madi solar watir heaters 
economically attractive and increased their use once again. By 
the end of the 1930s, electric rates had declined causing yet 
another decline in the use of solar hot water heaters. 

At present, research and development work is underway to improve 
efficiencies and reduce the costs of SHACOB systems. Major 
research efforts are devoted to evacuated tube collectors and to 
desiccant cooling. 

An Ovetview of Typical SIIACOO Systems 

Eight system designs are considered for SHACOB. These designs are 
based on studies of the systems• efficiencies and costs. Although 
SHACOB equipment varies widely, these system designs describe 
SHACOB systems in a way that normalizes results of the system cost 
analyses. In addition, absorption cooling is included in the 
typical system descriptions, but it has been deleted from the 

economic analysis at present because prototype systems require 
more electrical energy than conventional cooling systems do. 

18 



Three different hot water systems are considered in this analysis: 

a pumped ,system circulating potable water, a pumped system using a 

heat exchanger, and a thermosiphon system. Two space heating and 

hot water systems are considered: liquid and air heat transfer 

mediums. Two systems are presented bel ow that provide space 

heating, hot water, and cooling. One system uses an absorption 

cooler for the cooling function; the other uses a heat pump as an 

auxiliary. Cooling for the latter is achieved by reversing the 

heat pump. All systems described here include storage. Storage 

size varies according to the system design, application, region, 

and building type. For cost reasons, storage is usually designed 

for one day carryover. 

B. TYPICAL SYSTEMS DESCRIPTION AND COSTS 

Hot Water 

Three typeso:f hot water systems are considered: a system with drain 

down freeze protection; a system with anti.freeze as freeze 

protection; and a thermosiphon system. Drain down and 

thermosiphon systems circulate potable water; the system using 

anti freeze circulates a water/anti freeze sol uti on and requires a 

heat exchanger. These systems are described in Figures II-1, 

II-2, and II-3. Storage tanks for homeowners are usually 60, 80, 

or 120 gallons depending on hot water consumption. Total annual 

loads for hot water are presented in Table II-1. Loads vary 

according to bui 1 ding type but are assumed not to vary from region 

to region. 

Pumped system circulating potable water--The system considered for · 

the cost analysis is a closed-loop, copper tube in aluminum fin, 

single-glazed, flat-plate collector circulating potable water from 

its storage tank. Hot water output from the storage tank becomes 

the input water to the demand tank. Freeze protection for this 

19 
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Figure 11-1. Solar Hot Hater Syste11 with Drain Dowrn Freeze Protection 
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Figure II-2. Solar Hot Water System with Antifreeze as 
Freeze Protection 
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Figure II-3. Solar Thermosiphon Hot Water System 
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TABLE II-1 

hOT WATER, TOTAL ANNUAL LOAD (MILLION BTU) IN 1978' 
NEW AND RETROFIT APPLICATIONS 

BOT WAJER "i & 2 LOW STORE, 
SYSTEM * FAMIL V RISE ~~Q!IQ~!~'1 CLINIC ~Q~~~T!Q~~k ~Q~~E~k !:!~kk !:!QHk ---------

REGION 1 A. F. 21. 548. 13. 13. 645. 1562. 269. 269. 
REGION 2 A. F. 21. 548. 13. 13. 645. 1562. 269. 269. 
REGION 3 A.F. 21. 548. 13. 13. 645. 1562. 269. 269. 
REGION 4 A. F. 21. 548. 13. 13. 645. 1562. 269. 269. 
REGION 5 A. F. 21. 548. 13. 13. 645. 1562. 269. 269. 
REGION 6 T.S. 21. 548. 13. 13. 645. 1562. 269. 269. 
REGION 7 A. F. 21. 548. 13. 13. 645. 1562. 269. 269. 
REGION 8 P.W. 21. 548. 13. 13. 645. 1562. 269. 269. 
REGION 9 A.F. 21. 548. 13. 13. 645. 1562. 269. 269. 
REGION 10 A. F. ·Jr P.W. 21. 548. 13. 13. 645. 1562. 269. 269. 
REGION 11 P.W. 21. 548. 13. 13. 645. 1562. 269. 269. 
REG ION 12 P.W. 21. 548. 13. 13. 645. 1562. 269. 269. 
REGION 13 P.W. 21. 548. 13. 13. 645. 1562. 269. 269. 
REGION 14 T.S. 21. 548. 13. 13. 645. 1562. 269. 269. 

* A.F. represents antif~eeze hot water s~stem co~ts, double glazed collectors with lfqufd storage. 

P.W. represents potable water, hot water systens costs with double glazed collectors and lfqufd storage 
(ilrafn do-"Wn freea protection). 

T.S. repr~sents therm~sfphon systems, ~ingle glazed collector w1th lfqufd storage. 

WARE-
~Q~g 

27. 
27. 
27. 
27. 
27. 
27. 
27. 
27. 
27. 
27. 
27. 
27. 
27. 
27. 



system is provided by draining water from the collectors. This 

system is described in Figure II-1. Costs for· this system appear 

·in Tables II-2 and II-3 for new arid retrofit applications 

respectively. This system is suitable for regions 8, 11, 12, and 

13 and costs range from $2.00 to $15.00/MBtu across applications. 

Pumped system using a heat exchanger--This system is a closed­

loop, copper tube in aluminum fin, single-glazed, flat-plate 

collector using a water/antifreeze/corrosion-inhibitor heat 

transfer medium which transfers heat to a thermal storage tank via 

a dual walled heat exchanger. Hot water output from the storage 

tank becomes input water to the demand tank. The demand tank 

contains an auxiliary heater. This system may have only one tank, 

the demand tank that contains both heat exchanger and auxiliary 

heater. This system is described in Figure II-2, and costs are 

presented in Tables II-2 and II-3 for new and retrofit 

applications respectively. This system is analyzed for regions 1, 

2, 3, 4, 5, 7, and 9. Costs range from a low of about $2/MBtu to 

a high of nearly $25/MBtu. 

Thermosi phon systems--This system is suitable for operation in 

nonfreezing areas and, therefore, has 1 imi ted use. The system 

does not require pumps, heat exchangers, or controls. Circulation 

occurs by the thermosi phon effect, wherein the storage tank is 

situated above the collector. The system is described in 

Figure II-3, and costs are presented in Tables II-2 and II-3. 

Thermosiphon systems are analyzed for California and Florida only 

and were assumed not to be reliable enough for large commercial 

applications. Costs range from a low of about $4/MBtu for new 

installations to $12/MBtu for retrofitting older homes. 
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TABLE 11-2 

HOT WATER, LIFE-CYCLE COST OF DELIVERED ENERGY WOLLARS PER MILLION BTU) IN 1978' 
NEW INSTALLATIONS 

HOT li"ATEII 1 & 2 LOW STORE, 
SYSTEM * FAMILY RISE AUDITORIUM CLINI: EDUCATIONAL HOSPITAL MALL MOTEL 
--------- ---------- ----------- --------

REGION 1 A. F. 21 .45 6.74 7.06 7.06 14.57 6.96 6.37 6.37 
REGION 2 A.F. 19.f.l 6.00 7.04 7.04 11.98 5.89 5. 77 5.76 
REGION 3 A. F. 16.:34 4. 71 4. 51 4. 51 11.07 41.41 4.06 4.06 
REG ION 4 A. F. 10.~·7 2.87 2.63 2.63 8.66 2.99 2. 71 2.71 
REGION 5 A.F. 12 .(•3 3.16 2.94 2.94 9.94 3.33 2.68 2.68 
REGION 6 T. s. 7.!:2 1.83 
REGION 7 A. F. lO.J9 2.46 2.38 2.38 8.95 2.56 2.35 2.35 
REGION 8 P.W. 13. I'll 3.88 3.83 3.85 7.07 3.98 3.36 3.36 
REGION 9 A. F. 17.}9 4. 51 -4.73 4.73 12.39 4.66 4.24 4.24 
REGION 10 P.W. or A. F. 13.43 3.86 4.35 4.36 9.84 3.96 3.72 3.72 
REGION ll P.W. 10.[4 2.13 2.31 2.33 6. 72 2.30 2.01 2.01-
REGION 12 P.W. 6.!:8 1. 98 
REGION 13 P.W. 10. !i2 3.11 3.41 3.41 8.43 3.16 3.03 3.03 
REGION 14 T.S. 8.~1 1. 93 

*A.F. represent~ antifreeze hot water system costs, double glazed collectors with liquid storage. 

P.W. represent~ potable water~ hot water systems costs with double glazed collec:ors and liquid storage 
(Drain doun freeze protection). 

T.S. represent~ t~ermosiphon systems, single glazed collector with liquid storage. 

HARE. 
fiOUSE 

6.52 
6.11 
4 .I 3 
2.39 
2.64 

2.17 
3.39 
4.37 
4.00 
2.11 

3.12 
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TABLE 11-3 

HOT WATER, LIFE-CYCLE COST OF DELIVERED ENERGY (DOLLARS PER MILLION BTU) IN 1978, 
RETROFIT APPLICATIONS 

HOT WATER 1 & 2 LOW STORE, 
SYSTEM * FAMIL ~ RISE AUDITORIUM CLINIC EDUCATIONAL HOSPITAL MALL 
--------- ---------- ----------- --------

REGION 1 A. F. 23.48 9.12 9.68 9.68 17.43 9.02 8.65 
REGION 2 A. F. 20.73 7.53 8.53 8.53 13.40 7.34 7.19 
REGION 3 A.F. 17.47 6.21 7.11 7.11 13.39 6.07 5.96 
REGION 4 A. F. 13.49 4.75 5.40 5.40 10.54 4.61 4.55 
REGION 5 A.F. 13 . .76 5.24 5.80 5.80 11.06 5.11 5.00 
REGION 6 T.S. 8.92 3.84 
REGION 7 A. F. 11.92 4.24 4.97 4.97 9.52 4.09 4.09 
REGION 8 i>.W. 14.61 5.68 6.10 6.73 8.38 5.37 5.57 
REGION 9 A. F. 18.91 6.62 7.54 7.54 14.82 6.52 6.35 
REGION 10 P.W. or A.F.l4.67 5.46 6.09 6.11 10.70 5.35 5.26 
REGION 11 P.W. 11.26 3.89 4.84 4.84 8.47 3.84 3.72 
REGION 12 P.W. 9.48 4.39 4. 41 6.38 3.48 3.58 3.58 
REGION 13 P.W. 12.13 4.61 5.15 5.17 9.26 4 .. 64 4.56 
REGION 14 T.S. 10.26 3. 71 

MOTEL 

8.64 
7.19 
5.96 
4.55 
5.00 

4.09 
5.57 
6;35 
5.26 
3.72 
3.58 
4.56 

*A. F. represents antifreeze hot water systems costs, double glazed collectors with 11quid storage. 

P.W. represents potable water, hot water systems costs with double glazed collectors and 1 i quid storage. 
(Drain down freeze protection). 

T. s. represents thermosiphon systems, single glazed collector with liquid storage. 

WARE 
HOUSE 

8.82 
7.59 
6.29 
4.85 
5.22 

4.43 
5.46 
6.68 
5.49 
4.07 
4.21 
4.62 



Solar Heating and Hot Water with ~Liquid Heat Transfer Medium 

The typical systems for space heating and hot water using a liquid 

heat transfer medium are copper tube in aluminum fin, double or 
single glazed collector closed loop system. Heat is transferred 

through a water-to-water heat exchanger for domestic hot water. A 
water-to-air heat exchanger supplies heat from the storage to the 

bui 1 ding. The storage system consists of a water . tank sized to 
containing 1.5 to 2.5 gallons per square foot of collector. This 

system is described in Figure 11-4, and costs appear in 
Tables 11-6 and 11-7 for new and retrofit applications 
respectively. Costs range widely from about $5/MBtu :to $28/MBtu. 
Loads (Tab 1 es II -4 and II -5) differ because of different 

assumptions about housing insulation for new and older homes. 

Solar Heating and Hot Water with Air Heat Transfer Medium 

This system uses a flat-plate, double-glazed collector with a 
steel absorber plate. An air handling unit transfers hot air from 

the collector to the building or to a pebble bed storage unit. An 
air-to-water heat exchanger hP.ats the water for domestic use. 

This system is described in Figure 11-5, and costs are in 
Tables 11-10 and II-11. Costs range from about $3/MBtu to 
$30/MBtu. Loads are presented in TahlP.s TT-R and II-9. 

Solar Heating and Hot Water with Absorption Cooling 

This system provides solar heating, hot water. and c;ool i ng and 
uses an evacuated tube collector. To provide cooling, hot water 

is circulated to the absorption cooler. The auxiliary heater 
provides hot water for heating, hot water, and the absorption 

cooler. Storage for this system is similar to the heating and hot 
water system using a liquid heat transfer medium (HTM). The 
system is described in Figure II-6. 
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TABLE II-4 

HEATING AND HOT WATER, TOTAL ANNUAL LO~D (~ULLIO~ BTU} IN 1978, 
LIQUID HEAT TRANSFER MEDIUM 

l & 2 LOW STORE, WARE-
f~~!b! g!g B@!!~:!~·~ ~U~!~. ~Q~~~!!Q~~~ ttJ~en~~ !:!~bb !:!Q!g UQ~~L 

REGION l U4. 1211. 3385. 997. 6685. .. 5559. 55961 . 2011. 12785. 
REGION 2 H4. 1207. 3374 .. 993. 6663. 5541. 55775. 2004. 12743. 
REGION 3 1oJ2. 857. 2394 .. 705. 4726. 3931 . 39567. 1422. 9040. 
REGION 4 ~4. 791. 2211. 651. 4366. 3631. 36549. 1313. 8350. 
REGION 5 ~4. 367. 1025 .. 302. 2025. 1684. 16951. 609. 3873. 
REGION 6 * 5. 43. 121. 36. 240. 199. 2008. 72. 459. 
REGION 7 72. 608. 1699_ 500. 3355. 2790. 28090. 1009. 6418. 
REGI-JN 8 66. 556. 1553. 457. 3067. 2551. 25678. 923. 5867. 
REGION 9 l':i5. 1306. 36501_ 1075. 7207. 5994. 60337 .. 2168. 13785. 
REGION 10 192. 1612. 4505 .. 1326. 8896. 7398. 74473. 2676. 17015. 
REGIJN ll 141. 1181. 3300_ 972. 6517. 5420. 54558. 1960. 12465. 
REGION 12 44. 372. 1041. 306. 2055. m709. 17204. 618. 3930. 
REGIJN 13 115. 965. 2698. 794. 5327. ~430. 44592. 1602. 10188. 
REGI•JN 14* 44. 369. 1032. 304. 2038. B695. 17060. 613. 3898. 

"> 
(X) 

*Systems are 1den:1cal except for :he number of glazings. Only one glazing was reqJired for California and Florida. 



TABLE 11-5 

HEATING AND HOT WATER, TOTAL ANNUAL LOAD (MILLION BTU) IN 1978, 
RETROFIT APPLICATIONS, LIQUID HEAT TRANSFER MEDIUM 

1 & 2 LOW STORE, WARE-
f~!:IHY RISE t!Y~!IQ~!~!:I ~~!~!L ~~~~~!!Q~~~ ~Q~P!!~~ MALL ~Qg~ HOUSE 

REGION 1 192. 1615. 4514. 1329. 8913. 7412. 7 .. 614. 2681. 17047. 
REGION 2 192. 1610; .4499. 1325. 8883. 7388. 7 .. 367. 2762. 16990. 
REGION 3 136. 1142. 3191. 940. 6302. 5241. 5~756. 1895. 12053. 
REGION 4 126. 1055. 2948. 868. 5821 . 4841. 48732. 1751 . 11134. 
REGION 5 58. 489. 1367. 403. 2700. 2245. 2~602. 812. 5164. 
REGION 6* 7. 58. 162. 48. 320. 266. ~677. 96. 612. 
REGION 7 96. 811. 2266. 667. 4474. 3721 . 3:'453. 1346. 8557. 
REGION 8 88. 741. 2071. 610. 4090. 3401 . 3 .. 238. 1230. 7822. 
REGION 9 207. 1742. 4867. 1433. 9610. 7992. 80449. 2890. 18380. 
REGION 10 256. 2150. 6007. 1769. 11861. 9864. 99298. 3568. 22686. 
REGION 11 187. 1575. 4401 . 1296. 8690. 7226. 72744. 2614. 16620. 
REGION 12 59. 497. 1388. 409. 2740. 2279. 22938. 824. 5241. 
REGION 13 153. 1287. 3597. 1059. 7102. 5906. 59456. 2136. 13584. 

1".,) REGION 14• 59. 492. 1376. 405. 2717. 2260. 22747. 817. 5197. 
Q 

* Systems are Identical except for the number of glazings. Only one glazing was required for California and Florida. 
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TABLE II-6 

HEATIWG AND HOT WATER, LIFE-CYCLE COST OF DELIVERED ENERGY (DOLLARS PER MILLION BTU) IN 1978, 
RETROFIT APPLICATIONS, LIQUID HEAT TRAUSFER MEDIUM, CONVENTIONAL SYSTEM AS BACKUP 

1 & 2 LOW STORE, 
f~~!!Y B!g !l!!Q!!Qll!~~ H!~!~ ~QY~~!!~~~~ ~Q§~!I~~ MAU !:IQH~ ~~~~~Qyg 

REGION 1 28.61 10.76 11.11 11 .41 25.97 10.30 10.12 10.95 10.15 
REGION 2 20.59 14.40 14.81 15.25 20.60 13.74 13.13 14.57 13.93 
REGION 3 20.65 7.95 8.86 9.12 20.06 7.42 8.15 8.57 7.64 
REGION 4 16.14 12.11 13.45 13.83 17.21 11.22 12.15 12.94 11.52 
REGION 5 20.61 7.87 10.53 10.89 22.27 7. 31 8.39 8.93 8.24 
nEGION 6* 24.75 16.59 16.59 55.49 28.79 15.60 35.83 22.81 39.60 
REGION 7 15.60 6.19 7.49 7.66 16.94 5.67 6.t2 7.03 5.95 
REGION 8 19.59 14.28 16.74 17.37 21.04 13.47 14.21 15.36 14.48 
REGIOO 9 20. Rl 7.64 7.99 8.17 20.36 7.30 7. ~.1 7.90 7. 31 
REGIOO 10 16.09 12'.02 12.03 12.36 16.80 11 . 42 11.19 11.95 11 .49 
REGION 11 15.31 5.45 5.64 5.82 15.14 5.24 5.L9 5.55 5.32 
REGION 12 15.::.16 \2.04 g 5. 59 16.66 17.49 10.84 11. }6 13.31 12.14 
REGION 13 14.57 6.25 6.42 6.58 13.86 5.63 6.06 6.55 5. 21 
REGION 14* 17.::.19 13.21 I 0.67 15.76 19.95 12.33 14.~'6 13.43 14.80 

* 
Systems are identical except for t1e nu11ber of glazings Only one glazing was required for California and Florida. 



TABLE 11-7 

HEATING AND HOT WATER, LIFE-:YCLE COST OF DELIVERED ENERGY (DOLLARS PER MILLION BTU) IN 1978' 
NEW APPLICATIONS, LIQUID HEAT TRANSFER MEDIUM, ELECTRIC CONVENTIONAL SYSTH1 AS BACKUP 

l & 2 LOW STORE, 
FAMILY RISE J!.UDITORIUM CLINIC EDUCATIONAL ltOSPITAL MALL MOTEL WAREHOUSE ---------- ----------- -------- ---------

REGION l 27.17 8.38 8.75 8.99 23.77 8.54 8.06 8.47 9.49 
!lEGION 2 19.50 12:18 12.85 13.25 19.36 12.13 11.81 12.47 13.37 
REGION 3 19.65 5.48 6.27 6.49 18.99 5.47 .5.60 5.92 6.07 
REGION 4 15.28 10.08 11.46 ll .85 16.26 9.59 9.97 10.72 10.22 
REGION 5 19.01 3.95 5.93 6.15 20.80 4.16 4.95 4.90 5.54 
REGION 6* 20.99 12.13 13.68 44.84 24.58 11.43 29.72 16.37 33.61 
REGION 7 14.33 3.39 4.31 4.48 15.91 3.34 3.73 3.96 4. l 0 
REGION 8 17.84 11.20 14.44 15.02 19.81 l 0. 94 12.22 12.88 13.34 
REGION 9 19.70 5.40 5.61 5.75 19.25 5.59 5023 5o43 6o29 
REGION 10 14o78 l Oo26 10,43 lOo 74 15.79 10017 9o80 10.26 11 0 06 
REGION 11 14035 3037 3o 73 3o66 14.31 3o69 3o63 3.41 4o45 

w REGION 12 14.93 9.33 13.12 14.02 16o39 8.74 9o8l' 10.73 10.66 -' 
REGION 13 13072 4o08 4024 4.38 13 o06 3.82 3o89 4.21 3.57 
REGION 14* 15 0 31 9:64 8o06 12.42 17 o46 9.32 11.06 lOoll 12.97 

* 
Systems are identical except for the number of glazings. Only one glazing was required for California and Florida 
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TABLE II-8 

HEATING AND HOT WATER, TOTAL ANNUAL LOAD (MILLION BTU) IN l978, 
NEW APPLICATIONS, AIR HEAT TRANSFER MEDIUM 

1 & 2 LOW STORE, 
FAMILY RISE AUDITORIUM CLINIC EDUCATIONAL HOSPITAL MALL MOTEL WAREHOUSE 

---------- ----------- -------- ---------
REGIOil ~ 144. 1211. 3385. 997. 6685. 5559. 55961. 2011. 12785. 
REGION 2 144. 1207. 3374. 993. 6663. 5541. 55775. 2004. 12743. 
REGION 3 102. 857. 2394. 705. 4726. 3931. 39567. 1422. 9040. 
REGION ~ 94. 791. 2211. 651. 4366. 3631. 36549. 1313. 8350. 
REGION 5 44. 367. 1025. 302. 2025. 1684. 161}51. 609. 3873. 
REGION o5 5. 43. 121. 36. 240. 199. 2008. 72. 459. 
REGION 7 72. 608. 1699. 500. 3355. 2790. 28090. 1009. 6418. 
REGION 3 66. 556. 1553. 457. 3067. 2551. 25678·. 923. 5867. 
REGION 9 155. 1306 3650. 1075. 7207. 5994. 60337. 2168. 13785. 
REGION 10 192. 1612. 4505. 1326. 8896. 7398. 74473. 2676. 17015. 

' REGION 11 141. 1181. 3300. 972. 6517. 5420. 54558. 1960. 12465. 
w REGION 12 44. 372. 1041. 306. 2055. 1709. 17204. 618. 3130. 
w REGION 13 115. 965. 2698. 794. 5327. 4430. 44592. 1602. 10188. 

REGION 14 44. 369. 1032. 304. 2038. 1695. 17060. 713. 3898. 



ThBLE II-9 

rlEATING AND ~OT WATER, TOTAL ANNUAL LOAD (MILLION. BTU) IN 1978' 
RETROFIT APPLICATIONS, AIR HEAT TRAI~SFER MEDIUM 

1 & 2 LOW STORE, 
FAMILY RISE AUOITORH.IH CLINIC EOUCATlONAL HOSt HAL MALL MOTEL WAREHOUSE 

---------- ----------- -------- ---------
REGION 1 1~. 1615. 4514. 1329. 8913. 7412. 74614. 2681. 17047. 
REGION 2 192. 1610. 4499. 1325. 8883. 7388. 74367. 2672. 16990. 
REGION 3 13'6. 1142. 3191. 940. 6302. 52t-1. 52756. 1895. 12053. 
REGION 4 12'6. 1055. 2948. 868. 5821 . 48q. 48732. 1751. 11134. 
REGION 5 5fl. 489. 1367. 40]. 2700. 22~5. 22602. 812. 5164. 
REGIGJN 6 .. . 58. 162. 48. 320. ·266. 2677. 96 . 612. 
REGIIDN 7 916. 811. 2266. 667. 4474. 3n1. 37453. 1346. 8557. 
RE611DN 8 88. 741. 2071. 610. 4090. 3411. 34238. 1230. 7822. 
REGION 9 207. 1:742. 4867. 1433. 9610. 79,2. 80449. 2890. 18380. 
REGIIDN 10 256. 2150. 6007. 1769. 11861 . 98,4. 99298. 3568. 22686. 
REGIIDN 11 181'. '1575. 4401 . 1296. 8690. 7n6. 72744. 2614. 16620. 

w REGION 12 59. 497. 1388. 409. 2740. 22:.'9. 22938. 824. 5241. 
.p. REGION 13 15]. '1287. 3597. 1059. 7102. 59116 . 59456. 2136. 13584. 

REGION 14 59. 492. 1376. 40!:. 2717. 22,0. 22747. 817. 5197. 



TABLE II-10 

HEATING AND HOT WATER, LIFE-CYCLE COST OF DELIVERED ENERGY (DOLLARS PER MILLION BTU) IN 1978' 
NEW APPLICATIONS, AIR HEAT TRANSFER MEDIUM, ELECTRIC CONVENTIONAL SYSTEM AS BACKUP 

1 & 2 LOW STORE, 
f~tl!~! RISE ~~Q!!Q~!~tl CLINIC ~Q~~~!!Q~~~ ~Q~e!!~~ HALL MOTEL ~~~~~Q~~~ 

REGION 1 26.87 7.38 7.43 7.43 21 .12 7.92 7.35 7.17 8.88 
REGION 2 19.13 10.42 10.92 10.87 16.72 11.08 H.18 10.49 12.36 
REGION 3 18.51 4.48 5.17 5.11 15.95 4.82 5.15 4.88 5.42 
REGION 4 14.27 7.67 8.88 8.70 13.11 7.94 8.86 8.26 8.61 
REGION 5 17.00 3.05 4.28 4.17 15.14 . 3.52 4.21 3.61 4.59 
REGION 6 18.79 7.55 18.97 14.34 15.26 8.21 18.41 8.66 11.92 
REGION 7 13.08 2.63 3.38 3.32 12.01 2.12 3.35 3.03 3.52 
REGION 8 16.77 8.20 10.71 10.49 15.48 8.89 111.61 9.47 11.10 
REGION 9 19.28 4.86 4.86 4.88 16.92 5.27 4.82 4.69 5.96 
REGION 10 14.75 8.81 8.87 8.84 13.71 9.32 8.84 8.64 10.30 
REGION 11 13.70 2.90 2.97 2.87 11.86 3.32 3.24 2.73 4.13 
REGION 12 12.77 5.90 8.09 7.74 10.92 6.22 8.04 6.78 7.11 
REGION 13 12.75 3.17 3.27 3.19 10.30 3.18 3.40 3.24 2.97 

w REGION 14 15.56 6.80 8.34 8.10 13.96 7.69 9.31 7.35 10.93 
U1 

'' 



TABLE I I-ll 

HEATING AND HOT WATER, LIFE-CYCLE COST OF DELIVERED ENERGY (DOLLARS PER MILLION BTU) IN 1978' 
RETROFIT APPLICAT]JNS, AIR HEAT TRANSFER MEDIUM, CONVENTIONAL SYSTEM AS BACKUP 

1 ~ 2 LOW STORE, 
Fl.l-11 L'f .RISE AUDITORIUM CLINIC EDUCATIONAL HOSPITAL MAll MOTEL WAREHOUSE 

---------- ----------- -------- ---------
REGION I 28.26 8.97 9.49 9.43 23.37 9.09 9.49 9.25 9.22 
REGION 2 20.24 ll2. 02 12.69 12.62 18.15 12.28 12.67 12.37 12.71 
REGION 3 19.81 6.09 6.94 6.77 17.08 6.18 7.15 6.64 6.31 
REGION 4 H..23 :9.10 10.34 1D.04 14.02 9.22 10.59 9.84 9.46 
REGION 5 18.57 !5. 45 7.04 6.69 16.45 5.56 6.98 5.92 5.90 
REGIO~ 6 21.82 10.22 22.6D 17.51 17.63 10.81 22.13 11.71 .14 .13 
REGIO.~ 7 14.36 4. 31 5.31 5.03 12.98 4.37 5.40 4.89 4.48 
REGIO~ 8 18.35 10.46 12.54 12.22 16.94 10.85 12.48 11 . 43 11.80 
REGIO,~ 9 20.41 6.33 6.76 6.68 18.09 6.42 6.86 6.62 6.25 
REGIO.~ 10 H-.93 10.09 10.41 10.36 14.90 10.27 10.38 10.23 10.57 
REGIOi~ 11 14.64 4.28 4.58 4.53 12.86 4.35 4.88 4.44 4.43 

w REGIOi~ 12 E.76 7.55 9.57 9.15 11.93 7.68 9.51 8.12 8.06 
0'1 REGION 13 1~.89 4.47 4.69 4.50 11.09 4.42 5.14 4.76 4.04 

REGIO;~ 14 1c.25 9. 33: 10.98 10.73 16.12 9.96 12.13 10.02 12.27 
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Solar Heating and Hot Water with Heat Pump 

This system supplies heat directly to the heated space when the 
available temperature is sufficiently high. When the temperature 
of the storage is not sufficient to warm the heated space, heat is 
supplied by the heat pump. The heat pump provides an auxiliary 
source of heat with high efficiency. When storage temperatures 
drop below ambient temperature, the heat pump uses the ambient air 
as a heat source. When the ambient temperature i~ too low, heat 
is supplied by electric resistance heating elements. To provide 
cooling, the heat pump is reversed. 

Storage in this system is simi 1 ar to the heating and hot water 
system using a liquid HTM. The system is described in 
Figure II-7, and costs appear in Table II-12. No costs of 
delivered energy were computed for this system. 

C. MARKET READINESS OF SHACOB TECHNOLOGIES 

With the exception of absorption cooling, all systems described in 
this section are technically ready for commercialization. Absorp­
tion coolers are technically feasible, but their auxiliary electric 
energy requirements are higher than the energy requirements of con­
ventional air conditioners. 

A small commercial market for SHACOB presently e_xists in the 
United States. Large and small companies, government agencies, 
and utilities have participated in the development of the SHACOB 
market. The Federal Government's participation includes several 

. 1 egi sl ati ve actions taken by Congress, such as the Energy 
Con.servation and Production Act of 1976, the Solar Heating and 
Cooling Demonstration Act of 1974, the Energy Reorganization Act 
of 1974, the Solar Energy R&D and Demonstration Act of 1974, and 
the Non-Nuclear Energy R&D Act of 1974. State and local 
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TABLE II-12 

SPACE HEATING AND HOT WATER SYSTEM WITH HEAT PUMP AUXILIARY AND COOLING 

Building 
Types 

1 & 2 
Family 

Low-Rise 
Residences 

Auditoriums 

Stores, 
Clinics 

Educational 
Buildings 

Hospitals 

Malls 

Mote1s 

Warehouses 

Assumed Collector 
Area Size (sg ft) 

350 

4,500 

6,500 

700 

4,500 

5,000 

4,500 

4,500 

4,000 

40 

Total Costs 
. ( 1 977 $) 

22,092 

264,588 

567,900 

145,620 

1 '164 '700 

819,600 

5,164,700 

314,700 

746.400 

""' -

.. 
. 

. ,. 



governments have also introduced programs promoting SHACOB. These 
programs include building code modifications, zoning ordinances, 
tax incentives and funding for R&D. 

The utilitie~ role i~ SHACOB has been limited to providing backup 
energy to solar equipped buildings. However, some utilities have 
also been active in demonstration programs, such as the New 
England Electric Residential Solar Water Heating Experiment. 

One definition of commercialization is "the point in time when the 

private sector begins to exercise a major initiative in the 
marketing of a new technology [II-4]." The Solar Energy 
Industries Association Index [I I-15] 1 i sts 153 manufacturers of 
solar water heating, space heating and cooling, and swimming pool 

heaters. These manufacturers are 1 ocated in 30 different states 
and have installed thousands of systems. 

To determine the state of market readiness, the innovation process 
must be understood. (See Section I, Introduction above) • SHACOB 
technologies are developed and are currently being introduced and 
diffused in the market. The introduction phase includes the 
establishment of full-scale production facilities which can 
contribute to low cost and consistent quality production. The 
market introduction phase is considered successful when val ume 
production facilities are operating. SHACOB technologies are now 
entering the diffusion phase, in which the new technology is being 
adopted in selected markets. 

To commercialize solar energy for the heating and cooling of 
buildings, a number of economic, legal, institutional, 
technological, and environmental problems must be overcome. Four 
economic barriers have been identified [II-16]: initial high 
capital costs, small savings over conventional systems, ownership, 
and banks' reluctance to finance SHACOB systems. Institutional 
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barriers include the 1 ack of bui 1 ding standards and codes for 

SHACOB sys terns, 1 ack of ins ta 11 ers, consumers • ignorance, and the 
interface of SHACOB with gas and electric utilities. 

Legal barriers include sun rights i.ssues, land use, and zoning 

ordinances. Technological problems are limited primarily to 
improving solar cooling systems tntregard to~life,··effi~ieney, and 
reliability. Solar heating and· space heating technology has 
demonstrated its technical fea~ibility. Environmental barriers 
are minor and most are related to processing raw materials for the 
manufacturing of SHACOB systems. In other respects, SHACOB 
systems are clean and environmentally benign. 

Although there are barriers to SHACOB commercialization, the 
SHACOB industry is an increasingly viable one, and the process of 
SHACOB commercialization is well underway. 
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III. PASSIVE APPLICATIONS 

A. INTRODUCTION 

Many cultures have traditionally made use of thatch, adobe, 

southern orientation, and other concepts and building materia 1 s 

that are now associ a ted with passive applications. As 

conventional fuel prices have increased. interest in the design of 

buildings to complement the sun and climatic conditions has been 

rekindled. 

Nature of Passive Applications 

Proper architectural design can insure that a building will remain 

comfortable with little or no use of auxiliary conventional fossil 

fuels through the extremes of winter and summer as well as 

temperature variations from day to night. To insure comfort, 

building design must permit response to change in the environment. 

This is accomplished by allowing the building to 11 0pen .. itself to 

the environment on sunny cold days (permitting collection of solar 

heat) and hot summer nights (permitting radiation of ·excess 

building heat to the night sky) and by allowing the building to 
11 Close .. itself to the environment on cold nights; cold, cloudless 

days, and during hot summer days (to prevent unwanted heat 1 oss 

and unwanted heat gain, respectively). Such a bui"lding collects 

and stores solar heat. A design employing materials and methods 

which utilize the sun•s energydirectly and are responsive to 

available site energies, is referred to as passive or energy-. 

conscious, climate adaptive design [I I I-3]. Passive systems can 

be applied not only to residential and commercial space heating 

and cooling but to water heating, to food drying, and to some 

industrial processes as well. 
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Definitions and Definitional Problems 

Passive systems have been subjected to vague and conflicting 

definitions. Controversies have existed in such areas as whether 

or not to include control devices within a definition of passive 

systems and whether to classify systems by type of storage or 

method of heat transfer. Some definitions include coefficients of 

performance and specify solar fraction requirements; others do 

not. 

The definition used in this report is: A passive solar heating 

and cooling system is one in which all thermal energy flows 

through a building (from collectors to storage to use/load/space) 

are by natural means, enabling the system to function without 

external power. Heat flow from collector to storage or storage to 

space, when assisted by mechanical means such as with a small fan, 

is considered hybrid. When all heat flows are forced, the system 

is defined as active [III-2]. This definition does not include 

the use of insulation and control devices, which may be automated. 

Thus, a roof pond system whose heat transfer occurs by natural 

convection only but employs a night i nsul ati on system run on 

electricity is still considered ~ pn~~iv~ ~ystem. 

Basic Considerations 

Orientation and Architecture 

To obtain the benefit of solar heat gain in winter when the sun 

angle is low, a building should maximize solar collectibility. To 

provide heat absorption and storage capabilities, architectural 

design should incorporate the use of appropriately placed massive 

materials. Concrete, stone, brick, and adobe are examples of 

massive· materials that absorb and store solar heat during the day 

and radiate it into the structure at night. Euteti c salts and 

48 



other phase change materia 1 s function in the same manner but do 

not require as .much mass. This property of 11 thermal lag .. keeps 

buildings cool during summer days and warm during winter nights. 

Most windows should be south-facing and may be constructed of one 

or more layers of glass or plastic. North-facing windows may be 

net 1 osers of heat. East- and west-facing windows gain quite a 

bit of early morning and late afternoon heat; but low sun angles 

at these times make these windows more difficult to protect from 

overheating in summer than south-facing windows. 

Additional Heat Storage 

Collected solar heat may be stored in massive walls and floors. 

Storage devices include rock beds, waterbed-like plastic bags, 

concrete slabs, masonry blocks, and water-filled containers made 

of metal, plastic, or glass. Storage can be built into the 

interior of the structure by placing containers of water in the 

ceiling and in walls and closets or by placing a water-filled 

storage tank in a rock bin, directly inside the living space. 

Finally, rocks can be walled up in the center of the structure in 

such a way that cool air from the rooms will circulate naturally 

up over the solar heated call ector and into the top of the rock 

bin, where heat is drawn off and stored in the rocks; cooler air 

then fi 1 ters down to the bottom of the bin and into the rooms, 

beginning the cycle again (an air loop rock storage system) [III-

4]. 

Shading and Reflection 

If properly sized, roof. overhangs for south-facing windows are 

effective protection against summer overheating. Deciduous shrubs 

and trees can be used to shade east and west walls. If trees are 

located at the southeast and southwest corners of a south-facing 

building they will shade both roof and walls. Winter solar gain 
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is not obstructed because of loss of deciduous vegetation. 
Porches, verandas, or arcades can be used to shade walls in hot 
climates; but if used in temperate and cool climates, they 
obstruct desirable winter sun. Shutters, curtains, blinds, and 
shades can reduce sunlight penetration and, in some cases, 
redistribute light [III-21]. 

To increase the amount of solar radiation available to the 
collector, reflective surfaces may he used. Reflectors arc 
normally placed on the ground beneath a vertical collector or at 
the top of a building and angled in such a way as to direct solar 
radiation to collectors or into the interior of the structure 
through clerestory windows. Reflective surfaces can ea.si ly be 
incorporated with night insulation systems such that removal of 
the insulation from the collector will expose the reflective 
sut~face. 

Insulation and Conservation 

All passive space heating and cooling applications use insulation. 
which not only protects the structure from excessive heat 1 o.ss 
during cold weather but also ac:t.5 ;;~_sa buffer against unwantad 
summer heat gain. Insulation may be applied to the outside of a 
structure as well as to the inside [III-4]. 

Energy conserving actions must be taken to make the best use of 
solar heat gain by passive means. It is often difficult to 
distinguish energy conservation from the use of passive solar 
energy. Passive structures are normally designed to minimize heat 
load by insulation and architectural design as well as to maximize 
solar availability. 
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~- Overview of Generic Systems 

The five passive designs considered are direct gain, thermal 

storage wall, convective loop (thermosiphon), thermal storage roof 

(roof pond), and sunspace (greenhouse) systems. (The roof pond 

system has been redefined as 11 thermal storage roof .. to permit 

alternate forms of storage.) Within each of these five typical 

system designs are numerous variations, but the basic method of 

operation remains the same. 

The National Program Plan for Passive Solar Heating and Cooling 

places the five typical systems in three categories: direct gain, 

indirect gain, and isolated gain. In the first category, the sun 

heats the living space directly, and heat is stored in massively 

constructed interior walls and floors. In the indirect gain 

category, the sun heats the thermal storage mass directly, rather 

than the living space, and heat is then transferred to the living 

space. The storage mass is designed to control heat transfer to 

the living space. In the isolated gain category, both collection 

and storage of solar heat are isolated thermally from the living 

space. The sun heats the call ector, and heat is then transferred 

first to storage and then. to the 1 i vi ng space. Convective 1 oop 

and attached sunspace/greenhouse systems are examples of the 

isolated gain type [III-22]. 

B. SELECTED SYSTEMS DESCRIPTIONS AND COSTS 

Introduction 

The following section presents general and system..-specific 

operation descriptions and economic information for residential 

passive space heating and passive water heating. Five system 

types are described: direct gain, thermal storage wall, 
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convective loop, thermal storage roof, and ·. attached 
sun space/greenhouse. 

Most economic data result from engineering performance simulation 
and cost estimate studies. In only three of the studies reported 
costs based on actual experience with passive systems construction 
rather than estimates of incremental costs to be incurred if the 
system were actually built. These three sources were Yanda•s 1977 
Solar SustP.nance Project {Greenhouse) report [III-30], ·Total 
Enviro.nmental Action• s {TEA) Annual Review of Energy section on 
convective loop {thermosiphoning) systems [III-5], and Golubov and 
Leffler•s 11 Thing .. direct gain solar water heater [III-19]. 

Costs of storage, where additional storage other than that 
inherent in the base case building envelope is employed, are 
1ncluded in total incrementa1 system costs. Wherever possible, 
these storage costs are broken out from total system costs. 
Operating and maintenance costs are not given in most of the 
studies; ·in some they are considered negligible, and two studies 
consider a conservative O&M cost estimate to be l% of incremental 
system cost per year. Generally, passive maintenance costs run no 
higher than those for- a convcnti anal 1·esi det1Ct!, w i Lh Lh~ ~xcept1 on 
of systems such as roof ponds which employ fully automated forms 
of movable insulation [III-27]. Costs are presented in $/MBtu 
where reported in such studies. We have not chosen to estimate 
passive system lifetimes so costs are presented in terms of 
dollars per million Btu per year. 
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Direct Gain Systems Descriptions 

Direct gain systems are employed for space and water heating. 

Direct gain space heating systems absorb sunlight through south­

facing glazings and store heat in floors (usually brick, plaster, 

masonry, or concrete) and wa 11 s (adobe, gypsum board, masonry, 

concrete, brick, slate, or plaster). Water containers or other 

heat-absorbing materials may be used for heat storage. Stored 

solar heat is radiated through the space at night and on cold 

days. By design, the building is an efficient live-in solar 

collector. South-facing clerestory windows and skylights allow 

rear and centrally located rooms to be heated and lighted by 

direct solar gain [III-25, III-26, III-27]. 

There are several direct gain solar water heaters: shallow 

trough, black plastic bag, and 11 Bread Box... The shallow trough 

system is a trough fi 11 ed with cold water and set in the sun. 

This design requires the user not only to fill the tank in the 

morning and empty it in the afternoon or early evening but to put 

an insulating cover on the heater during cloudy weather. The user 

must also determine when the water is hot enough to drain. 

The black plastic bag water heater resembles a filled water bed 

liner. Like the trough heater, the plastic bag heater is filled 

in the morning and drained in the evening. The heater can be set 

in the sun on a level platform or can be placed in a wooden box 

with a transparent cover over it, to increase collection 

efficiency and provide warmer water. 

The Bread Box water heater is a glass covered wat~r tank placed in 

an insulated box; it collects and stores solar heat. The south 

and top face~ of the box should be double glazed to minimize heat 

loss. Insulated panels over the top and south glazing are opened 

during the day and closed at night. Reflective surfaces on the 

53 



insulated panels reflect sunlight to the sides and back of the 

tank, increasing heat collection. The surfaces also serve to 

reflect thermal radiation back into the tank when the insulated 

panels are closed. Less user participation is required with the 

Bread Box than with the other systems described in this section 

[I Il-4]. 

Direct Gain Systems Costs 

Taff et al. [III-28] report direct gain space heating costs based 

on eight variations of an active-passive hybrid system 300 sq ft 

in area, for a very well-insulated, new, 1,700 sq ft house. The 

modeling applies to Burlington, Vermont, and Montreal, Canada, two 

cities having nearly identical climates. Co.st variations were 

obtained by modeling the absence or presence of night insulation 

(a thermal drape), a vertical (90°) or tilted (60°) south window, 

and varying the number of layers of glazing. 

Storage for the 5ystem consists uf add1t1ona·l thermal mass in the 

chimney, a concrete floor, and additional water storage in the 
basement. The system uses a differential thermostut and small, 

1/10 hor!:epowcr fo.ns. Tilt! fdns create a simple 1 oop duct over two 

living space levels [III-15]. 

Costs of system components are 11 ba5cd on estimates w1th1n an 

accuracy of :!:_10% 11
; they are not given separately for Bur-lington 

and Montreal. Cost of additional storage is included in the 

calculations. Total incremental first costs range from $l,Z50 to 

$2,251; system yields range from 3 to 21.6 MBtu/yr. The authors 

also calculate cost of delivered energy per year over the expected 

20-year 1 i fetime and report a range of $5.21 to $13. 29/MBtu [II I-

28]. Design assumptions as well as these ranges are entered in the 

direct gain comparative cost chart presented in Table III-1. 
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TABLE 111-1 

DIRECT GAlli COf1PARATIVE DESIGN ASSUMPTIONS, COST, AND PERFORI1ANCE RANGES, BY SOURCE 

Design Assumptions Cost and Performance Ranges 

Range 
Incremental Range Operating 

Space Estimated Tract or Actual or Number Range Capital Incremental and Ranye 
Glazing, Heat Night 'Optimized Liletlmo New or Custom Simulated ol System Yield Cost/ Sq Ft Capital Cost Maitltonunce Incremental 

Source layers Storage or DHW Insulation Relleclors Fans System (Yearsl Retrofit Design System Locations (MBtul.,.-1 ($Base Vearl ($Base Year I Costs CostiMBtu/yr 

* Ta ff, Vari- yes space vari- nG yes yes 2D new n.a. sim. 2 3 - 21.6 $4.17- $1 ,250 - n.a. $104 - $53R 
et a 1. able able $7.50 $2,251 
( 1978) i (1971) (1977) 

---I-I --- ·--::- ---- ------ ···----

Bouz- 2 yes space no no no no 30 new ract sim. 8 1.4 - 15 .f $13.72- $4,70D - negligible $313 - $450 
All en/ $21 .85 $5,990 
TEA ( 1977) (1977) 
( 1977) 

·------ - ·--- ------
Cole & 2 vart- 1 

20 rae t sim. 1 n.a. n.a. $4,000- n.a. $84 - $308 yes space no 110 yes new 
Kinney able $7,100 
( 197R) (1977) 

----- ·-- --- ----- ----·-

Golubov & 2 no OIIW ·yes n() no n .a. 20 retro n.a. slm. 1 51 .66 $24 $1D,055 $27/year $193 
Leffler (1977) ( 1977) 
( 1978) 

-----'----- ·---·---~- ---- __ ,__ ____ 
---- -- -- ----- -- ----·----·'---·---

* n.a. not avai'lable 
1
System size o~timized until 400 sq ft area reached; then architectural constraint placed against laraer sizes. 



A second study reporting cost and performance results for 

simulated direct gain space heating systems is the Passive Systems 

report for Booz-Allen and Hamilton, Inc. by Total Environmental 

Action, Inc. (TEA). The study is based on a new, single family 

tract home built to ASHRAE 90-75 standards and simulates 

performance and cost of the system in eight cities across the 

United States. 

ThP. base case single family tract-type residence is a three­

bedroom ranch house, 26 ft x 58 ft. It is a 1 i ght wood- frame 

structure with a sliding glass door on the south side, the minimum 

required total window area, and a full basement. The direct gain 

system designed for the home requires 80% of the south wall area 

to be doub 1 e pane glass (and 50% of the south wa 11 area to be 

double pane glass in Atlanta, Fort Worth, and Los Angeles, to 

avoid a net heat loss through the glass in these cities). 

Passive building performance for the direct gain-modified home is 

simulated according to an algorithm developed by TEA. TEA bases 

its cost estimates for passive systems on Means• Building 

Construction Cost Data, 1977 and Means • Bui 1 ding Systems Cost 

r,uirlP, hoth of which give building construt:tion average cost-s in 

effect on January 1, 1977. Labor costs are based on trade union 

agreements which were current at that time. Cost variations among 

cities are estimated from Means• city cost index, Building 

·Construction Cost Data, 1977. 

Yields for this system range from 11.4 to 15.8 MBtu/yr, and 

incremental costs from $4,700 to 5,990. Costs of delivered energy 

range from $313.33 to $450.38 per MBtu/yr [I I 1-27]. Cost of 

delivered energy of the TEA-designed direct gain system is 

considerably higher than that of the other TEA-designed passive 

systems; this may be due to the high cost of concrete floor heat 

storage in the example [III-20]. Design assumptions and cost and 
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performan~e ranges can be compared with those of other direct gain 

systems in Table III-1. 

Cole and Kinney [III-16] use hourly weather data for Syracuse, New 

York, for a year to simulate a direct gain passive system for a 

well-insulated, 1,400 sq ft custom built residence. The passive 

system has vertical south-facing double pane windows (constrained 

by architectural considerations to be no more than 400 sq ft in 

area), additional built-in thermal mass for heat storage, and 

movable insulation to reduce heat loss at night and during cloudy 

weather. The building temperature is maintained at a minimum of 

65°F between 7 a.m. and 10 p.m. and a 60°F minimum between 10 p.m. 

and 7 a.m. 

Incremental costs for this system represent estimates based on 

data collected from experiences of individuals who have actually 

built passive residences. Incremental total system costs and 

costs of delivered energy were calculated for systems under two 

different window cost assumptions and three different au xi 1 i ary 

heat cost assumptions. Cost estimates assuming $10/sq ft windows 

do not appear in the original paper but were obtained through an 

interview with one of the authors [III-8]. This author feels that 

the $10/sq ft window cost is perhaps more realistic than the 

$5/sq ft window cost reported in the paper. In all cases, the 

incremental cost of thermal mass for heat storage is $3,000 and is 

included in all calculations. The cost of improved insulation is 

$1,000; this figure is also included in all calculations [III-16]. 

Incremental capital costs for the direct gain system across all 

assumptions (variations in insulation, shutters, cost of windows, 

and cost of auxiliary heating) range from $4,000 to $7,100. Cost 

of delivered energy ranges from $84 to $308 per MBtu/yr. Design 

assumptions as well as cost ranges are entered in Table III-1. 

57 

,. 



Golubov and Leffler [III-19] provide the only engineering cost and 

performance estimates for passive domestic hot water applications 
available at this time. A direct gain solar water heater (called 
11 The Thing 11

) is designed for the roof of a low-rise (five or six 
story) apartment building in New York City. This water heater is 

provided with city water (pressure in city lines is sufficient to 
bring water to a rooftop collector), which is stored and heated by 

the sun in a series of eight 6-inch diameter, 20-ft long 
fiberglass tubes. After heating, the water is drained to an 

auxiliary hot water heater in the basement. The entire series of 
tubes is insula ted and covered by a single 1 ayer of glazing and 

enclosed in a steel truss, which is bolted to the parapet walls of 
the building. 

A solar gain program for thermal analysis was developed for 11 The 
Thing 11 using simulation techniques developed at the University of 
Wisconsin. System costs are estimated by the designers, based on 
their experience in design and construction of active flat-plate 
collector 5olar hot water systems. Cost estimates ate given fot 

materials only and· for material$ plus labor. 

Co~t for material~ plu~ labor were obtained by telephone from one 
of the authors [III-10], and costs for materials only· were 

obtained from the original paper. These costs are for mass 
produced systems and assume the effect of a learning curve. 

Estimates are for a retrofit system and would be 1 ower for new 
construction. First cost for a 11 Thing 11 system, materials plus 
1 abor, is estimated to be $24/sq ft, or $10,055 total. Cost of 
delivered energy is $193 per MBtu/yr. The system is expected to 

pay for itself during its 20-year lifetime. Design assumptions as 
well as costs (not ranges, since only one design is simulated for 

one location here) are given in Table III-1. 
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Table III-1 presents cost comparisons of the various direct gain 
space and water heating systems reported here. Aggregate data 
from all available sources indicate that the various systems 
model~d range from $1,250 to $10,055 on a first cost basis, and 

cost of delivered energy ranges from $84 to $538 per MBtu/yr. 

Thermal Storage Walls Descriptions 

The second passive space heating system considered is a massive 
wall built behind south-facing double glazing. Several types of 
thermal storage walls are discussed below: Trombe walls, water 
walls, and concrete-and-water walls. The wall is painted a dark 

color for increased absorptivity and placed so that several inches 
of air sp~ce separate it from the glazing, thereby reducing heat 
loss. Solar heat is collected and stored in the wall and radiated ,, 
into the structure. 

The Trombe wall, named for Felix Trombe who was the first to 
employ this type of wall in his home in Odeillo, France, is a 
massive thermal wall with vents along the top and bottom to permit 
natural convection. Cold air from the room behind the storage 
wall passes through the bottom vents, where it is warmed by solar 
heat between the wall and the glass. As it warms, it rises until 
it reaches the top vents, where it again enters the room. The air 
moves in a thermocirculatory pattern, and the building is 
continually warmed by convection [III-26]. Dampers and/or one-way 
vents located at the top and bottom wall openings prevent reverse 
thermocirculation and heating of the structure in summer [III-27]. 
Trombe walls, like the convective loop applications described in 
the next section, employ the thermocirculation principle but 
include storage as well. 
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Water walls are collectors filled with water rather than solid 
concrete or masonry. A well-known water wall is drumwall which is 
made of 55-gallon oil drums filled with water, painted flat black, 
and stacked behind south-facing glass. A manually operated 
movable insulating shutter is used with the drumwall to prevent 
heat loss at night and during cloudy, cold weather and to prevent 
unwanted heat gain during warm weather. The shutters are made of 
aluminum, which acts as a reflector when the shutters are down. 

A second type of water wall is made of a single, water-filled 
metal container placed behind south-facing glass. Insulating 
shades are drawn at night and on cloudy days to conserve heat 
stored in the wall. 

The third type of water wall collector is a fiberglass-reinforced 
polyester cylinder collector. These cylinders can be placed 
directly behind a south wall within the room, or a thin vented 
wall may be placed between the collectors and the room. Heat is 
transferred by natural or forced convection through the vents. 

A concrete-and-water wa11 is a masonry block wall whose cavities 
are filled with vinyl water bug!:i. The water not only increases 
the heat storage capacity of the concrete wall but serves to 
better facilitate heat flow by conduction to the interior of the 
building. Because the wall's outer surface is kept ecole~ in this 
manner. the concrete-and-water wall collects more heat per square 
foot than other thermal storage walls [III-4]. 

Thermal Storage Wall Costs 

A simulation study by Scott Noll at Los Alamos Scientific 
Laboratory integrates variations in Trombe and solid wall 
performance and design with considerations of comfort and cost to 
derive an optimally sized thermal storage wall system. 
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Preliminary results are reported for both wall types in 

Albuquerque. Cost estimates for the systems are based upon design 
work by solar architects. 

The building modeled is a new, 1,500 sq ft tract-type residence. 

Thermal storage walls are solid or Trombe type concrete masonry 
construction and range ,from 4 to 20 i nche~ in thickness. Results 
of performance simulation and cost estimation for eight optimized 
systems--four solid and four Trombe wall--are as follows: System 

yields range from 22.68 to 40.32 MBtu/yr; collector areas range 
from 360 to 1,121 sq ft; thickness ranges from 0.667 to 1.667 ft; 

total incremental costs range from $3,057 to $8,165; and cost of 
delivered energy ranges from $106.51 to $213.67 per MBtu/yr. In 
addition, years to payback range from 8 to 17 [III-11, III-23]. 
Design assumptions, cost ranges, and performance ranges for these 
optimized systems are entered in the thermal storage wall 
comparative table, Table III-2. 

A study being undertaken by Noll, Roach, and Ben-David [III-11, 

III-24] employs a Trombe wall design for a new home developed by 
solar architects and designed to conform to conventi anal tract 
home design, size, and construction. A simulation model is then 
employed to estimate the performance of the system in one 
unspecified city chosen to represent each of the 48 continental 
states. (Weather variability within each state is not accounted 

for.) The system is standardized over all regions, with the 
·following parameters: a 1,500 sq ft dwelling, an 18-inch thick 

Trombe wall with double glazing, an allowable temperature range of 
70°F :!:_ 5°F, and no night insulation system. Collector area is 

variable even though thickness is held constant. 

Costs are based on estimates of required materials from detailed 
architectural drawings of the Trombe wall system and from 

estimates of 1 abor time and rates for incrementa 1 construction 
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TABLE 111-2 

THERHAL STORAGE WALL COMPARATIVE OES IGN ASSUHPTIONS, COST, AND PERFORIIANCE RANGES, BY SOURCE 

Design Assumptions Cost and Perfonnnnce Ranges 

- Range 
Inc rernontal RAnge Operating 

Space Estimated Tract or .Actual or Number Range ::apltal Incremental and Range 
Glazing Heat Night Optimiz~ci Liletlme New or Custom Simulatnd ol Syslom Yield Coot/Sq Ft Capital Cost Mainlenancc Incremental 

Source layers Storage or E+IW Insulation Re'lectors Fans System IYearsl Retrofil Design System locarious IMBiu/yrl l$8ase Year) I$Base Ycarl Costs Cosl/ MOtu I yr 

Noll >J~r1- yes-- sp•:e no n•l no yes JO new tract slm. l 22.68- $7.98- $3,057 - %of total $106.51 -
( 1978) able var1- 40.32 $ll.29 $8,615 ost/year $213.67 

able (lN8) (1978) 
solid 
or 
Trombe 
1~a ll 

------· - --- ;--·-- ----r- -----
troll, .? yes-- spa-:e no no no no 30 new tract s 1m. 48 0.578 - $1(.75 - $124 - % of total $110.69 -
Roach & 18" 68.006 $lf.6l $47,930 os t/yea r $887.43 
Ben-David thick (1£78) (1978) 
( 1978) Trombe 

1·1a 11 

- ·--- ------
Booz- 2 yes-- spcce no no no no JO new tract sim. 8 8.9 - $8.48 - $2,520 - negligible $150.55 -
Allen/ 10" i 18.2 $9.83 $2,920 $324 .44 
TEA . thick ( 1977) (1977) 
(1977) Trombe 

wall 

·---- ·-----· ------
402 both3 " Fraker & var1- yes-- space variable }'I''S yes vari- 1 new slm. l 20.2 - $8.27 - $5,291 - n .a. $228.67 -

Glennie able Trombe able 31.5 $12:. 19 $7,803 $261.93 
(1976) ~•a ll ( 1976) (1976) 

-----r--- --- ·--·- ·-·- ----- ---~---- -· 
Fr·a ker 2 yes-- ~pac.e yes yes no yes 204 

new custom s Int. 1 53.06 .n·.a. $7,858 n.a. $148 
( 1977) TromiJe 

' 
(1977) 

wall ____ .. ------- '---· ---------- - -----'----·--

1An attempt t~as made to optmmize syst.~m pe·fomance for that particular residence. 

2~1ith permission of Larry Undsay, Princet•ln E•ergy Group .. T'11s figure Is IJased on con;ervative estimate by Hila .~nderson, Senior Industrial Ettglneer, 
National Association of Ho~e Builder; Re~~arc• Lab, May 19, 197A. 

]Custom protJtype with potential tract application. 
4system expected life is 20 years, but Y.ai'"lall tubes may dev,~lo~ pinhole leaks before that time [111-9]. 



required. Adjustments for the various cities are made, using city 

indexes provided in the Appendix of Means• Building Construction 

Cost Data. 

The rationale for designing a system with a very thick wall and no 

night insulation represents an attempt to bring passiv~ concepts 

to the mass market. A thick wa 11 derives as much comfort as 

possible without user participation to assure that comfort is 

maintained. The system•s perhaps greater than optimal amount of 

thermal mass acts as an effective damper against wide temperature 

swings. 

Across all solar fractions and states, system yields range from 

0.578 to 68.006 MBtu/yr; incremental capital costs range from $124 

to $47,930; costs per square foot range from $10.75 to $16.61; and 

cost of delivered energy ranges from $110.69 to 

$887.43 per MBtu/yr. These ranges, along with pertinent design 

assumptions, are entered in Table III-2. 

Total Environmental Action, Inc. (TEA} includes a Trombe wall 

'
1
""·' system in its passive design cost and performance cal cul ati ons. 

The 11 Sunrise 11 Trombe wall replaces 64% of the south wall area of 

the tract-type residence described in the previous section on 

Direct Gain systems. The system is a solid, 10-inch thick 

concrete block wall with top and bottom vents. The system also 

includes a one-way vent to prevent reverse thermosi phoning and a 

manually operated damper to limit excess solar heat collection. 

Simulation of system perfonnance is according to the TEA passive 

performance algorithm described in the· pr.evious section. Table 

I I I-2 shows cost and performance ranges and design assumptions 

compared with results of other thermal storage wall studies. 

System yields range from 8.9 to 18.2 MBtu/yr; first costs range 

from $2,520 to $2,920; cost of delivered energy ranges from 
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$150.55 to $324.44 per MBtu/yr. System costs include heat storage 

[II I-27]. 

Harrison Fraker, Jr. and William L. Glennie [III-17] simulated 

performance and estimated capital costs of a theoretical passive 

hybrid Trombe wall system designed for an existing home near 

Princeton, New Jersey. The home is a one-story, well-insulated, 

single family frame residence of approximately 1,680 sq ft. 

The Trombe wall collector is a solid concrete block, 8ft x 80ft, 

painted black on the outside, and triple-glazed. Eight fans are 

spaced along the bottom to enhance convective air movement around 

both sides of the wall. Four 8 ft x 20ft insulated shutters to 

prevent heat loss swing down to ground level and serve as 

reflectors by day, increasing the insolation absorbed by the 

collector on a typical ·day by 52%. 

Performance of the system was simulated usin~ derived performance 

equations and hypothetical weather data. Cost figures are based 

on available estimates of local nonunion contractors' time and 

wage rates and on suppl iers• prices for materials delivered to 

the site. When cost~ were not uvailablc from the above sou.rCii, 

they were obtai ned from Bui 1 ding Construction Cost Data, 1976, 

1976 Cost_ Gl,lide for General Building ~2.n.~~ructtQ.Q., and Solar 

Heated Houses for New England (with costs adju.sted for 

Princeton) • 

Cost and performance results are presented for three Trombe wall 

case simulations. The three cases are studies attempting to 

opttmize system Btu yield rather than cost. Cost and performance 

ranges are as follows over all three cases: incremental capital 

cost, from $5,291 to $7,803; incremental capital cost per square 

foot, from $8.27 to $12.19; system yield, from 20.2 to 

31.5 MBtu/yr; and cost of delivered energy from $228.67 to 
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$261.93 per MBtu/yr. Results of this study are compared to 

design, cost, and performance data from other thermal storage wall 
studies in Table III-2. 

Harrison Fraker, Jr. [III-18] simulates performance and estimates 

costs associated with a proposed East Windsor, New Jersey 
residence which is to have a passive water wall and focusing roof 
aperture system. 

The water wall consists of twenty 8-ft water storage tubes, 12 
inches in diameter, standing between south-facing double glazing 
and a stud wall. A hinged shutter/reflector swings down from the 
glazed surface to act as a reflector by day and swings back up to 

insulate against heat loss at night and on cloudy days. 

The focusing roof aperture system components are a double glazed 
reflective surface with a reflector/shutter and five 18-inch 

diameter water storage tubes. The water storage tubes are located 
at the base of the north wall, and the reflectors are angled so as 
to focus most available daily solar radiation on the storage 
tubes. 

Performance of bo.th the water and focusing aperture systems is 
modeled, and monthly heating performance figures for the house are 
estimated and aggregated into a yearly estimate. Cost figures are 
based on materia 1 s and 1 abor (carpenter, glazer, and 1 aborer) 
estimates for the combined systems. System yield is estimated to 
be 53.06 MBtu/yr; incremental capital cost, $7 ,858; and cost of 
delivered energy, $148 per MBtu/yr. Cost of storage is included 
in the mate·rials and labor cost estimates. Table III-2 compares 
design, cost, and performance of this system with other thermal 
storage wall systems. 
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From Table I II-2 ranges for cost and performance can be derived 
over all available system data. System yields range from 0.578 to 
68.006 MBtu/yr; total incremental system costs range from $124 to 
$47 ,930; and costs of delivered energy range from $106.51 to 
$887.43 per MBtu/yr. 

Convective Loop (Thermosiphoning) System Descriptions 

Three types of convective loop systems are considered: air walls, 
water walls, and convective loop water heaters. Convective loop 
air walls draw cool air from the room behind the collector through 
the bottom vents. Air is heated in the space between the wall and 
the south-facing glass and allowed to reenter the room through the 
top vents. Because no thermal mass is included here to delay heat 
flows into and out of the building, the glass should be insulated 
by other means to reduce heat loss when the sun is not shining. 

Another type of convective loop air wall (which may include a fan 
for forced circulation) is made by placing louvers, which are much 
like venetian blinds, between two layers of glass or plastic. The 
1 ouvers are sunlight-absorbing black on one side and sunlight­
reflecting silver on the othet· side. Tne louvers can be 
positioned in any of a number of configurations to cover a range 
of maximum to minimum solar gain [III-3]. 

In the convective loop water wall system. water is the medium 
which circulates (and stores) heat~ A blatk-painted metal 
collector and storage tank are placed behind a south-facing glass 
wall. As the water is warmed by solar radiation, it rises into 
the· heat storage tank, and the structure below receives radiant 
heat from the bottom. surface of the storage tank. Cooled water at 
the bottom of the tank then flows back down the back of the 
collector, warms, and begins rising along the heated collector 
surface to the tank, completing the cycle [III-4]. 
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Hot water can be provided using the convective loop principle. 
Without the aid of a pump, cool water from the bottom of a storage 
tank flows to the bottom of a ·separate call ector, where it is 
heated. Hot water rises and is call ected at the top of the 
collector, channeled back to the storage tank, and drawn off for 
use from the top of the tank. The system may be drained so that 
water will not freeze in the pipes during cold weather [III-27]. 

Convective Loop (Thermosiphoning) Costs 

The Total Environmental Action, Inc. (TEA) report describes a new, 
single family tract home built to ASHRAE 90-75 standards, with a· 
convective loop' air system. Performance of the system is 
simulated in eight cities across the United States, and cost is 
estimated for the system in each city. The residence is the same 
three bedroom ranch home described in the direct gain section. 

The air panels used in the residence replace 64% of the south 
exterior wall area in the northern cities and 34% in the southern 
cities. A one-way vent at the bottom of the panels prevents 

:~tJ. reverse thermoci rcul ati on, and excess heat call ecti on is prevented 
by a manually operated damper. The system includes no storage 
other than the existing interior finish of the wall. 

First costs range from $1,010 to $2,100 (net of conventional wall 
construction) across the eight cities; system yields range from 
8.2 to 20.1 MBtu/yr; and capital costs per MBtu/yr range from 
$86.44 to $146.85 [III-27]. 

Another source of cost data for convective loop air panel systems 
is a second·TEA study [III-5]. The air panel system described in 
this report is composed of tempered double-pane insulating glass, 
a corrugated metal black-painted absorber plate, rigid insulation 
and interior finish, and air grills and backdraft dampers. The 
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air panel system is built into and replaces the lightweight frame 

south wall of a building. 

Based on their experience in design and construction of convective 

loop air systems, Anderson and Michal [III-6] cite materials cost 

for such systems ranging from $3.50 to $4/sq ft, in 1976 dollars. 

Net installed costs range from $3.80 to $7.70/sq ft. No cost 

information on convective loop water walls was found in the 

1 i terature. For thermosi phoning water heater costs, see systems 

descriptions and costs, hot water, Chapter II of this report. 

The Total Environmental Ar:tic.,n/Booz-All~;~u a.ud Hamil to11 r·eport 

provides the only relevant available convective loop systems cost 

ranges. First costs range from $1,010 to $2,100; yields range 

from 8. 2 to 20.1 MBtu; and cost of delivered energy ranges from 

$86.44 to $146.85 per MBtu/yr. (See Table III-3.) 

Thermal Storage Roof (Roof Pond) 

A thermal storage roof (roof pond) system combines solar heat 

collection and storage and a solar cooling capacity in a flat 

toof. One or more plustic ·or polyethylene sturayc buy:; filled 

with water are placed atop a strong, thermally conductive roof and 

cei 1 i ng to form sha 11 ow 11 ponds 11 (forms of storage other than water 

may be emplo_yed). Solar heat is absorbed by ~he storage medium 

and radiated into the house through the ceiling. Movable 

insulation is required in thermal storage roof installations 

because sun and call ector angles are wrong for each other. The 

summer sun, being higher in the sky, pro vi des more input for a 

thermal storage roof· system than does the winter sun. Insulation 

is moved aside during sunny cool days and moved back into place 

during cool nights and cold sunless periods. This procedure is 

reversed in summer. Insulation is kept in place during hot days 

and moved aside at night, to allow the storage medium to radiate 
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TABLE I 11-3 

CONVECT! VE LOOP COMPARATIVE DESIGN ASSUMPTIONS, COST, AND PERFORt1ANCE RArlGES, BY SOURCE 

Design Assumptions Cost and Performance Ranges 

Range 
Incremental Range 0110rating 

Space . Estimated Tract or Actual or Number Range Capital Incremental and Ranya 
Glaling Heat Night Opllonizod lifetime New or Custom Simulated of System Yield Cost/ Sq Ft Capital Cost Maintenance Incremental 

Source layers Sto~aoe orDHW Insulation ReiiHctors Fans s~·stam I Years) Retrofit Design S•(stom locations IMBtu/yol ($Base Yaaol ($Base Yearl Costs Cost/ MBtu I yo 

lluoz- 2 nu space no· -no no no 30 new tract sim. 8 8.2- 20.1 $6.13 - $1 ,010 - negligible $B6.44 -
.1\11 en; $7.07 $2 '100 $146.85 
TfA (1977) (1977) 
( 1977) 

---- --- ---· 
• I -

TEA 2 nc sp:~ce n.a; n.a. no n .a. 25 new n.a. actua 1 n.a. n.a. $4.80 - n.a. negligible n.a. 
(1977; P.7o. 
Annual (1977) 
Review of 
Energy) 

--- ~-----. 

n.a. not available 

., .... 



excess heat to the night sky [111~25]. The efficiency of thermal 
storage roof systems in winter can be improved by adding 
reflectors to the system. 

Harrison Fraker, Jr. and William L. Glennie [III-17] estimate 
performance and capital costs for a theoretical roof pond system 
designed for an existing home near Princeton, New Jersey. The 
pond is 12 inches deep, 8 ft wide, and 80 ft long and is separated 
froin the roof joists by a corrugated steel plate. The pond is 
contained between two layers of plastic, the top layer a PVF film 
which allows 1 i ght to enter the pond but prevents evaporation. 
The bottom plastic layer is a standard plastic roofing material. 
The glazing sy.stem above the PVF -covered pond is composed of one 
layer of fiberglass and one layer of teflon film. 

Performance of the system was simulated using hypothetical weather 
data and derived performance equations. Cost figures are based on 
available estimates of local nonunion contractors' time and wage 
rate~ and on suppliers' quoted prices of materials delivered to 
the site. 

Co5t and performance re~ult~ were obtained for threi roof ponds. 
The three cases were studied in an attempt to optimize system 
performance (Btu yield) for this residence. Ranges for all 
systems are as follows: system yield, from 5.82 to 25.2 MBtu/yr; 
incremental first cost, from. $6,356 to $9,077; and cost of 
delivered energy, from $366.40 to $1,092.10 per MBtu/yr. Table 
111-4 presents design specifications and associated cost and 
performance ranges for all cases. 

Total Environmental Action's (TEA) cost and performance study 
includes a roof pond design whose performance is simulated and 
cost estimated for the th~ee southern cities of the eight cities 
considered. System components include metal roof decks and vinyl 
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TABLE 111-4 

ROOF POND (TIIER~IAl STORAGE ROOF) COMPARATIVE DESIGN ASSUMPTIONS, COST, AND PERFORNANCE RANGES, BY SOURCE 

Source 

F 
G 
( 

nker & 
l~nnie 
1•376) 

,otoler 1: 
p 
( 
A 
T 
( 

utnam 
Booz-
11 en/ 
Et.) 
1977) 

-

& 

---------

Glazing 
layers Stor<ue 

vari- ye; 
able 

--- --
2 ye~ 

···---- ------· 

* n.d. not available 

Space· 
Heat 

or OliW 

space 

space 

·----

Design Assumptions 

·' 
Estimated Tract or 

Night Optimized lifetime New or Custom 
ln$ulation Reflecrors Fans System IYearsl Retrofit Oesiyn 

402 
both

3 yes yES yes vari - 1 new 
able 

------
yes 110 I no no 30 new tract 

------------------

1An attempt l·ras made w optimize system performance for that particular residence. 

Cost and Performance Ranges 

Ranoa 
Incremental Range Operatiny 

Actual or Numbor Range Capital Incremental anti 
Simulated of System Yield Cost/Sq Ft Capital Cost Maintenance 
Systam locations IMBtu/yrf ISBase Yearl I$Bas.e Year I Costs 

* slm. 1 5.82 - $9.93 - $6,356 - ll.a. 
25.2 $14.18 $9,077 

( 1976) ( 1976) 

slm. 3 13.4 - n.a. S5,qlo- n.a. 
30.3 56,280 

(1977) 

----

Ranye 
lncrernCJ1tal 

Cost/MBtu/yr 

$336.40 -
$1,092:10 

$178.55 -
$468.66 

2With permission of Larry lindsay, Princeton Energy Group. This figure is based on conservative estimate by IIIla Anderson, Senior Industrial Engineer, 
National Association of Home Builders Research lab, May 19, 1978. 

3custom prototype 1·iith potential tract applicati~r;. 
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bags containi-ng 11 ponds 11 of water 8 inches deep. Heat is radiated 

from the bags to the living space below in the winter and from the 

living space to the water in the summer. 

Roof pond system costs of delivered energy based on this design 

range from $5,410 to $6,280, and system yields range from 13.4 to 

30.3 MBtu/yr. Additional storage other than that inherent _in the 

base case residence design is not included [III-12,III-20]. 

The cost of delivered energy for thermal storage -roof systems, 

combining results of reported studies, ranges from $178.55 to 

$1,092.10 per MBtu/yr. The higher figure is based on a system 

variation which includes no night insulation; a range for all 

systems using night insulation is from $178.55 to 

$468.66 per MBtu/yr. First cost range for both studies is $5,410 

to $9,077; and system yield range is 5.82 to 30.3 MBtu/yr. 

Comparative designs, as well as cost and performance ranges, are 

given for the roof pond generic design in Table III-4. 

Attached Sunspace/Greenhouse Systems Descriptions 

The sunspace or solar greenhouse is a combination of the direct 

gain and thermal storage wall systems. It can be built over 

windows and doors on the south side of a building, permitting 

excess heat to enter the building; alternatively~ a massive 

thermal !:ito rage wa 11 can bi added betwt;>en thP greenhouse and the 

space to be heated. The greater the quantity of added thermal 

mass, the greater the control over the interior temperature of the 

greenhouse [I I 1-27]. If the greenhouse is set over two window 

levels, such as cellar and first floor windows, a 

thermocirculatory pattern can be established by opening windows at 

both levels and allowing cool cellar air to be warmed by the. 

greenhouse. Thermocirculation, by continually bringing cooler air 

into the greenhouse, is an effective means of keeping heat losses 
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down and efficiency up [III-4]. 

Attached Sunspace/Greenhouse System Costs 

Two economic studies of the · attached residential 
sun space/greenhouse are reported here. The results of one are 
based on simulated performance and estimated cost figures; the 
results of the other, from actual performance. 

Taff et al. [III-29] monitored the performance of a 98 sq ft, 
south-facing, attached solar greenhouse in Hinesburg, Vermont. 
The north wall and half the east and west walls are insulated and 
all windows are double glazed. Heat storage is provided by four 
black drums (208 gallons) of water. Two small (1/20 horsepower) 
fans and one differential thermostat provide interior temperature 
control. 

The performance of this particular greenhouse, with night shutter 
added to increase annual net solar gain, is then simulated in 12 
cities throughout the United States. Total cost of the greenhouse 
is $891; costs are not adjusted.for geographical area and thus are 
assumed to be held constant over all areas. 
ranges for this system are as follows: 
26.94 t~Btu/yr, and cost of delivered energy, 

Cost and performance 
yield, 15.27 to 

$33.07 to $58.35 per 
MBtu/yr. The cost of storage is included. The cost of operation 
is negligible [III-14] because of .the small amount of electrical 
power required for operation of the fans (Table III-5). 

An economic analysis of the attached resi denti·al greenhouse was 
prepared by Michael Coca for the Solar Sustenance Project Phase II 
Final Report [III-30]. The typical .Solar Sustenance Project 
attached greenhouse has a floor area of 160 sq ft; insulated east 
and west walls with a vent in each; double glazing; a corrugated 
fiberglass and insulated roof (1/2 clear fiberglass and 1/2 
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opaque, insulated roof); and thermal storage contained in east and 

west masonry block walls and in six 55-gallon drums of water 

painted black and stacked against the north wall of the 

greenhouse. The greenhouse is vented into the house, and heat 

transfer is by natural convection [III-31]. 

Costs are estimated from Solar Sustenance Project greenhouse 

building experience. They are given in 1975 dollars but they 

sti 11 seem 1 ow; one reason for this is that 1 abor costs are based 

on a wage rate of only $4/hour. If construction were handled by a 

contractor, wage rates waul d be much higher. Materia 1 s prices 

also seem low, out an 1nterv1ew w1th ttn:! duLhur or the arlalysis 

[III-7] revealed that they reflect market prices at the time. 

Greenhouse performance is estimated using solar gain data for a 

160 sq ft greenhouse per day,. included in the Solar Sustenance 

Project Phase II Final Report. Cost of delivered energy for the 

typi ca 1 Solar Sustenance Project greenhouse, 1 ocated in 

Albuquerque, is $12.24 per MBtu/yr. Total incremental cost is 

$1,040, and cost per square foot is $6.50 (Table III-5 ). 

Based on these sources, greenhouse applications are the most cost­

effective of the passive generic designs. It should be noted, 

however, that contracted attached greenhouses built to complement 

custom homes ca.n be bu1lt of expensive materials such as redwood 

and glaH, and bills of $10,000 OY' more for these installations 

are not uncommon. 

Table III-5 presents comparative design assumptions and cost and 

performance data for the·se two types of greenhouses. First costs 

range from $891 to $1,040; cost per square foot, from $6.50 to 

$9.09; system yields, from 15.27 to 84.97 MBtu; and cost of 

delivered energy, from $12.24 to $58.35 per MBtu/yr (based on 

nine-month heating season figures for one source). It appears that 
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TABLE 111-5 

ATTACHED SUNSPACE/GREENHOUS£ COMPARATIVE DESIGN ASSUMPTIONS, COST, AND PERFORI1ANC£ RANGES, BY SOURCE 

S·:)lln.;u 

Iff, T; 
et 
(1 

Ya 
(1 

al. 
ifF) 

---
nda 
971) 

Glazing 
Layeos 

2 

---
2 

Space 
Heat 

Storage, orDHW 

yes space 

·---

yes space 

------~--'----·. 

*n.a. =not available 
1 . 
See reference 111-13. 

Niglot 
Insula lion 

yes 

no 

Design Assumptions 

Estimated Tract or 
Optimized lifetime Now or Custom 

Reflectors Fans· System IYearsl Retrofit. Design 

no yes no 20 both tract 

----· 
no no no 20

1 
both tract 

____ ,_ __ , __ 

Cost and Performance Ranges 

Range 
Incremental Aanue 011erating 

Actual or Number Range Capital Incremental and 
Simulated of System Yield Cost/Sq Ft Capital Cost Maintenance 

System Locations IMBtu/~·rl I$Base Yearl I$Bazo Yeaol Costs 

sim. 12 15.27 - $9.09 $891 negligible 
26.94 (not I not 

varied l'aried 
with with 
1 oc~ ti on) 1 oca tion) 
( 1976) 

-- ------1---· 
* actual costs 84.g7 $6.50 $1 ,040 n .a. 

are (1975) 11975) 
avg's of 
severa 1 
loca-
t ions; 
yield is 
for 

jA 1 bu-
4uerque 
area. 

---- ---

Runge 
lnc•e•nental 

Cost/MBtu/yr 

$33.07 -
$58.35 

$12.24 



for the typical Yanda-type greenhouse, low materials and labor 
costs and a very sunny location combine to give the system a very 

favorable initial cost of delivered energy. 

C. MARKET READINESS OF PASSIVE SYSTEMS* 

Technical Readiness 

A number of passive ~olar heated buildings have been constructed 
and are operating successfully in the United States. Passive 
systems • performance varies with climate and building design. 
Performance is best in sunny climates; but substantial· solar 
heating contributions are obtai ned even when weather conditions 
are marginal. 

The probability of passive heating system malfunction is very 
low. System reliability can be attributed to use of common 
building materials, moderate component operating temperature 
ranges, and a small number of moving parts. Passive buildings, if 
properly designed and constructed, are thermally comfortable, 
operate naturally, reduce conventional fuel bi 11 s and are 
aesthetically pleasing. 

Procedures for system design and performance calculation have been 
developed and· validated for some heating 5ystems. Design tools 
can be, and some are currently being~ developed for the building 
industry. 

*Most market readiness information taken from Draft, 
.. Commercialization Strategy Report for Passive Solar 
Heating, .. Department of Energy, August 31, 1978. 
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Basic passive space heating and hot water systems are technically 
mature and ready for commercialization. For more advanced heating 
designs, technical advancement is required in the following areas: 
(a) controls, materials, and components; (b) simulation, 
mathematical modeling, and design-performance evaluation 
techniques; (c) conservation/passive solar design integration; (d) 
specification of construction standards and performance goals; and 
(e) instrumentation and acquisition of performance data for actual 
and test structures in different climates. 

State of Solar Design and Equipment Delivery System 

Most materials and products for passive heating systems are 
manufactured by suppliers to the, construction industry. Some 
manufacturers are aware that their products and materials are 
applicable to passive solar design .and have adapted existing 
products for that purpose and/or developed products aimed 
specifically at the passive solar market. 

Systems· are distributed and installed through the existing 
"'. building and building product design, production, supply, 

construction, and maintenance infrastructure. However, passive 
solar design expertise is not widely available to integrate· 
material5, products, and infrastructure components into a 
functioning system. The lack of qualified designers will slow the 
market penetration rate of passive solar heating. 
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IV. AGRICULTURAL AND INDUSTRIAL PROCESS HEAT SYSTEMS 

A. INTRODUCTION 

Solar agricultural and industrial process heat systems collect the 
sun• s radiant heat, convert that energy to sensible heat in a 
working fluid 
energy whi 1 e 
application. 

(air, water, or steam), and store the excess heat 
distributing this sensible heat to a process 
Although bi amass may have a 1 arge potential for 

process heat app 1 i cations, the only systems presented bel ow are 
collector modules, which may be separated into two generic 
classes: planar and concentrating collectors. Planar collector 
systems include solar ponds, flat-plate, and evacuated tube 
collectors. Concentrators include compound parabolic concen­
trators, Fresnel lenses, parabolic trough, fixed and tracking 
segmented mirror tracking absorber, and parabolic dish. · The 
working fluid (after being heated by collectors) is transported 
via a piping system, duct work, fans, pumps, valves, controls, 
etc. Heat is then transferred from the working fluid to the 
process by a heat exchanger. 

B. PROCESS HEAT SYSTEMS, DESCRIPTIONS AND COST 

Table IV-1 presents the optimal (least cost) solar systems for the 
process temperature ranges listed. These systems were assumed to 
be built with sufficient storage and conventional backup to enable 
12 hour-per-day operations in any of the nine regions listed in 
Table IV-2. Many collector configurations were evaluated, and the 
eight most cost-effective were chosen for use in this analysis. 
These systems include solar pond with concrete bunker and water 
storage, for the 40° to 60°C temperature range, water heat 
transfer medium (WHTM); aluminum flat-plate, black, single-glazed 
collector, with fiberglass tank hot water storage for 60° to 80°C 
(WHTM); aluminum flat-plate, selectively surfaced, single-glazed 
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TABLE IV-1 

SOLAR AGRICULTU~:IIL AND INOUSTIHAL PROCESS IlEAl SYSTEMS 
CURRENT AVERAGE COSTS 

Working Fluid Water Air Steam 

Coll.:!ctor Solar flat Fl.:lt Flat Evac. Tracking Tracking Tracking 
Tne Pond Plate PI 3te: Plate Tube line Parabolic Parabolic 

IG/ 1G." 1C:/ Cone en- Dish Dish 
Alu~1 Al•JIIL Allum tra tor 

01Jer.~t i ng lemiJ. .~o-6o~c 60-80°C 80-IOD,C 5C-100°C 100-150°C >150°C 100-l50°C >150°C 
Range 

Mode Fixed Fixed Fh:ed Fixed Fixed Single- Dual- Dual-
flat Ti 1t TOt Hit Ti It Axis Axis Axis 

Polar 

Initial C2sts 18.07 32.92 32.92 
( $19?8/ft ) a 

31.85 22.6~ 48.75 71.12 73.12 

Annual 0&~ Costs 2.24 1.33 l. 48 l.lU 3.48b 1.01 1.02 1.83 
($19?8/fl ) 

·-·--- ·---· 

U.S. Averilge 21.18 }9.12 22.63 19.85 26.4 ~ 25.32 27.4 5 29.65 
Annudlized 
Cost 
($19~tl/f111tu) 

'Mass I' roduced 6.20 11.70 14.80 11.60 8.10 18.00c 12.00c 12.80c 
Costs 
( $1 9~tl/ tt2) 

a ·simple average cos.t of ~ysteo1s presented in Tallie IV-3 

b This estimate iis c:xlllSid~trabi.r higher than costs liste.j· by the manufacturers due to unanticipated tube breakage. 

c Si111ple avetage cos.t of ~ysle~ns presented in L.E. Tork-=·lson, et al .• "A Slllnmary of Current Solar Collector Cost 
and Pcrformanc<! Data," ~aud~3 Laboratory, Mdrch 1, 1978. 
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TI\13LE IV-2 

COLLECTII3ILJTY FOR SOLAR A/IPH SYSTEMS (MBTU/FT2/YR) 

-

Working Fluid Water Air Steam 

Operating 40-60°C 60-80°C 80-l00°C 50-l00°C l00-l50°C Temperature > l50°C l00-l50°C > l50°C 

Northeast .15 . 14 .19 .20 .19 .19 .21 .21 

Mid-Atlantic .14 .12 . 16 .22 .21 . 21 .18 .18 

South . 21 .20 Atlantic .23 .27 .26 .26 .33 .33 

East Noflh .16 .15 .19 Central· .20 .. 19 . 19 . 21 .21 

East South . 17 .15 .20 Central .20 .19 . 21 .27 .27 

-
West.North .23 .23 .27 Central .26 .25 .25 .28 .28 

West South .26 .25 .30 Central . 31 .30 .29 .37 .37 

-··----

-· 

Mountain .29 .29 .33 .32 .31 .29 .54 .54 

P~ci'fi c .33 .32 .36 .32 .31 .32 .49 .49 

Source: Taken entirely from: P.·Curto, "System's Descriptions and Engineering Costs for Solar-Related Technologies, 
Volullle Ill, Agricultural and Industrial Process llt!at," NITRE Corp. METREK Division, l'ebruary 1978. 



collector, with steel tank hot water storage for temperatures 

between Sao to 10a°C (WHTM); aluminum flat-plate, black, single­

glazed or evacuated tube collector, with rock bed and concrete 

bunker storage for Sao to 10a°C and an air heat transfer medi urn 

( AHTM); evacuated tube, . rock bed and concrete bunker 'storage for 

temperatures between 1aao to 1Saoc (AHTM); line concentrator, with 

rockbed and concrete bunker storage for temperatures greater than 

1Sa°C (AHTM); parabolic dish, with oil or rock storage for 

temperatures 1aao to 1Saoc with steam heat transfer medium (SHTM); 

and parabolic dish; .with oil or ror.k storage for temperatures 

greater than 15a°C (SHTM). 

Table IV-1 also presents systems by their collector type, working 

fluid, operating temperature range, mode (whether fixed or 

tracking), and their costs. Four cost figures are reported in 

1978: initial costs, annual operation and maintenance cost, 

average annualized cost in $1978/MBtu, and anticipated costs when 

these systems are mass produced. 

Table IV-2 presents the Btu's collected by each of the systems in 

Table IV-1 for nine census regions. Collectibility is a measure 

of the overall systems performance. The co~t~ in Table IV-1 and 

the collectibility measures in Table IV-2 allow calculation of the 

cost of delivered energy expressed in dollars per million Btu. 

These costs in turn may be compared with other solar and 

convention a 1 systems to project cost feasibility for proce.ss heat 

systems in 1978. 

Costs presented in Tables lV-1 and IV-2 are based on 

manufacturers• quotes listed in Table IV-3, actual operating 

systems, and proposed designs of . systems not currently being 

built. The SPURR-Process Heat Model was used to calculate costs 

of delivered ener.gy from these systems. Although flat-plate 

systems are currently mass produced, many of the high temperature 
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TABLE IV-3 
COSTS OF SOLAR AGRICULTURAL AND INDUSTRIAL PROCESS HEAT SYSTEMS 

LOW TEMPERATURE (<100°C) 

Wate.r 

Solar Pond 
Grumman Airstream Flat Plate/1G/Alum 
Solar Craft Flat Plate/1G/Steel 
Solar Stream Flat Plate/2G/Alum 

Air 

Solaron Flat Plate Collector 
Flat Plate/2GiAlum 

$1978/ft2 

Current 
Co 11 ector 
Costs a 

16.77-19.37 
24.70-28.60 
28.60-33.80 
36.40-45.50 

29.90-33.80 

Annual 
O&M 
Costs 

2.24 
.80 

1.16 
1.06 

.65 

Average 
Installed 
Cost 

18.07 
26.65 
31.20 
40.95 

31.85 

a. Inaludes reflector, absorber, selective coating~, insulation, box glass, glazings, sealants, controls, 
plumbing and ducting, pumps, controls, storage, valves, engineering and consulting contingency, 
administration, overhead, inst.:llled and calibrated onsite but excludes land charges, if any • 

. " . c :, ~ 



systems are not. The few high temperature systems cost estimates 
available vary widely and depend on insolation data utilized, 
recovery of sunk research and development costs, contingency fees, 
and apportionment of administration and overhead costs. However, 
most experts agree that the cost of delivered energy from the 
systems above ranges from $20 to $35/MBtu. Low temperature 
systems costs group near the 1 ow estimate and high temperature 
systems near the upper estimate. The costs presented in Table IV-
1 do not rcfl ect co~t~ of any particular system used for a 
particular application. The point estimates indicate only at 
which end of the distribution systems costs do fall. 

The following sections describe systems which produce hot water, 
heated air 1 or steam. 

Hot Water Systems 

The description of hot water systems is divided into three 
categories: low, moderute, und high temperuture upplicutions. 
Three types of hot water collector systems are considered: solar 
ponds. flat-plate collectors, and evacuated tube collectors. 
Collectors and equipment used for hot water systems closely 
resemble those used in solar heating and cooling of buildings 
discussed earlier in this report. Process heat systems include 
the following subsystems: collectors, plumbing, pumps and 
controls, valves, storage, and heat exchangers. 

The solar pond collector consists of a water-filled plastic bag 
with a semi-ridged dome cover he 1 d in p 1 ace by a wooden pane 1 and 
clamped to a concrete curb. After the ground is graded and curbs 
put into place, a water barrier and insulation are placed on the 
f1oor of the pond. A plastic bag which is clear on top and black 
on the bottom is unraveled in the basin and filled with water. A 
dome is then placed over the p~astic bag to filter out ultraviolet 
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radiation. The pond measures 12 ft by 200 ft and is approximately 
4 inches deep. Collection efficiencies are assumed to range from 
40% to 60%. 

Current cost for solar ponds is approximately $18/sq ft. It is 
anticipated that these costs may be reduced by as much as one-half 
if new materials for the bag and cover are developed. Operation 
and maintenance costs for solar ponds are relatively high due to 
vinyl deterioration and the need to replace the water bag 
approximately every three years. The average cost of delivered 
energy from solar ponds for the nine census regions listed in 
Table IV-2 is approximately $21/MBtu. 

Flat-plate call ectors can be used over the entire temperature 
range for water heat·'transfer mediums (WHTM) applications. There 
are many metal absorber flat-plate collectors that can be used. 
Generally, flat-plate collectors are aluminium, copper, or steel 
tube and sheet absorbers mounted on 2 or 4 inches of fiberglass 
insulation with either one or two clear glass or plastic glazings. 
The absorber of these co 11 ectors can be either painted b 1 ack or 
treated to obtain a selective surface to improve high temperature 
performance. The collector assembly is p 1 aced in a ga 1 vani zed 
steel box and weather-sealed. Current costs for flat-plate 
collectors, including 12-hour storage and onsite installation, is 
about $32/sq ft. The average cost of delivered energy from these 
systems is approximately $21/MBtu. 

Evacuated tube call ectors have recently been developed by three 
major manufacturers. These _collectors have ~igh collection 
efficiencies and are currently less expensive ($/sq ft) than flat­
plate collectors. Evacuated tube collectors consist of inner and 
outer tubes which. have an evacuated inner space 
convection 1 asses. Operation and maintenance 
evacuated tube collectors are currently high 
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unanticipated problems with tube breakage. 

tube collectors is currently $22.50/sq ft. 

Cost for evacuated 

With 12-hour storage, 

evacuated tube systems• average cost of delivered energy is 

approximately $26/MBtu. 

Hot water systems plumbing costs are included in Table IV-1. 

These costs represent charges to interconnect the collector 

modules only. Pipes are either plastic (for cold water), 

galvanized steel, aluminum~ copper, or glass. Piping size and 

materials have been selected by the manufacturer based on system 

size and application. 

Other costs for hot water systems are charges for pumps and 

controls, valves, 12-hour storage, installation, and calibration 

on-site. Contingency fees, administration, and overhead charges 

are also included. 

Air Systems 

Three types of air call ector systems are considered bel ow: flat­

plate, evacuated tube, and tracking line concentrators. 

Low temperature flat-plate collector air systems have collection 

efficiencies and costs generally comparable to the preceding hot 

water system designs. Flat-plate air systems do not have tubes 

but do have fins that protrude into the heating duct under the 

absorber plate and above the insulation backing. The fins enhance 

heat transfer from the plate to the AHTM. 

Evacuated tube collectors can also be used for air systems. The 

descriptions and costs of evacuated tube collectors are discussed 

under hot wate.- :;ystenls above. 
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For high temperature applications using AHTM, line concentrators 
have been developed. Collection efficiencies for these systems 
are high, but heat collection is limited to the direct component 
of sunlight. (Flat-plate and tubular collectors absorb all 
available direct and diffuse sunlight.) The cost of tracking line 
concentrator collector systems is currently $48.75/sq ft. The 

average cost of de 1 i vered energy from tracking 1 i ne concentrator 
systems is approximately $27.50/MBtu. 

A major component of the cost of air systems is ducting. Most air 

systems use galvanized sheet steel ducting with or without 
insulation. These costs are included in Table IV-1 and Table IV-2 
but only represent costs to interconnect collector modules. Other 

.costs for air systems are charges for fans and controls, valves, 
and storage. Storage for air systems does not require a heat 
exchanger. All other storage requirements are identical, and 
charges for these systems are included in Tables IV-1 and IV-2. 

Steam Systems 

Co 11 ectors for steam systems are simi 1 ar to those used for high 
temperature air systems. However, the absorber for the steam 
system must be designed to withstand pressures up to 250 psi at 
operating temperatures to 200°C. The production of steam requires 
e 1 eva ted temperatures that can only be achieved cost-effectively 
by concentrating collectors. Collector subsystems considered for 
steam are tracking parabolic dish ··collectors. Cost for dual-axis 
tracking parabolic dish collectors is currently ·$72/sq ft. The 
cost of delivered energy from parabolic dish systems is 
approximately $28/MBtu. 

Plumbing costs for steam systems are included in Tables IV-1 and 
IV-2. The plumbing must be insula ted, and only steel pipe wi 11 
withstand design pressures and temperatures and minimize heat 
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losses. Steam plumbing systems are more sophisticated and more 
costly than plumbing for hot water systems. Other costs for steam 
systems are pumps and controls, valves, and storage. These costs 
are also higher than those for hot water systems because of higher 
temperatures and pressures during operation. 

C. MARKET READINESS OF PROCESS HEAT SYSTEMS 

Technical Readiness 

Low temperature solar heating systems, Tab1 e IV-3, are currently 
being manufactured and are available for residential and 
industrial applications. The performance of these systems is well 
documented. Current research efforts are directed at improving 
the efficiencies and reducing the costs of these systems. 

Medium temperature solar systems are not as readily available as 
are 1 ow temperature systems. They are, however, being 
manufactured on a limited basis, and quantities are expected to 
increase in the near term. Some systems have been installed in 
working situations and performance data are being developed. 
current re~eareh efforts are directed at obtaining ddtliLiuudl 
performance data and reducing the costs of these systems. 

Most high temperature solar heating systems are conceptual designs 
or prototypes. Systems performance and cost have not been proven. 
Substantial reductions in cost are required before these systems 
can compete with conventional fuels, Table IV-1. 

State of Equipment Delivery Systems 

As noted, 1 ow temperature solar heating systems are currently 
being manufactured and are generally available to interested 
consumers. More than 1, 000 firms manufacture these systems and 
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many are listed in the telephone directories of major cities. The 

delivery system for low temperature applications is new, but 

maturing, and includes manufacturers, wholesalers, dealers, and 

installers. (See Section II of this report.) 

Similar to low temperature systems, components for medium 

temperature systems are currently being manufactured, but not on 

as large a scale. The delivery system for medium temperature 

systems is not as mature as that for 1 ow tempera.ture systems, and 

these are usually purchased directly from the manufacturer based 

on buyer's specifications. Medium temperature systems are more 

sop hi sti cated than 1 ow temperature ones and require more 

preliminary design effort to integrate the system with existing 

conventional systems. 

High temperature heating systems presently exist as prototypes or 

are in early conceptual design stages. The manufacture of these 

systems is highly specialized and currently only for research and 

development projects. As a result, a delivery system for high 

temperature systems does not exist yet, and most of the de 1 i very 

responsibilities are conducted by the manufacturer • 
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V. BIOMASS 

A. INTRODUCTION 

For the past 50 years, use of biomass (cellulose and lignin) for 
energy production has been small relative to the amount of energy 
generated annually. Fossil fuels, coal, oil, and natural gas, 
have been available in large deposits, with relatively low 

extraction costs. Fossil fuels are easily transported and in 
general occur in a lower degree of polymerization than those of 
vegetation. 

By comparison, biomass is more widely distributed, necessitating 
greater expense in collection and transportation costs; and 
cellulose and 1 i gni n require high energy inputs to resynthesize. 
As a result, birimass (primarily wood) has been used more for its 
structural and mechanical properties than for chemicals and 
energy. 

A number of factors and developments have made it necessary to 
reconsider the economics of the use of bi amass. These factors 
are: 

• the 1 arge concentration of peop 1 e in urban and 
industrial complexes which produces pockets of residues 
and wastes with low extraction and transportation cost; 

1 agricultural practices which generate numerous types of 
residues in concentrated pockets (such as manure in 
feedlots). 

• the need to develop renewable, clean energy sources; 
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• the development of the energy farm concept, which may 

• 

provide a economical, consistent, and 

transportable fuel; and 

the recognition of social, institutional, 

environmental costs as part of the cost of energy. 

easily 

and 

This analysis of the availability and cost of biomass is separated 

into two areas. The first section deals with the availability and 

cost of feedstocks. The second sect1 on eva1 uates the cost of 

converting the feedstocks into useful energy fuels. 

B. AVAILABILITY AND COST OF BIOMASS FUEL 

Residues or Wastes 

The most readily available biomass sources today are wastes and 

residues produced by municipal, agricultural, and forestry 

sectors. Residues are usually available in reldtively ldrye 

amounts at specific sites but may require processing to make them 

usable. Table V-1 shows estimates of recov~rahl11 W(l':\tes rtn!l 

r·es i due!:> dllll Lire i r· costs. 

Municipal solid waste (MSW) represents one of the larger sources 

of residues. ·MSW is produced at a rate of about ~ 1 bs per capita 

p~r rlay. Tt. hr~~ r1 hPr~t.ing vr~luP. (nn i'IVP.ri'IQP.) nf about 10 MBtu/ton 

and could provide about 1.1 to 1.6 Quads. Although MSW represents 

a large source of biomass, its composition and quality do not make 

it suitable for most conversion processes without expensive 

preparation and treatment. The MSW preparation process involves 

shredding burnable materials and separating glass and metal (on 

average, 75%, 10%, and 8% wet weight, respectively). Conversion 

processes applicable to MSW are (a) direct combustion, (b) 

pyrolysis to produce oil and gas, and (c) anaerobic digestion to 
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TABLE V-1 

ESTIMATES OF BIOMASS WASTE AND RESIDUE 

Total 
Millions of Heating Value Cost 
Tons/Year (Quads) $/MBtu References 

Municipal Solid Wastes (MSW') 10-160 1.1-1.6 1.00-2.00 V-4, V-12, V-18 

Animal Manures 26-210 0.3-2.1 0.20-2.20 V-3, V-4, V-17 

Lumber-pulpmill waste (Total) 91 1.4 0.16-1.25 V-1, V-7, V-11, 
Currently Used 72 1.1 
Currently Not Used 19 0.3 

Field Crop Residues 100-257 1.5-4.2 0.80-3.33. V-11, V-18 

Logging Residues (Total) 72-90 1.1-1.4 0.55-1.81 V-4, V-5, V-21 

GROSS TOTAL 5.40-10.7 0.16-3.33 
NET TOTAL* 4.30- 9.6 

*This is the energy potential for new fuel source, since there are 1.1 Quads currently 
in use by the Forest Products Industry. 
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produce substitute natural gas. There are a number of conversion 

projects underway which handle from 200 to 2,000 tons of MSW per 

day. 

The total animal population raised for meat and dairy products 

produces about 200 million tons/year of manures (dry weight 

basis). However, estimates of the amount actually collectible is 

as low as 26 million tons/year. The most widely accepted 

conversion method for manure is anaerobic digestion to make 

methane. The largest portion of the collectible biomass comes 

from 1 arge animal feedlots which are operated year-around. 

Economical substitutes for natural gas can be produced from 

feedlots larger than 1,000 head of cattle or more. Most feedlots 

in the United States are relatively small. Only 200 have more 

than 8,000 head, and half of these carry fewer than 16,000 cattle. 

Most manure is not collected continuously (thus it degrades) and 

can contain large amounts of dirt. For small milk dairies (40-100 

cows), manure is readily available and can provide a source of 

fuel for farm uses. However, these fuels are not econom1ca11y 
competitive with rural electricity or natural gas if it is 

ava11able. 

Bark, sawdust, and other wastes accumulate at 1 umbermi 11 s and 

pulpmills. Wood processing industries currently use 1.1 Quads of 

wood residues as a fuel and purchase another 1.5 Quads of energy 

from other ~ource~. Only 0.3 Quad of mill residue~ from the 

industry is not currently used. If the forest industry would 

utilize logging residues or "slash" (1.1 to 1.4 Quads) and the 

remaining portion of its residues, it caul d become energy self­

sufficient dependent only upon its wastes and residues. 

Logging 11 s 1 ash 11 averages about 1/3 of the tota 1 wood removed. 

Stumps and roots are about another 1/3. Total logging residues 

generated domestically approach 200 million dry tons/year (root 
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system and above ground component) • About 40% is above ground 
resulting in a residue of 70 million to 90 million dry tons per 
year (1.1-1.4 Quads). Development of onsite collection and 
chipping equipment will be necessary to utilize these residues. 

Agricultural biomass (for food, clothing, etc.) has been produced 

in the United States on over 400 million acres [V-2]. (About 300 
million acres are currently planted.) On this acreage about 1 
billion total dry tons are produced of which about 1/4 to 1/2 is 
1 eft on the ground. These residues are widely distributed and 
bulky (5 to 10 cu ft equals the energy of 1 cu ft of wood). The 
amount that may be removed or collected is site-specific; and 
other factors such as moisture content, seasonal avai 1 abi 1 i ty, 
local soil and terrain, and development of biomass densification 
equipment limit the large-scale utilization of agricultural 
residues. Estimates indicate that 100 million to 200 million dry 
tons are available for collection (Table V-1). 

The energy available from residues and wastes is highly uncertain. 
Residues could be a large contributor (5-10 Quads) to U.S. energy 
supplies. But due to handling and transportation costs, residues 
and wastes are likely to be used by the industries or sites that 
produce them. 

Biomass Energy Farms 

The biomass energy farm is an approach to produce fuel from plant 
matter by choosing planting densities and harvesting schedules 
that optimize the capture and conversion of solar energy. Energy 
farms have been studied onlY on a conceptual engineering basis. 
Major experiments are being conducted to prove their feasibility. 
Energy farms are not severely affected by short-term weather 

changes (i.e., does not need a storage system). Other advantages 
of energy farms are: 
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• they produce a clean fuel (low sulfur and little 
nitrogen); 

• they are potentially 1 arge sources of energy ( 20-30 

Quads); 

• they have the potentia 1 to be economically competitive 
with near-term costs of conventional energy sources 
(especially true if the biomass fuel has been densified 
to a standard product that is easily transported); 

• growing and burning these fuels will not modify the net 
carbon dioxide or thermal balance of the earth to the 
extent that fossil fuels would. 

Potential disadvantages of energy farms have been identified: 

• food and fiber prices may rise if prime agricultural 
farmlands are used for energy crops; 

• large environmental damages are possible unless crops 
are grown and harvested in a safe manner; 

• energy farm potential 'is limited until low-cost drying, 
clipping, and densifying equipment is available. 

The type of vegetation grown on energy farms should be local 
deciduous perennial species that can be cloned and coppiced. 
Energy farms could use marginal land (for our purposes, land which 
has not been farmed or forested in the 1 ast 10 years) with the 
following properties: 
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• at least 21 to 25 inches of rainfall per year, (some 

concepts have evaluated a farm solely dependent on 
rainfall without irrigation [see Table V-2]); 

t population of less than 300 people per square mile; 

e privately owned; 

t a sufficiently loamy soil which will retain adequate 
moisture and support field machinery; 

• slope less than 25%, i.e., land not suitable for plowing 
or other' intense soi 1 preparation but where clones can 
be planted. 

The energy farm caul d be organized into four functions: 
supervision; field operations; clone or new plant production; and· 
biomass densification. The field operations would consist of weed 
control, fertilization, irrigation (if required), clearing, 
planting, and harvesting (coppicing). Clone production includes 
cutting stock. from living plants, cutting stock into clones, 
packing, and storing. At harvest time (2-3 year cycle), the tree 
would be coppiced, leaving certain root systems. The cut portion 
would be chipped, dried, and densified at the farm to a fuel with 
a specific gravity of 1.00 to 1.45 (coal s.g. is 1.25) and a 

moisture content of 8% to 10% [V-23]. The densified biomass would 
then be shipped to the user (either local or distant). 

There are two key issues associ a ted with energy farms: 1 and 
availability that satisfies the constraints listed above and the 
cost of fuel. Table V-2 outlines land availability studies and 

their results. Table V-3 outlines the cost of fuel for three 
studies relative to the energy farm concept. These data show that 
there are two possible sources of 1 and: ( 1) converted or not 

1 01 



TABLE V-2 

LAND AVAILABILITY SUMMARY FOR ENERGY FARMS 

Reference 

1. V-1, V-2, 

V-10 

2. V-9 

3. V-16 

Description or 
Constraints 

Land that could be 
converted from present 
use (livestock, pastures, 
and ranges) 

1) 25 11 rainfall 
2) Arable land 
3) Slope < 30% 
4) Land is under 1 ess 

pressure than prime 
cropland 

l) 2011 rainfall 
2) Slope < 25% 
3) Population <300 

people/sq mi. 
4) Marginal land (not 

used for c.:rops, 
commercial forest, 
pasture, range, 
recreation) 

5) Loamy soi 1 

6) Privately owned 
7) Large tracts 
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Millions of 
Acres 

111-142 

Location 

South, Midwest 

268-324.5 All U.S. except 
Mountain Time Zone 

100-200 Eastern and Central 
Time Zones 



TABLE V-3 

COST SUMMARY OF BIOMASS FROM ENERGY FARMS 

Reference Tree Type/Location Cost $/MBtu Year of Studt 

1. V-4 Eucalyptus-Louisiana 1.20 1978 
Hardwood-S. California 2.00 
Hardwood-N. California 1.03 
Sugar Cane-Florida 3.00 

2. V-13 Unknown 1.00-1.80 1977 

_. 3. V-16 13 Deciduous Perennials 1.20-1.45 1976 
0 studied in 17 acres w 

~Hybrid Poplars, Aspen 
Hybrids, Black Cottonwood, 
Red Alder, Sycamore, Eastern 
Cottonwood, European Black 
Alder, Green Ash, Sweetgum, 
Eucalyptus) 



currently used prime farm land (111-142 million acres) with a 

potentia 1 of producing 18 to 22 Quads of fue 1 (based upon 10 

ODT/acre per year at 16 X 106 MBtu/ton); and (2) marginal land 

(currently not used as forests or farmland) of 100 million to 200 

million acres with a potential of 16 to 32 Quads. The studies 

outlined in Table V-3 indicate that the fuel produced from these 

farms waul d cost from $1/MBtu to $2. 50/MBtu ( $16-$40/oven dry 

ton). 

C. PRODUCTS FROM BIOMASS 

This s~ctiun discuss~s th~ conversion of wood biomass to energy­

related products and their cost. Seven products are analyzed: 

t4ethanol, Ethanol, Medium-Btu Gas, Substitute Natural Gas, 

Ammonia, Fuel Oil, and Electricity. The feedstocks are efther 

residues or energy farms, and the costs are computed based on 

feedstock costs from $1/MBtu to $2.50/MBtu. Specifics of the cost 

analysis are presented in the appendix. 

Methanol 

Natural gas is currently the principal source (feedstock) for 

methanol. Methane can be converted into CO/H2 stream and 

resynthesized using a process similar to the one described below. 

On an energy content basis, the amount of methanol currently being 

produced i:; about 1% of the gasoline p1·odueed in the United 

States. Methanol can be burned in internal combustion engines 

with higher energy efficiency and less pollution than gasoline. 

(Gasoline engines would require modifications.) 

Methanol can be manufactured by a catalytic combination of carbon 

monoxide and hydrogen (2H2 +CO ~cH30H). The CO/H2 stream can 

be produced by making medium-Btu gas from the gasification of 

wood-biomass (described below). Methanol could also be produced 

as by-products in the pyrolysis or hydrolysis of wood-biomass. 
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To produce methanol from medium-Btu gas, the gas is compressed to 
about 385 psi a and passed to a shift reactor (to generate the 

desired ratio of CO/H2) containing a sulfide catalyst. Steam is 
supplied for the shift, and the product passes to a waste-heat 
recovery unit and a purification system for co2 removal. The 
purified gas is compressed to 1,500 psia and the mix passes 

through a fixed-bed catalytic converter to produce crude methanol. 
The crude methanol is distilled to produce a fuel-grade or a· 
chemical-grade product. 

Five cases were analyzed and costs are shown in TablesV-4 and V-5. 
The costs were analy_zed using two costing strategies. A levelized 
cost and a first year cost approach were used. For methanol, the 
levelized cost ranges from a low of $12.52/MBtu to $27.44/MBtu for 
the cases analyzed. The first year cost of methanol ranges 
$7.78/MBtu to $16.09/MBtu which indicates that production of 
methanol would be competitive now, but this condition would be 
dependent upon continued increase in this methanol price to be 
profitable. The cost of conventionally produced methanol is about 
$8.40/MBtu. The cost of the medium-Btu plant was included in this 
calculation. 

Ethanol 

About 80% of all ethanol is produced by the synthesis of ethylene. 
Fermentation of grains, fruits,. and molasses accounts for about 
20% of ethanol production. Ethane extracted from natural gas 
wells is dehydrogenated to produce ethylene and the ethylene 
extracted from petroleum refiner gas streams provides the major 
source of feedstocks. In 1976, about 200 million gallons were 
produced in the United States. Total domestic installed capacity 
is 365 million gallons/year [V-25]. 
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TABLE V-4 

LEVELIZED PRJDUCTION COST SUMMAR~ FOR METHANOL 

Biomass Biomass-Ft..el Cost 
Input 
ODT/Day $ 1.00/MBtu $ 1. 50/MBtu $ 2.00/MBtu $ 2.50/MBtu 

Case #1 1,500 13.26/MBtu 16.86/MBtu 20.45/MBtu 24.04/MBtu 

Case #2 300 16.95/MBtll 20.45/MBtu 23.94/MBtu 27.44/MBtu 

__. 
0 Case #3 850 16.59/MBtu 19.55/MBtu 22.51/MBtu 25.46/MBtu 0'1 

Case #4 1,700 14.13/MBtu 17.08/MBtu 20.03/MBtu 22.49/MBtu 

Case #5 3,400 12.52/MBtu 15.47/MBtu 18.42/MBtu 21.37 /MBtu 



TABLE V-5 

FIRST YEAR· PRODUCTION COST SUMMARY FOR METHANOL 

Biomass Biomass-Fuel Cost 
Input 
ODT/Day $ 1.00/MBtu $ 1~50/MBtu $ 2.00/MBtu $ 2.50/MBtu 

Case #1 1,500 7.78/MBtu 9.89/MBtu 11. 99/MBtu 14.09/MBtu 

Case #2 300 9.44/MBtu 11. 99/MBtu 14.04/MBtu 16.09/MBtu 

__. 
Case #3 850 9.73/MBtu 11.46/MBtu 13.20/MBtu 14.93/MBtu 0 

-.....! 

Case #4 1,700 8.29/MBtu 10.01/MBtu 11. 75/MBtu 13.48/MBtu 

Case #5 3,400 7.34/MBtu 9.07/MBtu 10.80/MBtu 12.53/MBtu 



Like methanol, ethanol may be used as a motor fuel additive. 

Small-scale tests in Nebraska using gasoline with 10% ethanol have 
shown satisfactory performance. Brazi 1 has been engaged in a 

major program to encourage the domestic production of ethanol for 
motor fuels from new sugarcane plantations. 

Processes for converting wood-biomass to ethanol involve two 
steps. The first is the hydrolysis of wood to sugars; and the 
second, the fermentation of the sugars to ethanol. Numerous 
approaches exist for. processes utilizing different hydrolytic 
agents (strong and weak sulfuric acid, hydrochloric chloride gas, 
and certain enzymes). One of the most advanced processes is the 
Scholler process which uses dilute sulfuric acid. The Scholler 

process has been modified experimentally by the U.S. Forest 
Products Laboratory to improve yields, reduce residence time, and 
permit a semicontinuous operation. The cost data in this report 
are based on this process. 

The Scho 11 er process introduces bi oma55 feed5tocks into a 

digester. where steam increases the temperature to about 257°F. 
Sulfuric acid. re<;.ycl ed hydrolyzate, and hot water are then added. 
The temperature is increased to 300°F for 15 minutes. The 
prehydrolyzate is drained, and dilute sulfuric acid is introduced 
in the digester in conjunction with high-pressure (250 psig) steam 
in order to perform thP. main hyrlrnlysis. After digestion for 70 

minutes. the main hydrolyzate is flashed to the atmosphere in 
stages to separate out the lignins, furfural, and methanol. 

Lignins are returned and used as fuel, and the mixture of methanol 

and furfural is separated in a di sti 11 ati on tower to recover the 
methanol. The hot hydrolyzate is neutralized in a lime slurry 
tank, and the calcium sulfate precipitate is separated in a 
clarifier. A wash cycle is used on this precipitate to recover 
sugar. The sugar solutions are combined and passed to fermenting 
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tanks for alcohol production. After fermentation is complete, the 
yeast is removed. The crude alcohol water stream passes to 

distillation towers which separates out pentoses and concentrates 
the ethanol to 190 proof (95% purity). (Higher purities are 
required for mixing with gasoline.) 

Four cases were analyzed to determine the cost of producing 
ethanol from biomass feedstocks. The levelized cost ranges from a 
1 ow of $21/MBtu to $48.30/MBtu, and first year cost ranges from 
$12.56/MBtu to $28.30/MBtu. First year cost of ethanol is 
competitive with conventionally made ethanol, but a profitable 
position is dependent upon continued increase in the selling 
price. This production of ethanol compares with projected cost of 
ethanol in 1981 at $19.60/MBtu. The level ized costs are 
summarized in Table V-6, and first year cost is summarized in ·' 
Table V-7. 

Medium-Btu Fuel Gas 

The gasification of wood-biomass in conjunction with gaseous 
oxygen produces a medium-Btu gas. This gas has a heating value of 
about 300 to 400 Btu/scf and consists primarily of mixtures of 
carbon monoxide and hydrogen. Its sulfur content is negligible. 
The product gas can be compressed and shipped economically over 
distances up to 200 miles to be used as a fuel source (like 
natural gas) or a feedstock in production of other fuels. 

In the past, medium-Btu gas has been produced from coal, with a 
·heating value of approximately 550 Btu/scf, to supply· town. gas 
distribution systems. These systems disappeared in the United 
States after World War II with the advent of large-scale natural 

gas production, transmission, and distribution. 
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TABLE V-6 

LEVELIZEO PRODUCTION COST SUMMAR¥ FOR ETHANOL 

Biomass Biomass-Ft.el Cost 
Input 
ODT/Oav $ 1.00/MBtu $ 1.50/MBtu $ 2. 00/MBtu $ 2.50/MBtu 

...... Case #1 1,490 21. 42/Mii3tu . 27.15/MBtu 32.88/MBtu 38.62/MBtu 

...... 
0 

Case #2 850 39.72/MBtu 42.56/MBtu 45.42/MBtu 48.27/MBtu 

Case #3 1,700 34. 71/MBtu 37.57/MBtu 40.43/MBtu 43.30/MBtu 

Case #4 3,400 31. 52/MBtu 34.37/MBtu 37. 23/MBtu 40.08/MBtu 



TABLE V-7 

FIRST-YEAR PRODUCTION COST SUMMARY FOR ETHANOL 

Biomass Biomass-Fuel Cost 
Input 
OOT/Oay $ 1. 00/MBtu $ 1.50/MBtu $ 2.00/MBtu $ 2.50/MBtu 

Case #1 1 ,490 12.56/MBtu 15.92/MBtu 19. 28/MBtu 22.64/MBtu 

Case #2 850 23.29/MBtu 24.95/MBtu 26.63/MBtu 28.30/MBtu 

Case #3 1,!00 20.35/MBtu 22.03/MBtu 23.71/MBtu 25.39/MBtu 

' 

Case #4 3,400 18.48/MBtu 20.15/MBtu 21.83/MBtu 23.50/MBtu 



Near-term markets for medium-Btu gas may arise with natural gas 

curtailments to industrial users. The choices will be either to 

replace natural gas fired furnaces with oil fired or coal fired 

furnaces (neither oil nor coal can be used in a natural gas 

furnace) or to substitute a medium-Btu gas (generated by coal or 

bi amass gasi fi cation) directly for natural gas. Bi amass medi urn­

Btu gas is preferred because: 

• It c.: an be burned and produced 1 n an en vi ronmenta lly 

acceptable manner (i.e., no sulfur). 

• The size of the furnace needed for burning medium-Btu 

gas is identical to that for natural gas, and the 

furnace is smaller by a ratio of 1.35 or 1.85 when 

compared to oil and coal fuel systems, respectively 

[V -22]. This means that few modi fi cations are required 

for an existi.ng furnace that uses natural gas. 

t Gas fired systems have lower maintenance expenses. 

• t:ssentially no steam (i.e., water) is required for wood 

gas i fi cation whereas steam requirements for most co a 1 

gasification processes are high. 

• Lower shift reaction cost requir~~ents--H 2 /CO ratios in 

bioma55 medium-Btu gas are somewhat higher than those in 

coa1 gas. 

Selecting medium-Btu gas as a substitute for natural gas has 

definite advantages over coal or oil. This substitution can be 

accomp 1 i shed without 1 ass of therma 1 efficiency (at 300 Btu/ scf 

the efficiency of a boiler is higher than when using 1,000 Btu/scf 

natural gas) or modi fi cation of the boiler and support systems 

(less air required and less combustion products produced) [V-22]. 
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Two processes are available that can produce a medium-Btu gas from 
biomass; these processes have been demonstrated in pilot plant 
size operations. 

1. Purox-Uni on Carbide has operated a 200 ton/day pi 1 at 

facility in Institute, West Virginia. The major system 
components are a shaft kiln and an oxygen plant. 

2. Pyrex Process has operated a 50 ton/day pi 1 at facility 

in Japan. 

Both systems have used municipal waste to produce medium-Btu gas, 
and the Pyrex unit has been operated on bi amass. Si nee the 
organic portion of municipal waste is primarily cellulose, 
comparable performance may be expected from solid waste or 
biomass. (Using wood-biomass, the ash handling facilities are 
simplified and the equipment is freed from the potential corrosion 
of the chloride content of municipal solid waste). 

Both processes pyrolyze the organic portion present in the solid 
fuel. To produce a medium-Btu gas, it is necessary that the 
atmosphere involved in the process is not diluted with nitrogen. 
In the Purox Process this is accomplished by separating the oxygen 
from the nitrogen in an air separation plant. In the single shaft 
kiln reactor, both a combustion reaction and pyrolysis occur. In 
the Pyrex process the combustion reaction and the pyrolysis take 
place in separate fluidized bed reactors. Solids (usually sand) 
circulate between the bw beds to pro vi de the heat needed for the 
pyrolysis reaction. The Purox Process was analyzed in this report 

since cost data were available for this system. 

Three cases were analyzed using a levelized and first year costing 
strategy for the production of mediu~-Btu gas, and these costs are 

summarized in Tables V-8 and V-9. The levelized cost for 
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TABLE V-8 

LEVELlZED PRODUCTION COST SUMMARY FOR MEDIUM-BTU GAS 

Biomass. Biomass-Fuel Cost 
Input _, 
ODT/Da:l $ 1.00/MBtu $ 1.50/MBtu $ 2.00/MBtu $ 2.50/MBtu _, 

~ 

Case #1 850 7.07/MBtu 8.85/MBtu 10.64/MBtu 12.42/MBtu 

Case #2 1,700 6.10/t4Btu 7.88/MBtu 9.66/MBtu 11.52/MBtu 

Case #3 3,400 7.51/MBtu 9.89/MBtu 12.2E/MBtu 14.64/MBtu 



TABLE V-9 

!FIRST -YEAR PRODUCTION COST SUMMARY FOR MEDIUM-BTU GAS 

Biomass Biomass-Fuel Cost 
Input 

__, ODT/Day $ 1. 00/MBtu $ 1. 50/MBtu $ 2.00/MBtu $ 2.50/MBtu __, 
<.., 

Case #1 850 4.15/MBtu 5.19/MBtu 6.24/MBtu 7.28/MBtu 

Case #2 1,700 3.58/MBtu 4.62/MBtu 5.67/MBtu 6.75/MBtu 

Case #3 3,400 4.41/MBtu 5.80/MBtu 7 .19/MBtu 8.58/MBtu 



producing medium-Btu gas ranges from a low of $7.07/MBtu to 

$14.64/MBtu and the first year cost ranges from a low of 

$3.58/MBtu to $8.58/MBtu. In cases where natural gas is not 

available, the medium-Btu gas offers an attractive option. 

Substitute Natural Gas 

Several conversion alternatives 

methane-rich pipeline natural gas. 

are possible for producing 

A substitute natural gas (SNG) 

can be produced by gasifying wood bi amass to produce medi urn-Btu 

gas and converting this ·gas by methanation to a substitute natural 

gas. Methane-rich gasses can also be produced by anaerobic 

digestion of the cellulosic content of wood biomass (including 

manures) and by the action of carbon monoxide and catalysts on 

cellulose at severely high pressure and temperature conditions 

(carboxylolysis). The product gas is almost entirely methane and, 

therefore, is equivalent to natural gas. The net heating value 

ranges from 900 to 950 Btu/scf. 

Anaerobic Digestion 

Generation of methane gas by anaerobic digestion is not a new 

concept. It has been studied extensively for over a hundred 

years, and many full~scale operating systems were installed on 

fanns in Europe and other areas in the 1930s and 1940s. 

Pilot-scale agricultural waste fermentors and· full-scale sewage 

sludge anaerobic digesters were in use by 1935. Subsequently, a 

number of different types of reactors were constructed mainly on 

farms in Europe. These units combined many different designs 

including varying the principal design parameters such as mixing, 

heating, and substrate concentration. There were 15 plants 

installed in West Germany by 1957. The prevailing feeling about 
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these units is that they caul d not justify their cost on the 
production for energy only [V-3]. 

Numerous other types of units have been installed in small-scale 
operations in Asia. India has had an active development program 
for several decades. In the past 12 years, 7,000 plants serving 
small farms and households have been erected in India. Although 
it is unclear how successful these have been, there appear to be 
no better alternatives to attempt to provide a high quality fuel 
to rural areas while preserving the valuable plant nutrients. 
Therefore, the Indian government is now embarking on a large-scale 
effort to build 100,000 additional units. 

The Republic of Korea is reported to have 29,000 family-sized 
units with digesters of 5 to 6 sq m. Incomplete data from China 
indicate that 12 or 13 provinces are presently making widespread 

use of anaerobic fermentation as an energy source and nutrient 
conservation technique. 

Until recently, very little activity has taken place in the area 

of anaerobic fermentation of agricultural wastes in the United 
States. Although many sewage sludge digesters are in operation, 
their purpose is primarily to stabilize or decompose organic 
solids. However, it is probably rare to find a state that is not 
currently considering this topic, and many have several farmers or 
others actually building full-scale units. Two feedstocks of 
sewage-sludge and manure offer considerable advantages over other 
biomass sources (solid waste, wood, and crop residues) for 
anaerobic digestion due to the requirement for extensive 
preparation prior to the utilization of other sources. Manure can 
be treated in a manner similar to sewage, and methane production. 
can be as relatively simple process. A process utilizing manure 

as a feedstock was analyzed for this study. 
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The system components of a conventional process include a 

predigestion tank, manure feeding components, and an anaerobic 

reactor tank. The predigestion tank should be designed for a two­

day holding capacity of all the manures generated. Dilution water 

is added to the animal manure in the predigestion tank so that a 

slurry of 10% solids results. A centrifugal type pump provides 

predigestion tank agitation, waste feed drive, and mixing. After 

agitation, the feed manure slurry is transferred from the 

predigestion tank. to the digester (reactor tank). Intermittent 

reci rcul ati on of digester contents prevents scum formation. At 

approximately 32°C the methane fermentation begins. 

Methane fermentation is a microbial process that involves three 

major groups of bacteria which complete decomposition in three 

stages. First, complex insoluble biodegradable organics are 

converted to soluble organics. The predominant reaction is 

conversion of insoluble polysaccharide to soluble carbohydrates. 

The second group converts various soluble organics to acetate or 

propriate and co2, or acetate and H2• The methanogenic bacteria 

then uti 1 i ze the h_ydrogen gas and co2 to make methane. 

The methane generated in the reactor tank is then compressed and 

stored. The stored methane can be used for heating hot water that 

maintains the fermentation reaction temperature ~nd for running a 

compress·or/generator for electricity. The parasitic ener-gy for­

running the system is about 2!i% to J9% of gross ~ner'gy I.JI'OducL i u11 

[V -3]. 

Gasification/Methanatioh 

Converting ·a medi urn-Btu gas made from wood (described above) by 

the Purox Process to a substitute natural gas involves the 

conversion of the carbon monoxide and hydrogen to methane. The 

technology to achieve this has been intensively researched for 
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coal-to-SNG processing and is independent of the source of the 

medium-Btu gas. The processing step is called methanation. 

In methanati on, medi urn-Btu gas enters a waste-heat recovery and 
wash system. The flow is then split to direct approximately two­

thirds of the gas to a shift converter at about 550°F, after which 
it is recombined with the unshifted stream in a waste heat 
recovery system. The gas then passes to a Recti sol System where 
H2S and co 2 components are removed. The gas then passes to a 
methanator where H2 and CO are reacted in the presence of nickel 
catalyst to form CH4 and H2o at about 900°F. The cooled product 
is recycled for temperature control. Next, the gas is cooled and 
dried to reduce moisture to trace amounts. The two heat recovery 
systems produce the steam necessary for the process. Additional 
compression of the methane to transmission-pipeline inlet condi­
tions is then performed. 

The approaches to methanation on a commercial scale involve 

combinations of techniques to bring the reaction catalyst in 
intimate contact with the gas stream and to remove exothermic heat 
of reaction. 

The process approaches in varying stages of development are ( 1) 
Raney Nickel Catalyst, (2) Fixed Bed Adiabatic Reactors, (3) 
Packed-tube Reactor, ( 4) Liquid Phase Methanati on, ( 5) Fl ui di zed 
Bed Methanation, and (6) Combination Shift Methanation. 

There were seven cases analyzed for production cost of methane (or 
substitute natural gas). The 1 evel i zed and first year production 
costs are summarized in Tu.bles V-10 and V-11. The first three 
cases are based on anaerobic digestion conversion in an 
agricultural application where the manure would be virtually free. 

The rema1n1ng four cases cover gasification/methanation and 
include the cost for production of medium-Btu gas from wood. 
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TABLE V-10 

UEVELIZED FRO~UCTION COST SUMMARY FOR SUBSTITUTE NATURAL GAS 

Biomass Fuel Cost 

.Biomass References 

Input $1. 00/MBtu $1. 50/MBtu $2.00/MBtu $2.50/MBtu or Remarks 

Ca.se #l 40 cow farm 9.23/MBtu Biomass is free. 

Anaerobic Digestion 
__. 
N 
0 

Case #2 100 cow f.arm 5.59/MBtu Anaerobic Digestion 

Case #3 1,000 cattle 1.90/MBtu Anaerobic Digestion 

feedlot 

Case #4 2,154 ODT/Day 9.44/MBtu 12 .. 59/MBtu 15.74/MBtu 18.89/MBtu 

Case #5 850 ODT/Day 9.95/MBtu 11.97/MBtu 14.00/MBtu 16.02/MBtu 

Case #6 1,700 OOT/Day e.75/MBtu 10 .. n /MBtu 12.79/MBtu 14.82/MBtu 

Case #7 3,400 OOT/Day 7.61/MBtu 9.63/MBtu 11. 66/MBtu 13.67/MBtu 



TABLE V-11 

FIRST-YEAR PRODUCTION COST SUMMARY FOR SUBSTITUTE NATURAL GAS 

Biomass Fuel Cost 

Biomass References 

Input $1.00/MBtu $1. 50/MBtu $2.00/MBtu $2.50/MBtu or Remarks 

Case #1 40 cow farm 7.56/MBtu Biomass is free. 

--' 
Anaerobic Digestion 

0'.) 

--' 

Case #2 100 cow farm 4.58/MBtu Anaerobic Digestion 

Case #3 1,000 cattle 1.55/MBtu Anaerobic Digestion 

feedlot 

l 

Case #4 2,154 ODT/Day 5.54/MBtu 7.38/MBtu 9.23/MBtu 11.08/MBtu 

Case #5 850 ODT/Day 5.83/MBtu 7.02/MBtu 8.21/~1Btu 9.39/MBtu 

Case #6 1,700 ODT/Day 5 .13/MBtu 6.31/MBtu 7.50/MBtu 8.69/MBtu 

Case #7 3,400 ODT/Day 4.46/MBtu 5.65/MBtu 6.83/MBtu 8.02/MBtu. 



In. the case of anaerobic digestion, the levelized and first year ~~ 
costs are competitive with natural gas when a large number of 

cattle are present. For gas ifi cati on/methanati on the 1 evel i zed 

and first year costs are higher .than for natural gas. 

Ammonia 

Anhydrous ammonia is produced by catalytically reacting hydrogen 

and nitrogen at high pressure. The nitrogen is del ivererl from 

air; the hydrogen can be manufactured from any one of a series of 

feedstocks--coal, natural gas, naphtha, heavy oi 1 s, or coke oven 

gas. Natural gas is the primary feedstock for ammonia produced in 

the United States. Significant foreign production of ammonia 

occurs from coal. Production of ammonia in the United States 

(1975) was 15.781 million tons, with an installed capacity of 

17.445 million tons. 

In the United States, the prices of natural gas and ammonia are 

related. With the incrca5e in the price of natural gas and the 

curtailment of its use~ alternative feedstocks are being 

considered. 

An alternative feedstock is coal, and as already noted, a 

significant coal-based ammonia production currently exists outside 

the United States. It is considered that the gasification of 

coal, removal of sulfur. and shifting to hydrogen is more costly 

to perform. 

Another alternative is converting medium-Btu fuel gas produced 

from wood biomass by the Purox Process to a hydrogen steam. The 

technology for conversion of a medium-Btu gas to produce the 

hydrogen is· well established and widely practiced (the medium-Btu 

gas is currently made using natural gas as the feedstock). 
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For this cost analysis, the approach selected utilizes a medium­

Btu gas generated by the Purox Process to produce the hydrogen 

steam. (The Purox Process requires a liquefaction plant to 

pro vi de pure oxygen. A byproduct of the 1 i quefacti on is nitrogen 

which can be used later in the process to make ammonia.) The cost 

of the plant to produce medium-Btu-gas is included. The plant 

receives medium-Btu gas from the gasification plant at a pressure 

of about 200 psia. The gas along with steam is fed to a shift 

converter where an iron oxide catalyst is used to reduce the 

carbon monoxide content to less than 1% via a water-gas reaction 

(CO + H20 -+ co2 + H2). The gas then passes to a puri fi cation 

section where carbon dioxide is removed by absorption, and then to 

a finishing methanator where the remaining carbon monoxide is 

converted to methane. The hydrogen produced is mixed with 

nitrogen and the mixture is compressed to the pressure (200 Atm) 

for ammonia synthesis (N2 + 3H2 ---.2NH3). The reactants are then 

condensed to a liquid state at 175 psia and at room temperature. 

The nitrogen is derived from the liquid air facility used to 

produce oxygen for the gasification plant (Purox Process for the 

medium-Btu gas feedstock). 

Three cases were analyzed using levelized and first year costing 

strategies for producing ammonia, which are summarized in Tables 

V-12 and V-13. Leve11zed costs range from $8.69/MBtu to 

$18.10/MBtu. The first year cost ranges from $5.09/MBtu to 

$8.67/MBtu. The projected cost of ammonia in 1981 is $7.40/f~Btu. 

Fuel Oil 

Fuel oil is any liquid, usually viscous in nature and combustible, 

which can be burned to 1 i berate its heat energy without the 

addition of other fuels. Fuel oils are principally derived frorn 

petroleum as residues of refining processes. In this category are 

oils such as· No. 2 heating oil for residential and commercial 
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TABLE V-12 

LEVELIZEB PRODUCTION COST SUMMARY FOR AMMONIA 

Biomass Biomass-Fuel Cost 
Input 

__. ODT/Day $1. 00/MBtu $1. 50/MBtu $ 2. 00/t~Btu $ 2.50/MBtu 
N 
~ 

Case #1 850 12.00/MBtJ 14.04/f:~Btu 16.07/MBtu 18.10/MBtu 

Case #2 1,700 9.80/MBt~ 11. 83/148 tu 13.86/MBtu 15.89/MBtu 

Case #3 3,400 8.69/MBtu 10.72/MBtu 12.75/MBtu 14.78/MBtu 



TABLE V-13 

FIRST-YEAR PRODUCTION COST SUMMARY FOR AMMONIA 

Biomass Biomass-Fuel Cost 
Input 
ODT/Day $1.00/14Btu $1. 50/MBtu $ 2. 00/t~Btu $ 2.50/MBtu 

_, 
N 
U1 

Case #1 850 7.04/MBtu 8.23/MBtu 9.42/MBtu 10.61/MBtu 

Case #2 1,700 5.75/MBtu 6.93/MBtu 8.13/MBtu 9.32/MBtu 

Case #3 3,.400 5.09/MBtu 6.28/MBtu 7.47/MBtu 8. 67 /~1Btu 



heating use, distillate oils which have been produced in the 
petroleum refining process (Nos. 3, 4, and 5), and No. 6 oil which 
is a residue from the refining process and the most viscous. 
These oils may contain small or large amounts of sulfur and 
varying amounts of nitrogen. 

The demand for residual fuel oils in the United States had risen 
over the past 25 years until the price increases in petroleum in 
1974. At present, alternative sources primarily center around the 
use of coal. However, fuel oils can be made from wood-biomass. 

·Fuel oils derived from wood may be produced by two processes: (1) 
pyrolysis and (2) aqueous processing using carbon monoxide, a 
catalyst, and extreme conditions (carboxyl olysi s, a process now 
beginning pilot operations in Albany, Oregon). 

The carboxylolysis process involves the reaction of carbon 
monoxide and steam with organic material in the presence of sodium 
carbonate ·catalyst at temperatures of 250°C to 400°C and 2,000 to 
4,000 psi g pressure. The reaction takes place conti nuousl.Y under 
these conditions. The 1 i quid flow from the reactor is coo 1 ed to 
200°C, and pressure is reduced. As the pressure is reduced, some 
liquid will flash, and the remainder is collected in a bottom tank 
and pumped to o1 centrifuge whete oil and wate,.. ar·~ s~pdrated. The 
oil is finally filtefed to f"eumve any solids und transferred to a 
holding tank. 

Although the carboxylolysis process has been known for a long time 
(1921), the process is still in the RD&D phase and, therefore, was 
not used for analysis in this study from wood biomass. 

The second alternative for production of fuel oils is pyrolysis. 
Pyrolysis is the thermal decomposition (destructive distillation) 
of organic matter by indirect heating, or with air or oxygen 
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supplied at far below the mixture ratio required to have complete 
combustion. Pyrolysis had considerable usage in the past as a 
source of creosote, gases (producer gas, town gas, and power gas), 
charcoal, and methanol. It is employed today in modified forms 
(delayed and fluidized cokers) in the manufacture of metallurgical 
coke, coal tar, and charcoal. 

Three pyrolysis processes are available, which are. either fully 
developed or are in an advanced stage of development. They are 
Nichols-Herreshoff Furnace Process (charcoal production); Tech-Air 

Process (prototype exists--produces solid, liquids, and gases); 
and Occidental Flash Pyrolysis Process (plants using municipal 
solid waste are in operation--produces liquid fuel). 

The Occidental Process was used for analysis in this study. Wood 
biomass enters front-end wood-handling· equipment to a live-storage 
hopper and then to a rotary kiln type dryer to reduce the moisture 
content of the wood to about 3%. The dried feedstock then passes 
to a shredder which reduces the chip size to the equivalent of a 
fine sawdust. This material is mixed with recycled solids from a 
char burner at a weight ratio of about five to one, char to wood, 
and the mixture is carried into ~ vertical transport flash 
pyrolysis reactor by recycled product gas. Rapid mixing occurs 
within the reactor as the suspension passes upward under turbulent 
flow. This achieves high heat-transfer rates within the mixture 
during a very short residence time and minimizes excessive thermal 
degradation of the materials and maximizes liquid yields. 

Material leaves the pyrolysis reactor and passes through a cyclone 
separator to remove the char. Outlet gases from the quench system 
are cooled to 180°F in a gas/oil separator to produce-fuel oil and 
process gases. A portion of the process gases is heated by a 
process heater and used to carry feed material into the flash 
pyrolysis reactor. The remainder of the gases is burned in the 
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process heater to heat the carrier gases. These pyrolysis gases 

have a heat content of approximately 200 to 300 Btu/scf and have 

enough heat to eliminate the need for additional fuel. 

Three case studies were analyzed using levelized and first year 

costing strategies for the production of fuel oil from bi amass. 

These costs are summarized in Tables V-14 and V-15. Level ized 

costs range from $5.86/MBtu to $14.95/MBtu. The first year cost 

ranges from $3.44/MBtu to $H.76/MBtu compared to the projected 

cost of $3.20/MBtu for conventional fuel oil in that first year. 

Electricity 

Direct Combustion 

Electricity is now being generated by the direct combustion of 

wood in steam generators by the wood processing industry. In 

general, these wood burners produce high-pressure superheated 

steam that is expended in turbines to generate electricity. 

t.lectricity i~ 5imilur1y produced in the electric ut111ty 1ndustry 

by the combustion of coal, liquid residual petroleum fuels, and 

fuel gases or by the nuclear fission of uranium. A modern coal­

fuel cycle may have a 880 MW generating capacity, for which a 

steam-generation capacity (at 3515 psi a, 1000°F superheat, and 

1000°F reheat) of 6,400,000 lbs per hour is required. The furnace 

is normally a vertical suspension type requiring pulverized coal. 

Direct substitution of pulveriled wood (140 micron diameter) for 

pulverized coal is not feasible at this time without additional 

research. An approach for pulverizing municipal solid waste 

(metals removed) has been developed (Echo II Fuel, Combustion 

Equipment Associates) [V -24], and this fuel has been substituted 

for pulverized coal without derating the boiler. However, this 

technique has not been tried with wood, and the use of larger wood 
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TABLE V-14 

LEVELIZED PRODUCTION COST SUMMAR¥ FOR FUEL OIL 

Biomass Biomass-Fuel Cost 
Input 

...... ODT/Day ~ 1.00/MBtu $ 1.50/MBtu $ 2.00/MBtu $ 2. 50/I~Btu 
N 
•.o 

Case #1 850 8.40/MBtu 10.58/MBtu 12. 77/MBtu 14.95/MBtu 

Case #2 1,700 5.86/MBtu 7.65/MBtu 9.44/MBtu 11.24/MBtu 

-Case #3 3,400 6.65/MBtu 8 .89/f~Btu 11.13/MBtu 13.38/MBtu 

,. 



TABlE V-15 

FIRST-YEAR PRODUCTION COST SUMMARY FOR FUEL Oil 

B i o~11ass Biomass-Fuel Cost 
Input 
OOT iDay $ 1.00/MBtu $ 1.50/MBtu $ 2.0J/MBtu $ 2.50/MBtu 

...... 
w 
C> 

Case #1 a::. a 4.93/MBtu 6.20/MBtu 7.49/MBtu 8.76/MBtu 

Case #2 1,7CO 3.44/MBtu 4.49/MBtu : .• 54/MBtu 6.59/MBtu 

Case #3 3,400 3.90/MBtu 5.21/MBtu 6.53/MBtu 7.84/MBtu 



particles (saw dust) in the boiler would require derating of the 

boiler capad ty. 

Existing steam generators using hogged wood (1/4 11 diameter) range 

in size up to 600,000 lbs of steam per hour (1350 psi and 900°F) 

and are currently used by the wood processing industry. This 

seems suitable for smaller utility applications and most 

industrial applications. A plant generating 600,000 lbs of steam 

per hour would need approximately 850 ODT/day of feedstock. There 

appears to be no technical problem (rather the lack of demand for 

such equipment appears to be the problem) in designing a double 

furnace to handle the 1,700 ODT/day plant size. In these furnaces 

the hogged wood fuel is spread pneumatically or mechanically 

across the combustion chamber onto the surface of a traveling 

grate. Small fuel particles burn in suspension while larger 

pieces fall onto the grates. The flame over the grates radiates 

heat back to the fuel to aid combustion. Both underfired and 

overfi red air are used for cantrall i ng the combustion character. 

The furnace walls normally are lined with heat exchange tubes. 

Because there is little refractory material, the furnace can 

respond to load variation quickly. 

The grate systems themselves may vary substantially. Three types 

of grates are commonly used: dump ~rate' stationary grate' and 

traveling grate. Dump grates have the advantage of being more 

easily cleaned than the stationary grate. The stationary grate is 

equipped with water tubes tied into the steam generator circuit. 

Stationary grates may be inclined so that the fuel slides to the 

discharge point for the ash. Traveling grates are the most 

common, and the continuous dumping of ash by traveling grates 

provides more effective ash cleaning and thus a longer grate life. 
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The capability of stoker-firing equipment limits the maximum size 

of a steam generator that can be built today to 600,000 lbs per 

hour. If a double grate were to be used side-by-side, which 

requires two feed streams for the wood fuel, this capacity caul d 

be doubled. 

Other types of boi 1 ers have been used industrially, such as a 

dutch-oven type of water tube steam generator. Both underfire and 

overfire ar~ used to insure complete burning of the wood biomass 

that is formed as a pile in the dutch oven. This type of boiler 

is limited to small application and is generally not considered 

for new installations in the United States. 

Small capacity boilers for wood firing tend to be shop fabricated 

units, dimensions 1 imited to transport clearances, and of the 

water tube design. The vertical design reactor can adapt to 

different stoker designs, horizontal and inclined, and can be 

packaged in a unit with capacities of 75,000 lbs per hour of steam 

at 650 psig and 75UuF final steam temperature. A horizontal 

designed reactor employs stationary grates and can be packaged in 

a unit with a capacity of 40,000 1bs per hour at 540 psig and 

650°F final steam temperature. 

Combined Cycle Gas Turbine Power Plant 

The concept of combining a ga5 turbi nG in tandem with a 3team 

cycle has been applied with considerable success in oil and gas 

fired utility applications. Fuel fed to the gas turbine (which 

operates at a higher temperature than a steam plant) is used to 

generate electricity directly from the turbine shaft. The turbine 

exhaust heat is then recovered in a boi 1 er, and the steam then 

produces additional electricity by means of a steam turbine­

generator. Overall efficiencies in excess of 40% are achieved 
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with large combined cycles without the sophisticated complications 
required to maximize the efficiency of large steam plants. 

The exhaust fired gas turbine cycle using biomass can be used in a 
combined cycle mode and avoids the destructive effects of feeding 

biomass directly into the turbine. Air entering the compressor is 
pressurized in the usual way. Instead of passing to an oil or gas 

burner, it is directed through the tubes of a ceramic heat 
exchanger . where its temperature is raised. (The heat exchanger 

has been heated by the hot gases from the bi amass furnace.) The 
heated air then continues through the turbine and prov1 des the 
power to drive the turbine compressor and the generator load. On 
leaving the turbine, the air is routed to an external biomass 

furnace as combustion air. The combustion gas from the furnace 
passes over the exterior surfaces of the ceramic heat exchanger 
tubes transferring the heat through the tube wa 11 s to the high 
pressure air within. The combustion gases leave the heat 
exchanger as exhaust flow which is then used for raising steam in 
a heat recovery boiler. The steam can be used to meet process 
heat requirements, to power mechanical drive steam turbines, or to 
generate additional electric power by means of a steam turbo­

generator. A combined gas turbine/steam turbine power plant using 
the exhaust fired cycle can be produced with existing technology. 
It improves conversion efficiency over steam systems by 25% to 
40%. Power generation costs with this system burning wood-biomass 
are analyzed for plants generating 3.5 MW and 22 MW (V-20). 

Cost of Electricity 

Seven cases were analyzed using a level ized costing strategy for 
producing electricity. Costs are summarized in Table V-16 and may 
be competitive with conventional costs of electricity which range 
from 30 to 60 mills/kWh. The costs are shown for a municipally 

owned utility (no federal taxes) and for a publicly owned utility. 
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TA3LE V-16 

LEVELIZED PROD~CTION COST SUMMARY FOR ELECTRICITY 
(in mills/kWh) 

Bio11ass Biomass-Fuel Cost 
Input 
ODT/Day $ 1.00/MBtu $ 1. 50/MBtu $ 2.00/MBtu $ 2.50/MBtu 

Municipal 85.42 111.26 137.03 162.88 
Case #1 L,095 96.45 124.44 152 • .35 180.34 

Public 

Municipal 121.37 166.80 212.47 256.79 
Case #2 125 133.45 182.64 232.11 280.10 

Public 
w 
~ Municipal 67.02 94.64 122.45 150.06 

Case #3 485 73.46 103.37 133.49 163.40 
Public 

Municipal 72.81 86.66 100.57 114.43 
Case #4 745 81.56 96.57 111.64 126.64 

Public 

Municipal 91.69 107.82 123.96 140.20 
Case #5 850 103.99 121.46 138.94 156.52 

Public 

Municipal 69. 7B 84.67 99.56 115.24 
Case #6 1,700 78.33 94.46 110.58 127.56 

Public 

Municipal 56.36 70.52 84.68 98.86 
Case #7 3,400 62.86 78.19 93.53 108.89 

Public 



D. MARKET READINESS OF BIOMASS 

Technical Readiness of Biomass Technologies 

A number of issues relating to the technical readiness of biomass 
are being addressed in research programs conducted by DOE, private 
industry, and some nonprofit i nsti tuti ons. These are discussed 
relative to the production (including residues) and conversion of 

biomass feedstocks. 

Production 

DOE has awarded a total of $1.5 million of contracts and grants to 
20 uni versi ties and firms to perform research on how to improve 
the productivity and reduce the costs of wood energy farming. 
Tentative plans indicate large increases in funding in the future 
[V-26]. Much of the research is directed towards instilling in 
potential users confidence regarding costs of biomass and the 
ability to provide an uninterrupted source of fuel. Some of the 
key techni ca 1 issues related to production of bi amass feedstocks 
from energy farms are: 

• yields (dry tons per acre) from land and aquatic energy 
farms [V-14]; 

• demonstration of the technical feasibility of energy 
farms [V -4]; 

• environmentally safe energy farm management practices; 

• selection of species for energy farms and genetic 
improvement [V-30]; 
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• land availability and water utilization [V-30]; and 

• directed nitrogen efficiency and nitrogen fixation 

through crop rotation with legumes [V-30]. 

Most economic studies of energy farms have assumed yields per acre 

year of 7 to 10 oven dry tons per acre-year to produce biomass for 

$1 to $2.50/MBtu [V-9, V-15]. Current research is examining costs 

and returns using fertilizer, soil prepared with municipal solid 

waste, local species, hybrid-species, 1rr1gat1on, and reliance on 

natural rainfall. Many researchers feel that 10 OOT /acre-year 

yi e 1 ds can be achieved. Recognil:1 ng plant breeders' successes 

with grain yields through genetic improvements, this could 

increase by a factor of 2 to 3.5; however, much additional 

research is needed. Another aspect of species selection wi 11 be 

to pick species that have nitrogen fixing properties. 

At present, 

engineering 

practicality. 

the energy farm concept has undergone extensive 

analysis but ldt:ks c.:u11Cn:!te t!vidence of its 

Most of the data to support the analyses are 

hypothesi zed or come from small experimental projects on elements 

uf Lhl::! c.:urll.I::!!Jt. Wi tl)in the i1ext few y~a~·~, pl·oj!Ct! w111 begin to 

provide management experience of this system and verify the costs 

associated with this concept. Two major projects on energy farms 

are currently being implemented or plan ned. The first project, 

thf;\ Silvir.ult.urr~l Plantation Contract, funded by DOE. will be ~ 

1,000 acre plantation on the Savannah River in South .Carolina to 

gain experience in plantation management and to verify cost of 

crop production. A second project, funded by Gas Research 

Institute and DOE, will install (in the fall of 1978) a 1/4 acre 

aquatic farm in the Pacific off the coast of Santa Barbara, 

California. The aquatic system will grow kelp at an accelerated 

rate, harvest, dry, and deliver the kelp to an anaerobic digestion 

system with a capacity of 300 1 i tres. The cost goals of this 

project are $3 to $5/MBtu for SNG. These types of projects wi 11 
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serve to eliminate many of the uncertainties associated with the 

energy farm concept. 

As discussed in section A, 1 and avai 1 abi 1 i ty to support energy 

farms has been a major consideration. DOE will continue this 

research but also study the availability of water. 

Conversion 

In general, most of the technology for bioconversion is off-the­

shelf due to extensive use during World War II and current use in 

Europe. A major bioconversion program by DOE•s 11 Fuels from 

Bi amass Program.. is underway. Funding 1 evel s have increased from 

$0.6 M in FY75 to $12.7 M in FY77. Additional research benefits 

wi 11 be received from coal conversion' research, such as 

gasi fi cation, si nee the primary difference in the conversion of 

coal and biomass to liquids and gases is only the front end of the 

process. 

Bi amass conversion by direct combustion to produce electricity is 

·currently limited to small generators of 50 MW or less. Technical 

readiness as well as economic feasibility has been demonstrated at 

the small scale by the forest products industry and the large 

number of MSW demonstrations currently underway in the United 

States [V-4]. Size limitations are primarily due to the limits on 

boiler sizes that can be built today for biomass. Current boiler 

technologies· that generate large amounts of electricity (of the 

500-1,000 MW capacity) require a much finer feedstock (such as 

pul ver.i zed coal) to operate efficiently and satisfy combustion 

rates. A process for producing an equivalent fuel to pulverized 

coal has been tested using processed MSW mixed with coal. Another 

study by Aerospace Corporation indicates that by adjusting 

temperatures. of primary combustion air to 500°F ( 180°F required 

for coal) and secondary combustion air to 1060°F (650°F required 

for coal) a burning rate equal to that for pulverized coal can be 
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achieved. The wood size in this study is wood particles that will 
pass a half-inch screen. DOE has funded experiments on a small 
scale in 1977 to verify these combustion properties prior to 
retrofitting a full-size central power utility. The combustion 
module for conducting the experiments will simulate the combustion 
of a chamber needed for firing a 300 to 500 MW boiler. 
Experimental data are not available at this time [V-28]. 

A major demonstration plant for production of 50 MW el ectri city 
and industrial steam (200,000 lbs/hr) is in site selection and 
design phase and is being funded by DOE. It wi 11 convert 1, 000 
OOT/day to 8 GBtu/day. A plant owned by the Eugene Water and 
Electric Board, Eugene, Oregon, has used wood since 1941 and 
currently provides 34 MW of electric power at a cost of 9. 75 
mills/kWh and 450,000 lb/hr of steam capacity at a cost of 
$0.81/thousand lb for wood IV-27]. 

Pyrolysis and gasification of biomass to produce a number of end 
products (low- or medium-Btu gas, liquid fuels, and charcoal) 
received extensive research at the turn of the century and during 
Llr~ 1920s ds a means to produce 11 town gasu from coal and to become 
independent of imported oil. In more recent years, gasification 
and pyrolysis of MSW have received more R&D attention resu)ting in 
a number ( 20) commercial processes in advanced stages of 

development (Union C:a rh i rle- -Pu rox.; Occi denta 1- Reseal'Ch 

Corporation--Flash Pyrolysis; Ando-Torrex Processes, etc.). Using 
MSW in pyrolysis or gasification is more difficult than using 
biomass because inorganic materials and plastics interfere with 
pyrolysis. Research by DOE is concentrating on the development of 
catalysts that can increase the rate of the process to reduce 
overall cost. Currently in the United States, there are 15 
processes at the commercial or demonstration stage and 31 active 
process development or research programs. To date, a majority of 
the commercial or demonstration programs has been privately 
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funded, some with minor government assistance. Few developers are 
seriously considering using a solid waste or residue feedstock to 
produce synthetic gas for methanol or ammonia [V-29]. 

An additional technical question is the optimum size of pyrolysis­
gasification units. The size of commercial units ranges from 50 
to 1,000 tons/day, with most processes being in the range of 100 
to 300 tons per day (TPO). These sizes are considered the minimum 
range for economic processing of MSW. Large-scale coal 
gasification or liquefaction systems being proposed are about two 
orders of magnitude larger. Economies of scale for biomass 
synthesis gas processes (for use in gas turbines or for making 
ammonia or methanol) require much larger units, greater than 1,ooa 
tons/day. Development of large conversion systems must be coupled 
to the development of energy farms that can provide cont.i nuous 
supplies of feedstocks. 

Anaerobic digestion has a long history of use and development in 
the 20th. Century. . These systems were developed because of fuel 
shortages rather than being more economi ca 1 than natura 1 gas or 
other fuel sources. This is still the situation today. In recent 
times, anaerobic digestion has been widely used in sewage 
treatment plants in the United States. Large digesters (1 million 
gallons) have been developed and are equipped with heat exchangers 
(to maintain temperatures) and mixers. With the recent increases 
in the price of natural gas, interest in these systems for 
producing natura 1 gas has grown. At $3/MBtu, some systems are 
marginally economic although considerable use may arise from 
natural gas curtailments than from favorable costs. To reduce 
costs of these systems, improvements in the rates of reaction and 
development of low-cost digesters is needed [V-4]. Generally, 
cost for large digesters is $1/gallon per.unit of capacity. 
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State of Equipment Delivery System 

·Equipment for collecting and handling residues and energy farms is 

well established as part of existing harvesting systems for 
forestry, agriculture, aquaculture, and MSW [V-30]. r~inor 

refinements and optimization will be achieved as market demand for 
these systems increases. For 1 and-based energy farms, speci a 1 

collection and handling equipment must be developed. This is 
especially true if special management practices such as coppicing 

and densi fi cation are employed. It would be desirable to have a 
portable farm implement that can chip, dry, hammermill, and 
densify biomass at a rate of 20 to 30 ODT/day. This 11 ideal 11 

machine should be trailer mounted and use biomass fuel to run 
itself (parasitic energy). If a biomass conversion plant is 
1 ocated within an unknown radius of the farm. then densi fi cation 
may not be necessary. Densification becomes necessary if the farm 
or biomass source is decoupled from the conversion plant. In this 
case, densifi cation enhances the storage properties of biomass, 
standardizes the fuel, and lowers transportation costs. 

Densification of wood can be accomplished today. but these units 
are not transportable and require major capital inve:;tmenL!:i, ds 

much as $1 million. A portable densification machine is currently 
being developed; however, it has not yet proved successful in the 
field. Similar to production, a growing list of equipment 
suppliers is associated with the collection of residues [V-30]. 

Conversion 

As discussed in the technical readiness assessment section, one 

primary limitation on conversion is the size of conversion 
systems. Most manufacturers supply biomass conversion systems 
with capacities of less than 1,000 ODT/day. Until larger systems 
are demonstrated, this will continue to be the case. 
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For anaerobic digestion systems, the opposite is true. Due to the 

influence of sewage treatment requirements, many suppliers of 

large anaerobic digesters (1 million gallon) exist. Development o~ 

much smaller units to support feedlots and farms is being funded 

by DOE. 

Institutional Barriers to Biomass Market Readiness 

Environmental Impacts 

The key environmental issues related to use of biomass are as 

follows: 

• The 1 arge 1 and and water requirements of 1 and energy 

farms can restrict competing uses of land and water in 

some regions. This impact is not viewed as being acute 

in the near term or necessarily in the long term either 

[V-31]. Environmental costs can be minimized by use of 

marginal land not suitable for crops or fiber production 

and indigenous species. 

o The potential exists for erosion and depletion of soil 

organic content if too many residues are removed [V-30]. 

In the case . of agriculture residues, research at Iowa 

State University indicates that leaving 30% to 50% of 

the residues on the gr<;>Und is sufficient to control 

erosion and depletion of soils [V-32]. These studies 

indicate that long-term soil fertility may be improved 

by residue management. 

• Direct combustion of biomass generates air pollutants 

similar in nature but different in . degre~ to those 

generated by combustion of fossil fuels [V-31]. Due to 

a low sulfur content in biomass, sulfur oxides from 
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combustion are not a primary concern. However, 
pollutant particulates, nitrogen oxides, and carbon 
mono xi de may be emitted in greater quantities during 
combustion than during fossil fuel combustion. An 
advantage of energy plantations is that the carbon and 
nitrogen rele~sed will be re-fixed during the next 
growing cycle (two to three years) making the net 
release of these elements small. 

• Thermochemical bi amass conversion produces a number of 
wastes in the form of gases, tars and oi 1 , unconverted 
biomass, and ash in varying amounts depending upon the 
process employed. These pollutants can affect air, 
water quality, and land use and present possible health 
and safety concerns. Research conducted on coal 
conversion will provide control strategies for these 
pollutants that are similar in kind but significantly 
less than combustion or conversion of fossil fuels. 

• Anaerobic digestion serves to reduce the pollution 
potenth 1 of some bi omsss feedstocks which would be 

considered waste. Nevertheless, the process does 
produce a sludge which must be disposed [V-30, V-31]. A 
number of studies and experiments have been conducted to 
use sludge as a fertilizer and as a fRRrl s~pplRmPnt fnr 

animals [V-33]. 

Several other barriers exist that must be resolved before biomass 
can become a significant contributor of energy. 
summarized as follows: 

These are· 

• The existing level of uncertainty relative to cost of 
biomass conversion can be mitigated by proper 
demonstration. As a result of the historical usage of 
certain conversion processes to produce electricity, 

142 



process steam, and SNG, these uncertainties are small 

compared to other solar technologies, and biomass should 
achieve early commercialization status prior to 1990. 
Newer conversion systems that produce ethanol, fuel oil, 
ammonia, and methanol are expected to fall in the 1990 
to 2000 time frame [V-30]. 

• As discussed earlier in this report, a major barrier to 
commercialization is land availability, water resources, 

and the use of that land. Demonstrations using marginal 
land which is not suitable for crop or fiber production 
but receives adequate rainfall (with backup irrigation} 
should overcome this barrier. 

• Plantation management strategies are uncertain .as to 
type of species, method of spacing, yields per acre, 
long-term storage, use of fertilizer, and irrigation. 
Near-term research by DOE should eliminate many of these 
uncertainties by 1981 [V-30]. 

• The lack of acceptance of biomass as a valid renewable 
fuel source has delayed funding of many biomass 
projects. This barrier could be overcome by increasing 
the funds allocated to biomass and increasing the 
awareness of biomass by the research community and 
potential users. 
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VI. OCEAN THERMAL ENERGY CONVERSION SYSTEMS 

A. INTRODUCTION 

History 

Ocean Thermal Energy Conversion (OTEC) is a means of capturing the 
sun • s energy absorbed by the waters of the ocean. As early as 
1881, Jacque D'Arsonval, a French physicist, proposed the concept 
of producing energy by using the ocean• s temperature difference 
between warm surface water and cool, deep ocean water [VI-10]. In 
the early 1930s, Georges Claude, a French engineer, built a shore 
based open-cycle power plant in Cuba that produced 22 kW of 
electricity [VI-5]. Economic and technical problems curtailed his 
effort. The ocean thermal concept was revived in 1965 by Anderson 
and Anderson [V I-3]. Si nee 1965, several configurations of OTEC 
plants have been developed by university researchers, aerospace 
companies, and shipbuilders. 

Principle of Operation 

Warm surface water of the ocean is used to vaporize a low boiling 
, 

point working fluid, usually ammonia, in an evaporator. The vapor 
is expanded into a turbine which operates a generator to produce 
electricity. The working fluid is then condensed by cool, deep 
water and returned to the working cycle. A temperature difference 
of at least 34°F to 40°F is required to operate the low-pressu~e 
turbines, thus necessitating the location of plants in semi­
tropical or tropical waters. ·The system described above is a 
closed Rankine system. An open Rankine system operates in much 
the same way except seawater is used as the working 'fluid, 
eliminating the need for heat exchangers. Five locations with 
temperature differences of > 38°F have been identified near 
population centers. 

147 



OTEC plants can be either moored (anchored vi a a cable to the 

ocean floor) or dynamically positioned vi a thrusters to counter 

the wind and ocean current forces. 

System Components 

Ocean Thermal Energy Conversion systems consist of a power 

subsystem, an ocean subsystem, and the energy transmission 

subsystem. The power _subsystem includes: heat exchangers 

(evaporator and condenser); fluid transfer systems (warm water 

and· cold water pumps and working fluid subsystem); turbine-
generator; and electrical and control systems. The ocean 

subsystem consists of a plat form, cold water pipe, 
anchoring/dynamic pos i ti oni ng, dep 1 oyment, and miscellaneous 

subsystems. Electrical energy can be transmitted to shore via an 

underwater cable. 

B. PROPOSED OTEC SYSTEMS AND THE!~ COSTS 

Proposed Systems 

It should b9 omphasized that OTEC systems are conceptual designs 

only. Excepting Claude•s plant built in the 1930s, no plants have 
been constructed or are under construction. As previously 

mentioned, D1 Arsonval proposed closed-cycle systems, and Claude 
proposed open-cycle systems. Recently, Dr. Clarence Zener, 

Carnegie-Mellon University, has been researching a lift/foam cycle 

system. The three concepts will be discussed in detail. 

Closed Cycle 

A visual description uf a closed OTEC system is pt'esented in 

Figure V I-1. Approximately half the temperature difference from 
the ocean is available for conversion in the heat engines. The 
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other ha 1 f is used to trans fer heat from the sea to the working 
fluid in the heat exchangers. Although conversion efficiencies 
are near 3%, parasitic auxiliary power requirements reduce the net 
efficiency of the closed-cycle system to approximately 2%. 

Although the closed-cycle process is quite simple, numerous 
component and subsystem changes can be made for a given 
requirement. Unfortunately, the optimum economic and techni ca 1 
efficiency· mix has not been identified. A discussion of the 
components and materials of closed-cycle systems follows. 

Power System. The performance of an OTEC power system is 
primarily dependent upon the heat exchanger, the working fluid, 
turbine, and electric generator. The heat exchanger has two 
units--the evaporator, which uses warm seawater to supply heat to 
vaporize the working fluid, and the condenser, which uses cold 
seawater to cool the vapor back to liquid. Both are crucial since 
the temperature difference is small. 

Two major heat exchanger designs are the shell-tube and plate-fin. 
The shell-tube evaporator and condenser have seawater on the tube­
side (inside) and the worki.ng fluid on the shell-side (outside). 
It is similar to a liquid refrigeration system. The surface area 
per cubic foot of volume is much larger in the plate-fin than in 
the shell-tube design. The water inside the flat-plate has 
straight and rectangular passages while the working fluid crosses 
finned surfaces which increase the effective transfer area. The 
shell and tui.J~ des1 gn 1 s presently favored because the 
manufacturing technology is well established, and development work 
can center on heat transfer enhancement. However, plate and fin 
exchangers are more compact, probablY have better performance but 
are more expensive to manufacture [VI-2]. 
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Several heat exchanger enhancement techniques are being studied to 
increase the heat transfer efficiency while reducing the size and 
cost of the units. Two proposed techniques are: incorporating 
axial grooves on the water side to double the effective heat 
transfer area and fluting the wall on the working fluid side. 

There are several criteria for selecting heat exchanger materials: 
conductive and corrosive properties, compatibility with other 
liquids, and cost. The two metals being considered are aluminum 
and titanium. A comparison [VI-20] of the two reveals: 

Aluminum 
• good conductor 
• more corrosive in seawater 
• believed to be compatible 

with ammonia (not proven 
in the presence of seawater) 

• less expensive 
• abundant, but must be 

imported 
• easily fabricated 

Titanium 
• poorer conductor 
• less corrosive in seawater 

• compatible with ammonia 

• mor-e expensive 
• abundant, but not mined 

extensively due to low demand 
• more difficult to fabricate 

Working fluids considered include ammonia,. propane, and freon. 
Ammonia is conceptually preferred by most contractors because of 
its superior heat transfer properties, 'lower cost, and 
availability. Environmentalists believe that ammonia has the 
smallest potential for environmental damage [VI-11]. 

The conversion machinery for a closed-cycle system .is a turbine 
and an electric generator. Auxiliary machines include pumps for 
warm and cold water circulation. A pump is required to raise 
condensate working fluid pressur~ from its low value at the 
condenser exit to the pressure required at the evaporator inlet. 
Start-up machinery is also required. 
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Ocean System. The ocean system is made up of the platform and the 

cold water pipe (CWP). Platform types being examined are a ship, 

spar buoy, circular barge or disc, and semisubmersibles. 

Materia 1 s proposed for the co 1 d water pipe are fiber reinforced 

plastic, steel reinforced fly ash concrete, and reinforced rubber. 

The platform and cold water pipe must be compatible. The pipe 

must support itself and also withstand top loads from the platform 

and side loads from ocean currents. To achieve the greatest 

temperature difference a CWP 3,000 ft long is hP.ing considered. A 

100 MW plant might require a pipe 50ft by 3,000 ft for a flow as 

large as 5 million gallons per minute. 

Modularizing closed-cycle OTEC plants would alleviate design, 

manufacturing, and deployment problems of large heat exchangers, 

pumps, and turbogenerators. This concept also enhances assembly 

1 i ne techniques. However, there appears to be no way to cut the 
size of the CWP. One pipe must serve the entire system. 

Open Cycle 

Georges Claude first demonstrated the use of seawater vapor as the 
working fluid in his op&n-cycle $ystem in the 1930s. Hi<> rlPsign 

is presented in Figure VI-2. Open-cycle systems do not require 

heat exchangers; therefore, biofouling problems are minimized. 

Open-.cycl e systerns do require 1 arqe turbines. The greatest 
problem of the open-cycle system is controlling power losses from 

pumping and removing air from seawater. The vast amounts of water 

that must be transported require that losses be carefully 

controlled. Trade-offs to minimize pumping power losses could 

necessitate evaporators, degas i fi ers, and condensers much 1 arger 

than would be economically feasible. 

152 



U1 
w 

Exhaust Compressor 

~[>~Non-Condensable Gases 

t 
Warm Water 

D t 
Steam Turbine I Generator 

, eaera or <HJ 

! 

l Steam ... 

Flash L 
Evaporator 

Barometric 
Condenser 

J 
Water Water 

t 
Cold Water 

Figure Vl-2. Ocean Thermal Energy Conversion Open-Cycle System 



Lift/Foam Cycle 

Both closed-cycle and open-cycle systems release warm and cold 

ocean waters into the ocean. Some proponents of the 1 i ft/foam 

system claim that the system has no warm water exhaust [V I-34]. 
(See Figure VI-3.) After air is evacuated, warm water is drawn 

into the system by the partial vacuum created by the water which 
is foamed and rises past foam breakers. The freed vapor flows 

rtown a central pipe and is c;ondensed by cold deep water. The 
liquid is collected and used to drive a hydraulic turbine. 

Advantages of the 1 i ft/foam system are ( 1) the absence of heat 

exchangers, (2) the replacement of gas turbines with high head 
hydraulic turbines, and (3) the automatic elimination of the water 

recirculation problem. 

Cost Estimates For OTEC Plants 

Although three OTEC systems have been identified, multiple cost 

estimates are available only on closed-cycle systems. These cost 

estimates are discussed below. Costs for open and lift/foam cycle 
systems are not backed by a detailed engineering analysis of 

equipment requirements. 

Closed Cycle 

Most current cost estimates from major contractors focus on 
closed-cycle systems only. These cost estimates depend on the 

following design assumptions: 

• Temperature differences - 34°F or 40°F 
• Work1ng flu1d - ammon1a, propane, freon 
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• Heat exchanger material - aluminum or titanium 
• Moored or dynamically positioned platform 
• Load capacity factor - .8 or .9 
• Size of the system- 100 MW, 400 MW, or 3,200 MW 
• Distance of delivered energy. 

The design representing closed-cycle OTEC systems was chosen 
because of the reliability of contractors' cost estimates and the 
availability of mat~rials. The closen-cyclP. OTF.r. plant is 
composed of 8 to 50 MW power modules for a 400 MW system rated at 
40° t::,. T. The working fluid is ammonia, and titanium shell and 
tube heat exchangers are used. A concrete ship houses the power 
modules. The cold water pipe, 100 ft in diameter and 3,000 ft 
long, is made of steel-reinforced fly ash concrete. 

Although the optimum plant size appears to 
estimates for 3,000 MW plants are available. 
cost estimates compiled by MITRE Corporation in 
9]. 

be 400 MW, cost. 
Table VI-1 shows 

February 1978 [VI-

The most expensive single item of the plant is the heat exchanger. 
Estimatii for titanium heat exchangers ranaed from $470/kW (4fi~ nf 
the total system) to $820/kW (34% of the total system). Titanium 
is believed to be the most expensive material for heat exchangers. 
Althou~h aluminum costs are slightly less (ranging from $400/kW 
to $700/kW), the aluminum exchangers need replacing more often. 
The high and low estimates for the total power system varied by a 
factor of 2. 

Estimates for the ocean system showed a much larger range--$171/kW 
to $577/kW. Although the cold water pipe represents the most 
expensive item in the low estimate, the platform cost est1mates 
ranged from $50/kW to $300/kW, a factor of 6. Appendix Table VI-A 
contains the most recent ocean system cost estimates available 
from DOE. 
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TABLE VI-1 

COST ESTIMATES FOR CLOSED-CYCLE OTEC SYSTEMS 
( 3, 000 MW, !:1 T=40° F) 

Power System 
Heat Exchangers (Titanium) 
Demisters 
Turbogenerators 
Seawater Pumps 
Other Power Systems 

Subtotal 

Ocean System 
Plat form 
Cold Water. Pipe 
Mooring/Deployment 

Subtotal 

Transmission 
Total System 

Average 
Modal Value 

1977 $/kW 

470 - 820 

7 - 40 
70 - 112 
95 - 200 

108 - 195 
750 - 1,367 

50 - 300 
71 - 80 
50 - 197 

171 577 

100 - 450 
1,021 - 2,394 

$1,711/kW 
$1 ,320/k w 

These estimates are from four contractors and DOE personnel. 

Source: P. A. Curto and Grant Miller, "An Update of OTEC Baseline 
Design Costs," METREK Division, MITRE Corporation, Mclean, 
Virginia, February 20, 1978. 
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Power subsystem cost estimates varied 1 ess than other subsystem 

costs. Research in the past tv1o to three years has reduced 

uncertainties associated with the power system. Other problems 

and uncertainties will be reduced when OTEC plants are actually 

constructed and deployed. 

Tr~nsmission cost estimates ranged from $100/kW . to $450/kW. 

Operation and maintenance cost estimates are from TRW [VI-28] and 

Lockheed [VI-21] reports of 1975. TRW estimated O&t~ costs of 

1.4%; and Lockheed, 0.45% of total capital investment. These 

estimates translate into 4.78 and 1~91 mills/kWh, respectively. 

Dr. Avriham Lavi in March 1978 discussed estimates of operation 

and maintenance costs for cleaning processes only. These 

estimates were [VI-12]: 

Method of Cleaning 

M.A.N. 

Amcrtap 

Chlorine 

Open Cycle and Lift/Foam Cycle 

Mills/kWh 

1.7 

3.6 
0.4 

The most recent cost estimates for open-cycle OTEC systems place 

open-cycle costs 25% to 30% above closed-cycle costs [VI-13]. 

Cost estimates for the 1 i ft/foam cycle are approximately $1 ,800/kW 

[VI-33]. 
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Cost of Electricity and Products 

A required revenue model was used to estimate busbar costs for 

OTEC electricity from MITRE estimates of capital costs. Table VI-

2 shows electricity costs for a 3,000 MW OTEC plant in 1978 

mills/kWh. Assuming a plant capacity factor of .9 and the use of· 

titanium heat exchangers, busbar costs range between 26 and 62 

mills/kWh. Estimates are given for both a municipally owned and 

publicly owned utility. Incremental transmission cost estimates 

for power to shore are <5 mi 11 s/kWh for 1 ess than 25 miles of 

transmission and increase to about 10 mi 11 s/k Wh for 100 ·miles of 

transmission [VI-23]. 

TABLE VI-2 

OTEC ELECTRICITY COSTS FOR 3,000 MW PLANTS IN THE YEAR 2000 
(1978 mills/kWh) 

Capacity Factor 
PLANT 

• 75 .8 .9 

OTEC Plant with 
Aluminum heat 
exchanger 

Municipal 30 - 57 28 - 54 26 - 49 

Public 35 - 69 34 - 65 31 - 59 

OTEC Plant with 
Titanium heat 
exchanger 

Municipal 31 - 60 29 - 56 26 - 51 

Public 37 - 72 35 - 68 31 - 62 

, 59 

.... 



MITRE has estimated the cost of producing aluminum using OTEC 

power [VI-8]. OTEC aluminum plant costs include the OTEC system, 

transmission link, aluminum processing facility, and a bauxite 
mine. Cost estimates were based on an OTEC faci 1 i ty five mi 1 es 

off shore with an AC transmission line to the plant capable of 

producing 150,000 tons of refined aluminum per year. The OTEC 

aluminum plant would cost between $800 million and $1.1 billion. 

The O&M costs are assumed to be $1,000/ton. This leads to 

product costs of from $1,700 to $2 ,000/ton for OTEC produced 
dluuri11um (S~~ Tabl~ VI-3 fol' comparison with conventional costs.·) 

TABLE VI-3 

COST ESTIMATES FOR ALUMINUM SMELTING IN THE YEAR 2000 

Location 

Conventional Fuel 

Feedstock 

Comparative Cost 
in 2000 

1975 $/ton 

OTEC Cost 
-··l/Tcin ., 

10% Tax 20% Tax 
Credit Credit 

Island Complex Coal (Mainland) 2,000-3,000 1,700-2,000 1,500-1,800 

(Puerto Rico) Oil (Island) 3,000-4~000 

Source: Curto, P. A., "An Update at· UTEC Baseline Design Costs." 
The MITRE Corporation. METREK Division, Mclean, Vir~inia, 
February 1978. 
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Cost estimates by IGT [VI-4] for OTEC-produced liquid ammonia are 

shown in Table VI-4. The estimates are site-specific and assume a 
range of from 10 to 40 mills/kWh for power. The range of 

estimates reflects various destinations(e.g., Key West to New York 
or Key West to Miami). Estimates range from $170/ton.to $500/ton. 

Costs for OTEC-produced ammonia assuming a 500 MW OTEC plant with 

electricity cost of 20 mills/kWh range from $260/ton to $320/ton. 
Costs of ammonia from conventi anal sources are presented in Table 

V I-5. 

Comparison of OTEC Costs to Conventional Costs 

Conventional cost estimates for aluminum smelting and ammonia are 
shown in Tables VI-3 and VI-5. OTEC is only in the R&D stages of 
the commercialization process. With the successful completi~n of 
the program recommendations for technological advance and the im­
posed incentives for commercialization, OTEC could become a viable 
renewable energy source by the turn of the century . 

. C. MARKET READINESS OF OTEC SYSTEMS 

No ocean thermal energy conversion plant has been built or 

operated si nee the experiments of Claude during the 1930s, nor 
have many of the system components been proven reliable in a 
marine environment. Therefore, it is somewhat academic to discuss 
an OTEC deli very system. However, one can speculate on the 
potential actors in the manufacture and distribution of the OTEC 
plants. 
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TABLE VI-4 

COST ESTIMATES OF OTEC PRODUCED LIQUID 

AMMONIA FROM VARIOUS SITESa 

$/ton 

Cost of OTEC Electricity per kWh 

OTEC SITE 10 mills 20mills 30 mills· 40 mills ----
Key West 179-199 . 264-284 349-369 435-454 

West Florida 184-189 269-274 354-359 439-444 

Miami 173-188 258-273 344-359 429-444 

New Orleans 196-207 282-292 367-377 452-462 

Brownsville 197 282 367 452 

Puerto Rico 188-197 273-282 358-374 444-453 

Hawaii 198 283 363 453 

Brazil 227-239 31~-324 397-409 ' 482-494 

aFigures vary depending upon distance of shipment and the site-
specific capacity factor. · 

Source: Biederman, Nicholas; Sinnott, John; Talib, Abu; and Knopka. 
Alex; 11 0TEC: Mission Analysis, Energy Carrier Cost and Market 
Penetration Analysis, Final Report... Institute of Gas Technology, liT 
Center, Chicago, Illinois 60616. 
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Feedstock 

Coal 

OPEC Natural Gas 

TABLE VI-5 

ESTIMATED AMMONIA PRODUCTION COSTS 

FROM CONVENTIONAL FEEDSTOCKSa 

(1976 $) 

Production Costs, $/ton 

1985 2000 

Conventional Natural Gas 

150-225 

220-260 

160-210 

220-270 

260-330 

260-330 

ain making the above estimates, IGT assumed the following costs: 

1985 2000 Destination 
Coal (ligni.te) 

$/ton 5.00-20.00 35.00-40.00 Mississippi 
Valley 

OPEC Natura 1 Gas 
$/MBtu 4.50- 5.00 6.00- 6.50 Texas Gulf 

Conventional Natural Gas 
$/MBtu 3.00- 3.50 6.00- 6.50 Texas Gulf 

Source: Biederman, Nicholas; Sinnott, John; Talib, Abu; and K9nopka, 
Alex. 11 0TEC Mission Analysis, Energy Carrier Cost and Market 
Penetration Analysis, Final Report. .. Institute of Gas Technology, I IT 
Center, Chicago, Illinois. 
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Currently, several large corporations, TRW, Lockheed, and 

Westinghouse, are under contract to DOE for the design of the OTEC 

power system. The major ocean engineering contractors include 

Rosenblatt & Son, Inc., and Gibbs & Cox; the major cable firms are 

Pirelli and Simplex. 

The OTEC Program has been criticized for too much aerospace 

involvement in configuration design, layout, and deployment. 

Critics be 1 i eve that the offshore oi 1 industry should get involved • 

. Their planning approach would focus on materials, structural, and 

other key engineering problems. 

OTEC plants could be built in shipyards by the shipbuilding 

industry, towed out to sea, and installed. Some ocean engineering 

consultants feel that shipyard construction facilities and 

practices would allow an OTEC system to go from order to delivery 
in five years [VI-26]. Shipowners are, therefore, an obvious part 

of the technology delivery system. Shipowners have the working 

relationships with the ship classifiers and insurance companies 

that are also necessary parts of the delivery system. Lending 

i nsti tuti ons that pr·ov ide the work1 ng capital and investment 

capital for shipowners and shipbuilders are another component. 

Naval architects will be needed to synthesize the technical 

designs from R&D contractors, equipment manufacturers, and 

consulting engineers. Nonfederal markets (ut-ilities, aluminum 

producers, fet·tilizet· product!r's, et..:...) musL dlsu gE:!t involved [VI-

13]. 

Risks Associated with OTEC 

The uncertainties surrounding cost estimates and technological 

performance make OTEC a high-risk technology. Variable costs 

(fuel and O&M components) for OTEC appear low, but the initial 

capital investment costs are high. At this stage the component 
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cost estimates are extremely difficult to substantiate. The wide 

difference in estimates indicates high uncertainty. 

Beyond these capital cost .uncertainties lie the busbar cost 
estimates of producing electricity. Variables to be determined 

for reliable busbar cost estimates include [VI-22]: 

• thermal resource availability, 
• capacity factor of the plant, 

• fixed annual charge rate, 
• cost of fuel, and 

• operating and maintenance costs. 

Progress in the program wi 11 be determined by the increasing 
accuracy of cost estimates for the system as more R&D funds are 
invested. 

The major overwhelming problem with the technology is that many 
components required are at present beyond the state-of-the-art-­
especially regarding magnitude of sizes, materials, and 
deployment. It is impossible at this point to predict how 

reliable an OTEC plant can be once it is sited and operable. 
There are great uncertainties about lifetime reliability and the 

effects of interrupti~n should an OTEC plant fail on power 
generation or production. 

Institutional Considerations 

The acceptance of OTEC as a viable energy source is as dependent 

upon inst1tutional factors as on technological factors. 
Institutional factors range from government programs to 

international law. The issues that will be discussed focus on 
government policy, the utility sector, the legal sector, and 

private organizations. 
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The possibility of OTEC becoming an alternative energy source is 

contingent upon DOE funding of the OTEC Program. At the research 

stage, the uncertainty of financing for OTEC has been a result of 

uncertainties in roles, missions, and funding priorities of 

federal agencies involved in energy development. The budget for 

future demonstration and operational phases of OTEC development is 

contingent upon success in the research phase [VI-32]. Table VI-6 

shows OTEC funding from 1972 through 1978. In FY78, $35 million 

was budgeted.for OTEC research [VI-22]. 

The most influential sector in the acceptance of ocean thermal 

power wi 11 be the end-users themselves--the uti 1 i ty or product 

processing industries. There are barriers to OTEc•s acceptance by 

these end-users. As David Jopling, Florida Power and Light, has 

stated: 11 0ne of the most fundamental problems is that the utility 

industry does not have confidence in the present OTEC research 
program .. [V I-25]. Industry confidence is crucial to the future of 

OTEC. Jopling proposes that this lack of confidence stems from 

utili ti Gs not being i nvo 1 ved from the early c:onceptua 1 p 1 anni ng 

sta~es of the OTEC program as well as utilities, equipment 

suppliers, large private industry groups, companies, and 

consulting firms who have had the most experience with the 

construction, deployment, and operation of large marine 

structures. The whole question of acceptance of OTEC by utility 

companies must be assessed in light of the decision criteria they 

use when deciding to adopt new techno~ogies. Southern California 

lists the following criteria in decreasing order of importance 

[VI-15]: 

• capital costs of new capacity (investment), 

• long-term availability of fuel, 

• operating cost estimates, 
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(Budgetary Obl~gations in Thousa of Dollars: ERDA and NSF combined) 

Fiscal Year 
Program Activity 

1972 1973 1974 1975 1976* 1977 1978** 

Program support • . . . . . . . 111 2,062 2,381 

Definition and systems planning 
--Systems studies and 

workshops . . . . .. . . . . . . . 85 230 530 786 237 1,440 
--Test program requirements . . . . . . . 1,091 
--Mission analysis . . . . . • . . . 360 328 
--Energy utilization 360 202 
--Marine environment . . . . . . . . . 36 312 10 
--Environment impacts . . . . . . . . . . 205 457 136 
--Thermal resources assessment 

and siting studies . . . . . 50 172 77 
--Legal and institutional 

__. studies . . . . . . . . . . . 61 145 33 
0'\ 

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

Erngineering development 
--Heat exchangers . .. . . . . . . . . . . . . . 250 1, 721 
--Electric cables ' 200 . ·• . . . . . . . . 
Advanced research and 

technology 
--Heat exchangers . . . . . . . 150 435 1,669 2,834 
--Exploratory power cables . • . . . : 27 118 
--Submarine electrical cables . . . . . . 50 
--Biofouling and corrosion . . . . .. . . . . . 207 1,303 2,702 
--Ocean engineering • . . . . . 505 497 25 
Engineering test and evaluation . . . 1 498 

TOTALS . . . . . . . . . . . . 85 230 730 2,955 8,585* 13,500 35,000 

* Includes funding for Transition Period (July 1' 1976 to September 30, 1976). 
**Breakout not avai]able for FY78. 

Source: Department of Energy 



• cost of capital (interest rates), 

• environmental impact, 
• reserve and reliability criteria, 
• capacity forecast, 
1 construction and licensing time, 

• site costs, 
• transmission cost estimates, and 
• candidate site selection. 

It seems obvious from the above criteria that utilities would shy 
away from OTEC based on the paucity and unreliability of cost data 
alone. Before they adopt OTEC they must have sou•~ conv·fct·fun that 
OTEC investments will yield clear cost savings over competing 
sources of energy. 

Problems associated with OTEC include 
adjustments for front end financing, 
regulatory structures [VI-32], and (3) 

(1). capital budgeting 
(2) the complexity of 

a change in staff skill 
requirements with -associated potential labor problems. Florida 
Power and L i"ght experienced these pr.ob 1 ems with their investment 
in nuclear power plants. The delay 1n the plant certification 
ulone cost FP&L hundr'eds of millions of dollars [VI-16]. 

Historically, utilities have relied on either the power plant 
equipment manufacturers or the Electric Power Research Institute 
(EPRI) for research and development of tPr.hnoloai(al innovations. 
Utility regulatory commissions have allowed companies some 
independent research money based on their operating capacity. The 
smaller utilities have traditionally spent their research money on 
product improvement tasks, and the larger utilities have invested 
in new technology development. To date, none of the utility or 
EPRI monies has been spent on OTEC [VI-32]. 
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International Barriers to OTEC Market Readiness 

Within the newly formed 200-mi 1 e economic resource zone, there 

will be a need to control the location of OTEC plants so they do 

not present a hazard to shipping. The deployment, implementation, 

and regulation of OTEC ·plants on the high seas--thought of as the 

common heritage of mankind--will present problems. Developing 

nations have made a number of demands relating to the mining of 

the seas which could impact direct costs and control of OTEC 

operations. The U.S. State Department, along with the various 

international agencies, will become involved in the regulatory 

process of assessing these demands [VI-15]. 

Current legal issues surround the establishment of a "reasonable" 

licensing fee. Future issues after deployment of OTEC plants will 

be the costs 1 evi ed for operating fees and the demands by other 

countries for shared products, shared technology, or other sizable 

payments for use of the oceans [VI-15]. 
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VII. WIND ENERGY CONVERSION SYSTEMS 

A. INTRODUCTION 

Hi story 

Si nee the 1850s wind energy has been used extensively in the 

United States primarily for water pumping. Of six million small 

machines ( <1 kW} operable around the turn of the century, some 

150,000 are still in use today [VII-30]. Low-cost electricity 

through the Rural Electrification Act of 1936 and inexpensive 

fossil fuels caused a decline of U.S. interest in wind machines 

after WW II. This decline continued for decades. 

Around the mid-1970s, public concern about availability of energy 

sources led to a renewed effort to investigate the development of 

wind power for electricity. Renewed interest was manifest in a. 

50% increase in the manufacture and sale of electric wind 

generators in 1976 from a base of 750 units in 1975. Estimates of 

the number of manufacturers vary. The Federal Energy 

Admi ni strati on reported 23 manufacturers and distributors active 

in 1976, of which 11 companies both manufactured and distributed 

wind machines, seven were distributors only, one produced 

prototypes, and four were system designers [VII-8]. 

Principle of Operation 

There are several different designs of wind energy conversion 

systems, but tbe common component ·i·s the rotor. The rotor 

is turned by the wi ndstream and transforms the power of the 

windstream into mechanical power. The transmission system 

transmits the mechanical power from the rotor to a point where the 
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power may be used, either in mechanical form or to generate 

electricity. 

B. SYSTEM DESIGNS, APPLICATIONS, AND STORAGE 

Systems Designs 

The primary classification of designs is by the orientation of the 

axis of rotation of the rotor relative to the windstream. In 

horizontal axis wind turbines (HAWT), the axis of rotation is 

parallel to the windstream; in vertical-axis wind turbines (VAWT), 

it is perpendicular. (See Figure VII-1.) 

Horizontal Axis Wind Turbines 

The generic design for a horizontal-axis wind turbine consists of 

the rotor (including blades, hub, and pitch change mechanism); 

drive train (shaft, speed increaser, and generator); nacelle 

(shroud, bedplate, and gear mechanism); tower; and electrical and 

control systems. Most h0r'1zonta1-ax1s wind turbines 1n 

manufacture today for electricity generation ar<: of the two~ or 

three-blade design rather than the multiblade design common in 

water pumping applications. The wind machine blades catch the 

wind either in front of the t:ower (upwind rotors, Figure VII-1, 

Id) or in back of the tower (downwind rotors, Figure VII-1, Ie). 

Most HAWT have a yaw mechanism to orient the machine into the 

wind, and most turbines rotate on a stationary tower in order to 

.. track .. the windis changing direction. The machines are all 

designed with a safety mechanism to slow or stop the blades at a 

designated 11 CUt out .. wind speed. Beyond this speed the generator 

is incapable of absorbing the energy removed by the rotors from 

the wi ndstream. The extra energy is spi 11 ed by 11 featheri ng .. the 

blades, either in a stalled condition (with resulting high bending 

loads in the blades), or by turning the rotor sideways. 
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I. Horizontal Axis 

a. 
Single-Blade 

d. 
Up-Wind 

II. Vertical Axis 

a. 
~-Darrieus 

d. 

b. 
Double-Blade 

c. 
Three-Blade 

e. 
Down-Wind 

Savonius/ !IS· Darrieus 

Vertical Axis 
Savonius 

Figure VII-1. Types of Wind Machines 
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Vertical Axis Wind Turbines 

The vertical axis wind turbine (VAWT) design incorporates blades, 

tower, guy wires, transmission, generator, and controls along a 

central vertical axis. One type of VAWT is the Darrieus rotor 

which has curved blades and airfoil cross sections. (Figure VII-

1, II a ,b.) Darri eus rotors are most often two- or three-b 1 aded 

and are generically referred to by their rotor height-to-diameter 

(H/0) rdtio. Another vertical axis design is the Savonius rotor, 

which has an S-shaped cross section r·otot·. ( Figure VII - 1, IIc,d.) 

This design is simpler to build but less efficient. 

One other proposed VAWT configuration uses ducts and/or vortex 

generator towers augmented by shrouds or diffusers to deflect the 

horizontal windstream to a vertical direction. (Figure VII-1, 

lie.) Wind entering the hollow tower creates a vortex as the wind 

spins. The vortex may lower pressure directly above the turbine 

blades, which are driven by the airstream flowing up underneath 

the structure. The lowered pressure above the blades woulrl 

increase the velocity of the airstream flowing past the blades 

thereby increasiny the power with which the blades are turnec1 

[V ll-5]. 

System Comparisons 

There has hPP.n much di sct,Jssi on 

disadvantages of HAWT versus VAWT. 

concerning advantages and 

The advantages of the VAWT 

over the conventional propeller type are: 

• the ability to accept wind from any direction; 

• simpler tower construction and less maintenance cost due 

to the generator being positioned at ground level; 
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• 1 ower fabrication costs which may result in high power 

output per given rotor weight and invested dollars. 

The disadvantage$ of the VAWT relative to the HAWT are: 

• less extensive developmental work and historical 

performance data; 

• the curved blade Darrieus is not self-starting and must 

have an auxiliary device (Savonius rotor or small motor) 

to start the rotor turning. An induction machine can 

act as the auxiliary device to start the machine or it 

can generate electricity when the rotor is moving. 

Applications and Storage 

Large wind energy conversion systems (defined for this analysis as 

100 kW or more) are almost solely designed for use by utilities to 

generate electricity to complement their conventional ·sources. 

Most utility analyses to date have considered WECS in a fuel saver 

mode (i.e., when the wind is blowing, the power is utilized 

directly by the utility to replace conventional fuels or save 

water in a hydroelectric facility). In the fuel saver mode the 

utility still must build the same conventional generating capacity 

thus not saving on capital costs. Recently, .JBF Scientific 

Corporation has shown that WECS should be given capacity credit 

resulting in a savings in capital investment as well as fuel·cost. 

Pre·l iminary work has estimated. a WECS capacity credit of between 

19% and 26% [VII-14]. 

Wind systems can a 1 so be coup 1 ed with supp 1 ementa 1 backup or 

storage to meet power demand during periods .of low wind and to 
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provide storage during wind surplus. Backup and storage system 
types are: 

• compressed air storage in existing caverns or holes in 
the ground--rock salt caverns, mixed caverns, depleted 
gas and oil wells, or aquifers; 

• pumping water into a storage reservoir above a 
hydroelectric power plant; or 

• use of gas turb1nes for backup [VII-31]. 

Small wind systems (for our analysis assumed to be 1 ess than 
100 kW) are considered for dispersed applications such as: 

• rural electricity generation with or without synchronous 
inverter; 

• rural electricity generation with onsite energy storage; 
• irrigation pumping; 
• remote electricity generation to replace onsite 

generation by diesel fuel •. 

Small systems cun be used in a fuel saver mode or with storage. 
Small wind systems usually produce direct current (DC) power which 
can be stored in batteries or used directly for heating and 
lighting. The user has the option of using DC to operate motors 
and appliances, or couple the small wind systems with a 
~ynchronou~ inverter which accept~ DC electrical power and 
converts it to AC. (A synchronous inverter is used only when.tied 
to a power grici. OtherwisP., a regular invP.rter is used). If more 
power is available from the DC source than is required by the 
1 oad, the excess 
available than is 
by the power grid 

flows into the power grid. If 1 ess power is 
required by the load, the difference is provided 
in the normal fashion. 
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C. COSTS OF WIND ENERGY CONVERSION SYSTEMS 

Site Selection 

Several factors affect the cost of wind systems, including machine 
rated power, production quantities, wind characteristics, and cost 

of money. The most critical variables determining the cost 
effectiveness of a WECS are those describing the wind regime at 
the selected site. Therefore, the site selection process is very 
important. 

To effectively evaluate the wind regime at a site, it would be 
ideal to have hourly wind speed over a five-year period. Another 
important part of the wind regime is the vertical wind profile: 
this describes how the wind varies with altitude above the site. 
The daily variation in the wind is also important since it 
determines when the wind energy will be available. Unfortunately, 
data of this nature are very seldom available. 

Computing Delivered Energy 

Wind. machines are rated by power delivered at a given mean wind 
speed. The amount of energy delivered is derived from the 
formula; 

delivered kWh/yr = rated power output X 8,760 X capacity 
factor 

where 8,760 is the number of hours in a year. 

The capacity factor ( C .F.) is defined as the ratio of the energy 
the WECS actually delivers in a year to the amount it waul d 
deliver if operated at its rated capacity for 8,760 hours. The 
capacity factor is a function of.the wind regime, the WECS design 
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uti 1 i zed, and the 1 oad characteristics, whether for a uti 1 i ty or 

other application. The capacity factor typically ranges from 10% 

to 55% [VII-39]. 

Dispersed Wind Energy Conversion Systems Costs 

Dispersed WECS range from 1 kW machines to 100 kW machines. For 

purposes of this analysis six systems were chosen for this range. 

(See Table Vll-1.) These systems were selected on a combination 

of 1 east cost and market avail abi 1 i ty criteria. The systems are 

2~0 kW HAWT, 4.0 kW HAWT, 5.0 kW VAWT, 6.0 kW HAWT~ 15.0 kW HAWT, 

and 40.0 kW VAWT. 

The 2.0 kW, horizontal-axis, 3-bladed machine is rated at 25 mph. 
The wind turbine rotor is upwind, and costs include batteries for 

storage. . Current capital costs obtained from manufacturers and 

distributors for 2.0 kW machines range from $2,704/kW (for the 

turbine and tow~r only} to $4,000/kW (an average of $3,526/kW, 

which is 

included 

directly 

somewhat low since installation and inverter were not 

in two estimates). These cost data were collected 

from four manufacturers of 1.0 kW to 2.0 kW wind 

machines. One 2.0 kW HAWT produced by a foreign manufacturer 

costs $6,125/kW (Table VII-1). This price includes an inverter· 

excluded from the calculations above. This machine•s cost per 

kilowatt hour was much higher than others because of the cost of 

the tower. 

A wind access catalog in Wind Power Digest, Fall 1977 lists six 

other machines in the 2.0 kW to 2.5 kW range. These machines 

which have higher costs are supplied by foreign manufacturers. 

The costs are high because of current exchange rates ana 

installation costs in remote areas. 
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T 1\Bl E V I 1- 1 

COSTS OF SMALL 1-JINIJ ENEHGY CONVERSIOI'I SYSTEMS 

2.0 kW 4.0 kW 5.0 kW ti.O kW 15.0 kW 40.0 kW 
lla t i r!.\1_: Horizontal-Axis li•)ri zonta l-Ax is Vertical-Axis Horizontal-Axis llor·i :wn tal-Axis Vertical-Axis 

1!1 25 mph @ 25 mph @ 24 mph @ 26 mph @ 26 mph @ 30 mph 

Cost: 
Turbine $ 4,000 $ 3,500 $ 6,600 $ 8,000 $ 20,000 $ 75,000 

To~wr 3,000 900 !.100 1,000 1,500a b 

Installation (includes 2,750 1,300 1,350 2,000 3,500a 6,500 
check out and 
transportal io11) 

Storage and Inverter 2,500 tlOO 2,000 5,000 5,oooa Not required; 
or Synchronous Inverter produces 60 liz 

AC po~1er 

..... 
00 
w Total Capital Costs 12,250 6,500 10,750 16,000 30,000 81,500 

0 & M (assumed 122 65 107 160 300 815 
1 %/year of 
capital c) 

$/kl-1 6,125 1,625 2,150 2,667 2,000 2,037 

a Esl imated from break out of other urachines 

b 30 ft. tm·u~r included in turbine co5t 

c llefer·ence VII-· 
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The 4.0 kW machine is a 3-bladed horizontal axis, upwind rotor 
rated at 25 mph. The capital cost of the machine coupled with a 

synchronous inverter is $1,625/kW, and is based on only one 
source. Two other manufacturers of similarly sized wind machines 
are listed in the catalog, but the costs are not considered here. 

The 5.0 kW, vertical-axis, 3-bladed system is rated at 24 mph. 
The system is based on one machine with capital cost of $2,150/kW 
1nc1ud1ng synchronous inverter. A production version may be 
available by mid-1978. 

The 6.0 kW system is a 3-bladed, horizontal-axis, upwind machine 
coupled with battery storage and rated at 26 mph. No other cost 

data were collected for machines in this range; therefore, the '" 
$2,667/kW capital cost calculation is also based on one machine. 
The machine has been manufactured overseas for several years. 

The 15.0 kW, 3-bladed, horizontal-axis downwind machine is rated 
at ~b mph. Cost data were collected from three manufacturers of 
machine in the 15.0 kW to 25.0 kW range. The generic system's 
capital cost with synchronous inverter m· ~tor·age is $2,000/kW 
based on the sale of 12 machines. Two manufacturers projected 
more favorable costs of $572/kW and $652/kW. These were excluded 
because the machine costs were estimates only. Neither 
manufacturer had begun production as of March 1978. A production 
goal for the de!:;i gn cho~cn for 1978 i g to bt·i ng th~ cost dowr-. tu 

$1,000/kW by improved system design. 

The sixth system presented in Table VII-1 is a 2-bladed, vertical­
axis, 40 kW wind machine rated at 30 mph. The $2,037/kW capital 
cost is based on one manufatturer's estimate. No other machines 
of this size have been produced. 
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Table VII A-1 in the Appendix identifies some machines and their 
current costs. Design specifications, production, and cost 
information are presented.· 

Cost of Electricity from Small WECS 

Small wind energy conversion systems are economical today in 
remote sites. Electricity from diesel, LPG, or gas units in 
remote sites costs $0.25 t6 $0.30/kWh assuming that the units are 
amortized over six years (which is the lifetime of the system if 
it were run continuously). Real Gas and Electric Company, Inc., 
estimates that wind electric power from a 5 to 6 kW machine costs 
$0.12 to $0.13/kWh assuming 12 years amortization and a good wind 
site [VII-18]. The lifetime of a wind machine is estimated to be 
25 to 30 years. 

Large Wind Energy Conversion Systems .Co.sts 

Five machine designs have been selected to represent large wind 
energy conversion systems. The system sizes are 0.2 MW HAWT, 
0. 5 MW VAWT, 1. 0 MW HAWT, 1. 5 MW HAWT, and 2. 0 MW HAWT. (See 
Table VII-2.) Most cost estimates for large W~CS come from design 
studies resulting from government contracts, and the estimates are 
based on projecten production quantities. All data have been 
norma-lized to 100 units generally assuming a learning curve of 
95%. (The 0.2 MW generic design assumed a learning curve of 90%.) 

The 0.2 MW, 3-bladed, horizontal-axis upwind machine is rated at 
28 mph. The system cost estimate is $1,150/kW assuming a learning 
curve of 95% to the production of the 1 DOth · unit. A more 

realistic cost is based on an actual prototype contracted by NASA 
with a capital cost of $4,372/kW. The first machine was 
manufactured by a private company which optimistically anticipates 
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-ABLE VII-2 

COSTS. OF LP1RGE WI tiD ENE~GY CONVERStOtt SY~TEMS 

(Costs Based on Production of 100 Units) 

0.2 MW' 0.5 MW 1.0 MW 1.5 MW 2.0 MW 
Rating: Horizontal-Axis Vertica~-Axis Horizontal-Axis Ho ri zonta l-Ax is Ho ri zonta l-Ax is 

@ £'9 mph @ 15 llph @ 22.5 mph @ H mph @ 15 mph 
Cost: 
Rotor $ 1-5,000 $ 70,000 $ 107,000 $ 192,000 $ 636,000 

Transmission 50,000 40,(•00 176,000 168,000 691 ,oood 

Generator/ 
Electrical 22,000 42,COO 55,000 17,000 217,000 

Controls ,6,000 b 24,000 c 127,000 

Towers and 
Foundation Hl,OOO 71,000 178,000 103,000 266,000 

,;....., 
(X) Site Dependent 36 ,oooa 50,000 178,000 124,000 431,000 "' 

Total Direct 
Capital Cost 200,000 273,000 718,000 664,000 2,368,000 

Indirect (Assume 
15% of direct) 30,000 41,000 108,000 100,000 355,000 

Total 23:),000 314,0;)0 826,000 764,000 2,723,000 

0 & M Assume 3% 
of Capital 1,000 9,0)0 25,000 23,000 82,000 

$/kW 1,150 628 826 509 1,361 

N.A. not available 
a Assume 22% of capital costs 
b Included in tower and ·foumdation costs as are g:Jying supports 
c Included in other figures 
d Includes yaw drive system and nacelle structure 



an installed capital cost of ·under $1,000/kW at a production 
rateof at least one machine per month. 

The 0.5 MW VAWT is a 2-bladed machine rated at 15 mph. The system 
capital cost of $628/kW is based on one source. The estimate was 
calculated from 100 unit production of a prototype machine built 
under government contract. 

The 1.0 MW, 2-bladed, horizontal-axis downwind machine is rated at 
22.5 mph. Three machines, all designed under government 
contracts, were in the range of 1. 0 MW to 1.125 MW. The system 
cost estimate is $826/kW; the high figure for all three is 
$1, 101/kW, and the mean cost is $926/kW. None of the three 
machines are being produced at this time. 

The 1.5 MW generic system incorporates a 2-bladed, horizontal­
axis, downwind machine rated at 17 mph. The system capital cost 
estimate is $509/kW. One other contractor estimated the cost of a 
1. 5 MW machine at $559/kW. Neither machine is actually being 
built. 

The 2.0 MW system is a 2-bladed, horizontal-axis, downwind machine 
rated at 15 mph. The cost estimate for the design is $1, 361/kW. 
Three estimates were collected for machines in the 2.0 MW to 2.7 
MW range. The costs vary from $205/kW to $1,361/kW. The highest 
capital cost figure was adopted for the system because it is based 
on a prototype that has actually been built. The other figures 
are projected cost estimates. 

As mentioned earlier, the cost figures for all large wind machines 
considered in this analysis are based at best on a prototype built 
by a government contractor or private manufacturer. Some figures 
are design study estimates only. Therefore, the range of 

estimates does not relate to the reliability of the product or to 
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economies of scale associated with machine size. The wide range 
of estimates only indicates that the technology needs to be 
advanced, and the performance of machines documented. 

Costs of Electricity from Large WECS 

A required revenue model was used to annualize large wind machine 
costs. Electricity costs from large wind energy conversion 
systems are given in Table VII-3. Appendix Table VII A-4 g1ves 
costs for individual machines. Assuming a capacity factor of 30%, 

electricity can be produced for 38 to 120 mills/kWh. Costs are 
g1 ven fur· d muu k i ~d lly owned utility and a pub 1 i c ly owned 
uti 1 i ty. 

Large Wind Turbines Costs With Storage or Backup 

Large wind energy conversion systems can be used in a fuel saver 
mode or coupled with storage for capacity credit. Table VII-4 
presents capita1 cost estimates ($/kW) for compressed air and 
pumped storage and for a gas turbine backup. 

In Table VII-5 the average cost estimates of the storage and 
backup configurations were added to the cost estimates ($/kW) of 
the HAWT and VAWT systems. The uncertainties associated with the 
des1 gns used us bilsGs for the 5y5tcm5 all uw no currel a ti ons 
between cost and machine size. This fact is noted in Table VII-S. 
The gas turbine backup has a slight dollars per kilowatt cost 
advantage over storage. The estimates do not vary enough to 
suggest that a wind turbine coupled with one of the systems is the 
most economical. The choice must consider site location and 
availability of water and storage resources. Once again it must 
be noted the cost estimates are contingent on manufacturers • 
optimistic projections for the lOOth unit of production. 
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TABLE VII-3 
COST OF ELECTRICITY FROM LARGE WIND ENERGY CONVERSION SYSTEMS 

(1978 mills/kWh) 

MACHINE SIZE CAPACITY FACTOR 
.10 .20 .30 .40 .50 

0.2 MW HA 
Municipal Sector 255 127 85 64 51 

Public Sector 305 153 102 76 61 

0.5 MW Va 
Municipal Sector 142 71 47 36 28 ...•. 

Public Sector 171 85 57 43 34 

1.0 MW HA 

Municipal Sector 183 91 61 46 36 

Public Sector 219 109 73 55 44 

1.5 MW HA 
Municipal Sector 112 57 38 28 22 

Pub 1 i c Sector · 135· 67 45 34 27 

2.0 MW HA 
Mun1c1pal Sector 301 150 100 75 60 

Public Sector 360 180 120 90 72 
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TABLE VI I-4 

STORAGE AND BACKUP COST ESTIMATES FOR LARGE WIND SYSTEr1S 
(in $/kW} 

Sour·::e of 
Estimates 

MITRE [VI I-ll] 
Bush [VII-4] 
JPL [V II-23] 
PSE & G [V II-35] 

MITRE [VI I-31] 

Compressed Air 

Capita 1 Cost 
of E gu i pment 

167 
167 
183 

133-166 

Pumped Storage 

Sites with moderate modification 
Sites with extensive modification 

Merriam, U of C, Berkley [VII-26] 

Bureau of Reclamation [VII-44] 
Pacific North~est Storage Plant 
Colorado River and Rocky Mountain area 

Gas Turbine Backup 

Cost of Chamber for 
10 hours Storage 

55 
55 
52 

33-111 

Total 
$/kW 

105 
210 

158-316 

195 
279 

Gas turbine Power Switching Total 
(1985 advanced model) Interface $/kW 

MITRE [VI I-28] 1i'O 17 187 

Total 
$/kW 

222 
222 

235 + 38% 
166-277 



TABLE VII- 5 

ESTIMATED COSTS OF LARGE WIND ENERGY SYSTEMS WITH STORAGE OR BACKUP 

(in $/k~l) 

System Compressed Pumped Gas turbine 

with: Ai ra Storageb Backupc 

0.2 MW HA 1,375 1,355 1,337 

0.5 ~IW VA 853 833 815 

1.0 MW HA 1,051 1,031 1,013 

1.5 NW HA 734 714 696 

2.0 MW HA 1,586 1,566 1,548 

a Used $225/kW; the average of four estimates 

b Used $205/kW; the average of the estimates 

c Used the MITRE figure of $187/kW 
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Wind Farms Costs 

Several conceptual plans have emerged over the past few years for 
an array of wind turbines to pump water (for irrigation or 
storage) or to generate electricity into a utility grid. The wind 
farms use severa 1 0. 5 MW to 4. 0 MW units 1 ocated in good wind 
regime areas. The machines are usually spaced 10 to 15 rotor 
diameters apart. A 100 MW wind farm system comprised of 67, 1.5 
MW wind machines is presented in Table VII-6. The estimates 
presented are based on seven farms ranqi nq in size from 45 to 
2,000 MW farms. Appendix Table VII A-5 gives annualized costs for 
eight cases. 

TABLE VII-6 

COST ESTIMATES FOR 
100 MW WIND FARM USED IN A FUEL SAVER MODE 

(67, 1.5 MW Machines) 

C:iipnl.i ty Factor 
Capital Costsa 
Operation and Maintenanceb 
$/kwc 

.40 
$81,600,000 
$ 2,448,000 

$ 816 

~Includes machine, site dependent, and land costs 
_Assumed to be 3% of capital costs 
~Median figure from seven cases examined 

The total cost of the array is $81.6 million with operation and 
. maintenance expenses e~timated assUiued to lJe. 3% per year of 

capital cost. The dollars per kilowatt estimates for the seven 
cases ranged from a high of $2,071/kW for a 300 MW array to a low 
of $275/kW for. a 2,000 MW farm; the $816 figure was the median. 
As mentioned in the large wind machine section, these cost figures 
are estimates only and in no way reflect an actual application. 
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The cost differences are caused by machine design cost estimates, 
land requirements, and site location. 

Cost of Electricity from Wind Farms 

The annualized costs of electricity from various wind farm 
configurations were 
Table VII-7 shows 
storage/backup range 

computed from a required revenue model. 
that costs for the wind farms with 

from 42 to 93 mills/kWh. Estimates are given 
for both municipally and publicly owned utilities. 

D. MARKET READINESS OF WECS 

Technology Delivery System 

The Technology Delivery System (TDS) is composed of various types 
of public and private institutions, agencies,and individuals that 
interact to achieve the production and distribution of a 
particular product or service [VII-2]. The WECS TDS is portrayed 
in Figure VII-2 which describes the flow of participants who are 
1 i kely to be involved in or affected by the movement of wind 
energy machines into the marketplace. It reveals the interactions 
that should be taking place as a technology progresses through 
different phases of the innovation process. 

The TDS shown here is a useful way of conceptualizing the 
relationship of activities undertaken by those involved in 
developing, producing, and using both small and large wind turbine 
generators for connection to existing electric utility systems. 
Uti'lization of both sized machines in this manner would involve 
deci.sions and approvals by state and local public utility 
commissions. It is apparent then that both the large and small 
machines will have the same TDS. The wind energy machine 

manufacturers may achieve market aggregation and better prospects 
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TABLE VII-7 
COST OF ELECTRICITY FROM WIND FARMS 

( 1978 mi 11 s/kWh) 

Wind Farm* 
Configuration Annualized Cost 

100 MW Wind Farm 
as a Fuel Saver 

Municipal 
Public 

100 MW Wind Farm 
as a Water Saver 

Municipal 
Public 

100 MW Wind Farm 
w1th Compressed Air Storage 

Municipal 
Public 

100 MW Wind Farm 
with Gas Turbine Backup 

Municipal 
· Public 

100 MW Wind Farm 
with CombinP.rl Cycle Gas Unit 

Municipal 
Public 

46 

55 

81 
93 

61 

72 

55 
66 

42 

49 

*All assume initial operation in the year 1983. All assume a 
capacity factor of .40 except the wind farm with combined 
cycle gas unit, which has a capacity factor of .70. 
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for market success if their products are· accepted by the pub 1 i c 
utilities [VII-6]. 

Description Of Products 

In order to develop a better understanding of the state of the 

market, te 1 ephone interviews were conducted with industry 
manufacturers. The type ·of information obtai ned consisted of 
length of time in wind plant mcwufactur1ng, number of models, 
channel of distribution, sales history, selling price, warranty, 

and technical description. Table VII-8 relates to lar~e scale 
wind ·turbine generators, and Table VII-9 focuses on small 

commercial wind turbine generators. 

Barriers to WECS Market Readiness 

Major barriers have been identified and defined which can impede 
the implementation of Wind Energy Conversion Systems on a large 

scale. Different barriers exist between large-scale or utility 
implemented WECS and small-scale rural, r~mote, or residential 
WECS. These barriers deserve high priority attention [VII-10]. 

Two major barriers exist in the large-scale, utility-designed 
WECS. First and foremost in any product development and wide­
~prc~d use is the question of financing. Financiny is a major ob­
stacle to the utility because the incremental revenue requirements 
needed for the implementation of WECS appear large. This obstacle 
could be reduced, for instance, by low-cost guaranteed loans, sub~ 
sidies, tax incentives, or increasing the price of electricity to 

consumers [VII-10]. Land requirements for utility WECS are also 
a prime concern. Two actions may reduce land area require­
ments. First, land needed for WECS may also be used for other 
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TABLE VII-8 

LARGE SCALE WINO TURBINE GENERATORS 

CONTRACTOR/ SIZE BLADE OIA. RATED SPEED CUT IN SPEED CUT-OUT SURVIVAL YEAR PROGRAI4 
f!~'lUF AC TURf!!_ tkw) (Fee!_l !'t__Qf_ BLADES (~1PII) (14PII) SPEED GOVERtlOR \!INO SPEED STARTED 

--at liub Height 
NASA Lewis 

In-house 100.0 . 125' 2 18 10 40 mph Feathering 150 mph 1974 __, 
1.0 
........ 

In-house 200.0 125' 2 22 10 40 mph Feathering 150 mph 1975 

GE 2,000.0 200' 2 33 15 43 mph Feathel'i ng 150 mph 1976 

Boeing 2,500.0 30U' 2 28 1'1 53 mph 1977 

Wind Pm1er 
Products 140.0 72' 3 26 

~lTG Energy · 
Systems ?00.0 80' 3 30 8 



TAUlE VI I-9 

S!4AILL COMt1E~CIAl WIND TURBINE li£NEIIATORS 

SIZE BlADE OIA. RAI[I} Sf'EEll CUT IN SPEEil COST WINO- YEAR PROD. CHANNEL OF 
MANUFACTURER (k\4) tFeetl li_~ BlADES 11-1.?111 L~.!!t GOVERNOil PlAtH ONLY I!_ SOLO STAR TEO WARRANTY OISTIHHUTION 
----·--~--- --·---- ---- ---- ·-- -------- ---·-----

Aero Power (U.S.A. I 

Sl 1,000 1.0 10' 3 20.0 
Centrifugal 1-17-7!! Dealer/ 

6.0 Feathering $2,995 1977 12 mos. Direct 
Model II AU 1.0 8'6" 3 25 .. 0 

1-1-7!! 125 Dealer/ 
6.0 Feathering $2,500 to 1974 12 mos. Direct 

Sl 1,500 1.5 10' 3 20.0 150 
llealer/ 

\.0 6.0 Feathering $3,750 1977 12 mos. Direct 
(X) Amer. Wind Turbine 

(U.S.A. I 

W'ater Pumper Vane 1-1-78 
A~JT -8 0.45 U' 24 2·J.O 10.0 Deflect $1,160 ~~/A 1975 3 mos. Direct 

Water Pllmpe~ Vane 1-1-78 
AliT -12 0.9 12' 36 20.•0 10.0 Deflect $1,846 14/A 1975 3 mos. Direct 

WHer Pumper Vane 1-1-78 
AWT-16 1.8 16' 4il 20.0 10.0 Deflect $2,675 IJ/A 1975 3 mos. Direct 

AI4EilNAl T (U.S .. A. I 

1,500 Series 1.5 8' 24 23.0 ll.O Vane Deflect N/A H/A 1975 60 mos. N/A 
2,500 Series 2.5 U' 24 li:J.O (1.0 Vane Deflect N/A N/A 1975 60 mos. N/A 



-

' 
TABLE VJI-9 (f.on't) 

SMALL COI4f·IEI!C!Al WIUIJ TUROII'JE GEI'JEIIATORS 

SIZE IILADE IliA. RATto SPEEI> CUT IN SPEED COST IHND- YEAR PROO. CHANNEl OF 
~~_t!l.!_f~AC T\!_ll.ER_ lkwl ( Feetl_ II Oh' IILAOES LMPII) LMPI!l GOVERNOR PLAI!I Q_Nl Y #_SOLI! STARTED WA~R_AtiTl DIS~IB\!,l,ION ------·- ------------ ----

D01r•i ni on Aluminum 
(Canada) 

2.0 15' 2-9arrieus 23.0 7.0 Spoiler Varies Direct 
4.0 15' 2-Darrieus 23.0 7.0 Spoiler Varies Direct 
8.0 20' 2-Darrieus 23.0 7.0 Spo1ler Varies Direct 
0.0 30' 2-Darrieus 23.0 7.0 Spoller Varies Direct 

Duulite (Austral ial 

Centrifugal 
t~o,tel 8.1 2.0 13'6" 3 25.0 8.0 Blade Pitching 4,000 N/A 1930's 12 mos. Oistributor 

\0 
t.luo1el 0.2 2.0 10' 3 30.0 10.0 

Centrifugal 
lllade Pitching N/A N/A 1930's 12 mos. Oistributor 

\0 

Dyner:Jy CortJ. 

Oarrius 
!iM VAWT s.o 15' 2 or 3 24.0 Mechanical 11-1ti-77 

Caliper $5,800 N/A II/A N/A Direct 
Elektro 

;; Switzerland l 

W!JU o.os l. 5 I Sa.voni us 39.0 
W250 0.25 2.2' Savonius 40.0 7.0 II/A N/A Distributor 
!-IVO!l 0.60 8' 2 20.0 7.0 II/A N/A Distributor 
!-IV15G 1.2 10' 2 23.0 7.0 Full Feathering ti/A N/A 12 mos. Di stril>utor 
'rJV25G 1.8 ll'6" 2 22.0 7.0 Full Feathering N/A N/A 12 mos. Distributor 
W25/3li 2.5 12'6" 3 n.o 7.0 Full Feathering N/A N/A 12 mos. Distributor 
'riV35G 4.0 14'6" 3 24.0 7.0 Full Feathering tJ/A N/A 12 mos. Distributor 
~IVC:i50G 6.0 16'6" 3 26.0 7.0 Full Feathering N/A N/A 12 mos. Oistributor 

7.0 Full Feathering 8,000 ti/A 12 mos. Oistributor 



ThBlE VII-9 (Can't) 

SMAll COMM£;(CIAL Wlt.ID TUHillNE liENEilATORS 

SIZE llLAilE 011\. RATEfJ St'EED CUT Ill SPEED COST WINO- YEAR PROD. OIANNEL OF 
MANUFACTllltER L~~l_ if_eetl ! _OF _I)J:ADE S LM_P_!!l (!!PJ!l GO~IlNOR PLANT ONLY li SOLO STAR TEll \'!~RJ._~tfL~ !!!2!HilUTION ··------·-- ----- --·- ----

Zephyf Wind Dynamo 
(U.S.A.) 
.Jdcnbs Mach. 

2,)• 
Aero Spoilers & 

Wind Dynamo 15.0 3 30.0 n.o Automatic Yawing - 4 1974 fli rect 

t.~orth Wind Power 
Co. (U.S.A.) 
,Jacobs f1ach. 

Centrifugal 

Eagle 11-llOV. 2.0 14' 3 22.0 7.0 
Feathering 
Flyball $4,000 1975 12 mos. Distributor/Direct 

Centrifugal 
N Feathering 
0 Eagle II-32V. 2.0 g• 3 24.0 8.0 Flyba ll $3,300 1975 12 mos. Oistr1Llutor/Direct 0 

Centrifugal 

Eagle I 11-llUV. 3.0 1~·· 3 22.0 8.) 
Feather-ing 
Flyball $5,100 1975 12 tnos. Distributor/Direct 

Centrifuga I 

Ea!Jle Ill-32V. 3.0 H' 3 24.0 13.0 
Feathering 
Flyball S4,400 1975 12 mos. Distributor/Direct 

I 
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TABLE VII-9 (Con't) 

Sf~ALL COMf1EitCIAL WINO TURBINE GtNEitATOilS 

~ SlZE BLADE OIA. RATED SPEED CUT IN SP££0 COST WINO- YEAR PROD. CHANNEL OF 
~!!\J!!!f _.!\C TUR ER ! ~W) (Feet) ILQE._fi_IJ._Q_~ ~ .Lt!PJ!l Lt!P_t!.l. QQVER_t~OR P..h.~~!_ Q.N.l! ./!.._~OLD STAR TEO \i_ARRAND'_ Q.~~!_I!!J.!.l ON 

l<edco (ll.S.A.) 

Centrifugal 
Model 1200 1.2 12' 3 22.0 3.0 Blade Pitching $2,295 1975 12 mos. o·i rec t 

Hechanical 
Model 1210 2.0 12' 3 26.0 10.0 Blade Pitching $2,595 1975 12 mos. Oi rect 

l~echanical 
Nullt!l l6UU 1.2 16' 3 17.0 u.o Blalle Pitching $2,895 1975 12 mos. Direct 

lotechanical 12 
Mudel 1610 2.0 16' 3. 22.0 10.0 Blade Pitching $3,195 to 1975 12 mos. Direct 

15 
N Mechanical 
0 f>lodel 1205 1.9 12' l 24.0 0.0 Blade Pitching $2,345 1975 12 mos. Oi rect _, 

Mechanical 
Mod~ I 1605 1.9 16' ] 20.0 3.0 Blade Pitching $2,945 1975 12 mos. Oi rect 

Mechanical 
l•lorlel 1620 3.0 16' 3 26.0 12.0 Blade Pitching $3,495 1975 12 mos. Oi rec t 

Millville Windmills 
t~echani ca I 

Model 10 10.0 25' -· 25.0 11.0 Blade Pitching 3 mos. Direct 

Pinson Energy Co. 
(U.S.A.) 

Verti~.:al Axis Centri fuga I 
Cycloturbine ~.0 12. J 24.0 9.0 Blade Pitching $6,300 4 12 mos. Oi rec t 



TAElt Vll-9 (Can't) 

SMALL C0141UJlGIAL WINO TURBINE GENERATORS 

SIZE llLA)£ UIA. RATED SP£Ell CUT IN SPEEil COST Wltlll- YEAR PROD. CHANNEL OF 
MAtiUFACTUfltR ( k\{)_ t:=c~~ LQ!-~ BL_AOES (I~P!!l (MPI!l GOVERNOil PLANT ONLY ~ _S_OLO STAR TEll WAilRANH OISIUBUTION ----····--·--·--- --- ----- -- --- --------

Sencenl:lau!Jh 
(U.S.A.) 

3-1-77 
11odel 500 0.5 6' 3 24.0 10.0 Vane Deflect $2,200 1972 12 mos. Oea l er /01 rect 

3-1-77 
N Model 1000 1.0 12' 3 23.0 6.0 Vane Deflect $2,650 197:J 12 lllOS. Dealer/Oi rect 
0 
N 

(i t·uauna n ( U . S . A. l 

Blade 
IH nds treaon 2 !i 15.0 25' ] 26.0 8.0 Tip Spoiler $19,900 9 1976 Limited lli rect 

Acrolectric (U.S.A.) 

l.1 mi ted 
Wind Wizard 0.6 9' 3 26.0 N/A Vane IJeflect $995 00-100 1975 12 mos. Distributor/Direct 

Uyna T-echnology 
(U.S.A. )-Hinco 

Mechanical 
Uin..:harger 0.2 6' 2 23.0 7.0 Air Brake 12 mos. 

@ 



applications. Second, the area may be minimized by reducing the 
separation between units to the smallest possible distance witn 
minimal effect on the power output generated by the WECS [VII-10]. 

Risks 

Another action which can take place in conjunction with the 
performance tests mentioned above concerning reliability, safety, 

and life expectancy is the development of standards for the wind 
energy industry. The objective of such a standards development is 
the formulation of consensus decisions on the methods of comparing 
wind machines in terms of safety, reliability, and performance. 
The American Wind Energy Association (AWEA) is in the initial 
stages of proposing a program that will be the first step in the 
wind standards development process. There are four major program 
elements envisioned by the AWEA. First, in order to compare WECS 
the terminology employed must be clear and unambiguous. This will 
be accomplished through a glossary of wind energy terminology. 
Second, standard performance data will be established to identify 
system parameters that are critical to understanding the operation 
of a wind system. This element is dependent on and related to the 
development of common technology. The primary product of this 
element will be performance data specifications that describe wind 
machines on a common basis. Third is the development of 

procedures for testing. Test standards mean that data wi 11 be 
obtained accurately using recognized techniques and 
instrumentation. Through the development of test standards, the 
data obtained are meaningful (i.e., they reflect important factors 
of a machine's performance which are easily compared to other 
similar data). Lastly, standard development guidelines must be 
established. The goal of this program element is to establish an 
effective working link between members of the entire project team 
(representing those with major interests in WECS) and appropriate 
nationally recognized standards-making bodies. This will ensure 
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that the results of the entire program will eventually contribute 

to the smooth development and adoption of national standards. 

Three principal areas will be investigated: general procedures 

for adopting standards, transferability of existing standards, and 

safety testing procedures [VII-41, Vli-46]. 
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VIII. SOLAR THERMAL ELECTRIC POWER SYSTEMS 

A. INTRODUCTION 

Solar thermal power systems convert solar energy into electricity 

by collecting, concentrating, and converting the sun's rays to 

heat and then to el ectri city by means of a heat engine or a 

thermodynamic (e.g., Rankine, Brayton, Stirling) conversion plant. 

Between WWI and WWII, an experimental solar thermal power system 

w_as built _in Egypt which converted sunlight to electricity with an 

overall efficiency of nearly 20%. Dr. Giovanni Francia of the 

University of Genoa built a solar thermal system in 1966 and 

achieved a thermal collection efficiency of 60% [VIII-7]. 

Research in improving solar thermal systems continues today in the 

United States and other countries. 

There are two basic· types of solar thermal power plants: central 

receiver systems and distributed collector systems. Hybrid or 

repowering systems combine central receiver solar thermal plants 

with fossil fuel systems as backup. The central receiver system 

consists of a large field of two-axis tracking heliostats (or 

mirrors) which concentr~te sol~r energy on a tower-mounted 

receiver. A heat transfer fluid circulates through the receiver 

and carries heat energy to an energy conversion system. Storage 

may be included for backup or peak demand requirements. 

Distributed systems collect sunlight on separate modules. Each 

collector module has its own absorber (receiver), where solar 

energy is converted to thermal energy. Thermal energy at each 

distributed co 11 ector can be transported, using steam or a hot 

water, to a central location for electricity generation. 

Alternatively, thermal energy can be converted through a chemical 
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reaction and the reaction reversed at a central plant. Thermal 

energy at each collector can also be converted to electricity by 

heat engine-generator units on or near the collectors. 

Distributed collector solar thermal power systems may also have 

storage subsystems: either thermal (latent or sensible heat­

storage) or nonthermal (mechanical, electrical, or chemical 

storage). 

McDonnell Douglas Astronautics Company, Martin Marietta 

Corporation, and Honeywell, Inc., were awarded contracts from DOE 

(previously ERDA) between 1975 and mid-1977 to study the 

conceptual design of a commercial size plant. Designs and test 

reports of major solar components (heliostats, receiver, and 

thermal storage) were submitted to DOE for 10 MWe pilot plants 

[VIII-21]. DOE also contracted Boeing Engineering and 

Construction Company in 1975-77 to study collector subsystems only 

for central receiver solar thermal electric power systems. Sandia 

Laboratory evaluated cost and performance data of each and 

recommended the McDonnell Douglas design [Vlii-18]. The first 

pilot plant will be built in the Mojave Desert near Barstow, 

California, at an estimated cost of $120 million [VIII-21]. 

The major costs for solar thermal electric power plants are 

collector costs which are nearly 50% of total capital cost. The 

federal program goal is to reduce collector costs to one-third 

their present level [VIII-21]. 
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B. STEPS SYSTEM DESCRIPTIONS AND COSTS 

Systems Descriptions 

Central Receiver Solar Thermal Electric Power Systems 

Heliostats. An array of hel i ostats is controlled to reflect 

incoming sunlight onto a receiver. The heliostats are focused on 

the receiver b,¥ tracking systems. Several hel i ostat designs and 

construction schemes have been proposed. One proposed hel i ostat 

concept is a stretched diaphragm heliostat enclosed by a 

pressurized dome. Its di sti ncti ve features are the 1 i ghtwei ght 

reflector and drive assembly and the transport enclosure. Other 

heliostat concepts proposed use steel frame construction and glass 

mirrors. Some heliostats are curved; others are flat. 

Tower. A tower is used to support the energy receiver in full 

view of the heliostat field. The hei·ght of the tower depends on 

heliostat spacing, inner and outer rim angles, and rated power 

level of the array. Either a steel or a concrete tower will 

suffice for a 10 MWe pilot pl~nt; a power plant larger than 10 MWe 

would require a concrete tower. 

Receiver. A receiver is required to absorb the reflected energy 

from the heliostats and to transfer the energy to a working fluid 

usually steam, air, helium, or eutectic salts. There are three 

basic types of receivers: a direct open receiver, planar or 

cylindrical, and a cavity receiver. 

The direct open receiver absorbs heat on an open surface. This 

surface acts as an unobstructed heat radiator and also convects 

heat openly to the surrounding air. An aperture is located at the 

focal .point of a cavity rece.iver and sunlight is diluted before 

impinging on the absorbing surface. The outside walls of the 

cavity receiver are well-insulated to minimize energy losses. 
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Two contractors have proposed a cavity receiver, which pro vi des 

higher collection efficiency than planar configurations by 

reducing radiation and convection losses and by improving overall 

absorptivity of the cavity. 

Energy Transport. The transport system, which moves a heated 

fluid to an energy converter, normally is located at the base of 

the tower. Proposed heat transfer media are ste~m, air, and 

helium. The choice of a heat transfer medium varies with the 

energy conversion cycle selected. Superheated steam is best for a 

Rankine cycle. Air and helium are best applied.for open-cycle and 

closed-cycle Brayton energy conversion units, respectively. 

Energy Conversion. An energy conversion subsystem converts 

thermal energy into electricity by using a thermodynamic cycle 

(e.g., Rankine, Brayton, Stirling). Although a Brayton engine has 

been proposed, most research groups recommend a superheated steam 

Rankine cycle for energy conversion with minor variations in 

operating temperature and pressure. 

Stor'age Subsystem 

A storage subsystem is required to maintain energy flow beyond a 

solar day or to delay production of maximum power to meet a 

uti 1 i ty • s peak demand requirements. All three governmP.nt 

contractors have proposed thermal storage for prototype and first 

commercial plants. 

Distributed Collector Solar Thermal Electric Power Systems 

bistributed collector systems are less compl~x than central 

receiver solar thermal e.lectric power systems. Collectors and 

tower-receiver field concepts are not applied. Each collector has 

its own receiver which is located near ground level. System 
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efficiency of distributed collector solar thermal power systems 

depends on the type of col.lectors used. Three distributed 

collector systems have been proposed for electricity generation: 

point-focusing, line-focusing, and fixed mirror collector systems. 

Storage requirements and types are discussed after the collector 

systems have been presented. 

Point-Focusing Paraboloid Distributed Collector System. This 

concentrator is a paraboloid dish reflector focusing on a 

cylindrical cavity receiver. The receiver is placed at the focal 

point of the collector. The energy transport and conversion 

subsystem may use steam, chemicals, or electricity for energy 

transportation. 

• Steam generated by the collectors is transported vi a 

insulated pipelines to a central steam Rankine plant, 

where heat energy is converted into electricity. 

• Heat energy can be stored as products of a chemica 1 

.reaction, usually gases or liquids. Electricity can be 

generated from these chemicals which are easily stored 

and transported. According to recent studies, this 

system may be competitive for large quantities of energy 

storage, but it requires more research before feasible 

application. 

• Electric transport subsystems use a small heat engine­

generator (Brayton or Stirling engine) located at the 

focal point of a dish collector. An electric collection 

system, made of cables, switch gear, transformers, etc. 

br~ngs ~he power from each .collector to a centra) point 

in the plant. Brayton cycle gas turbine systems can be 

used as the engine-generator for the· near future. The 

development of advanced high temperature Brayton or 
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Stirling engine systems may improve the efficiency of 

dish-electric distributed collector systems. 

Line-Focusing - Single Axis Tracking Distributed Collector System. 

Two basic types of line-focusing single axis tracking collectors 

are considered: parabolic trough and variable slat collectors. 

• Parabolic Trough: The concentrating surface of 

parabolic tr·ough <.;ullectors rotates as one piece. This 

design leads to practica1 limitations on size due to 

structural requirements and shadowing by ·the receiver. 

·I\ cavity receiver cannot be used efFic·iently lH:!Cduse of 

the curved feature of the concentrating surface. 

Vacuum-jacketed tube receivers, although inferior to the 

cavity receivers in performance, have been employed 

'1.". 

[VIII-10]. ~ 

Variable Slat: This design uses segmented mirrors 

ind1v1dua11y articulated to concentrate energy on a 

horizontally straight receiver. The advantages of 

segmented m1rror concentrators over parabolic trough 

concentrators are: ( 1) segmented mirrors are genera 11y 

easier to manufacture with fewer structural requirements 

and {2) the reflector can be placed closer to ground 

1 cvcl. In addition, ·a longet· focal lenyth <.;an be 

achieved by locating segmented mirrors in a curved plane 

{having an effective low rim angle) which will permit 

use of a cavity receiver. A cavity receiver used with 

variable slat system obtains higher temperatures and 

greater efficiencies than would be possible using 

parabolic trough collectors [VIII-10]. 
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For 1 i ne-focusi ng distributed collector systems, hot water, steam, 

pressurized water, and oil are the primary candidates for the heat 

transport working fluid. Steam can be efficiently utili zed for 

higher temperatures, pressurized water or organic fluid can be 

useful for lower temperatures although thicker pipe walls are 

required for organic fluid systems. 

A suitable energy conversion system can be implemented for each 

working fluid used for heat transfer~ A Rankine steam conversion 

system is most suitable for water/steam heat transport fluid. The 

organic Rankine system can be used for low temperature working 

fluids including oil, water, and organic fluids. 

Fixed Mirror Distributed Collector Systems. There are two types 

of fixed mirror systems: distributed focus flat-plate and low 

concentrating, nontrack i ng systems such as compound parabolic or 

vee-trough concentrators. Distributed focus flat-plate and point 

focusing systems have similar designs except the collectors are 

different. 

Fixed mirror flat-plate collector systems do not attain higher 

temperatures for a working fluid in an optimum way. Low 

concentrating nontracking fixed mirror systems (vee-trough or 

compound parabolic reflector systems) can be used for higher 

temperatures by emp 1 oyi ng a vacuum- tube therma 1 receiver. Vee­

trough collectors can be asymmetrically designed and need 

reversing only twice a year which increases annual performance 

while maintaining simplicity of the design [VIII-10]. High system 

efficiency can be achieved using vee-trough reflectors. However, 

this system is not economically suitable for a central power 

plant. 
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Chemical transport with organic Rankine cycle conversion systems 

will probably be most suitable for fixed collector vee-trough 

power systems because of the 1 ow temperatures at the receiver. 

The organic Rankine cycle uses thermal energy to produce a 

chemical reaction, which results in other chemical products. 

These chemical products are transported to central locations where 

thermal energy for electric power generation is attained by 

reversing the chemical reaction. 

S_1!_9_f.,il.9£ S_1!_b1.Y_~<;!fl,5. Thermal storage and e 1 ectri c sto1·a!ie 

subsystems are most suitable for distributed collector systems. 

Latent heat or sensible heat can be stored in thermal storage 

subsystems. The sensible heat storage system can be used for 

commercial implementation [VIII-10]. For some systems, thermal 

storage increases the weight and size of the absorber at the focal 

point. As an a1ternative, electrical energy from each dish-

electric collector can be transported and stored at a central 

location. Electrical energy can be stored in mechanical, 

chemical, or electromagnetic ways [VIII-10]. 

Solar Thermal Hybrid Systems. Solar thermal hybrid or repowering 

plants combine a central receive1· solar elect1·ic powe1· system 

(without storage subsystem) with a fossil fuel plant as a backup. 

These hybrid plants provide higher system efficiency than total 

solar thermal power plants. Collectors, tower, receiver, master 

control, and land costs are reduced because the fossil plant 

provides all necessary backup [VIII-7]. 

Engineering Cost Estimates 

Central Receiver Solar Thermal Electric Power Systems 

Three major government contractors (McDonnell Douglas, Honeywell, 

and Martin Marietta) have estimated engineering costs for proposed 

central receiver solar thermal electric power systems built as 
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pilot and commercial plants [VIII-4,VIII-9,VIII-2]. Sandia 

Laboratories [VIII-18] has evaluated all three system designs and 
proposed revised cost estimates in 1977 dollars for the first and 
Nth commercial plants. The MITRE Corporation and the Electric 
Power Research Institute [VIII-7,VIII-25] have also prepared cost 
estimates in 1976 dollars for commercial plants. The Jet 
Propulsion Laboratory [VIII-10] has projected costs in 1975 
dollars for future 10 MWe and 100 MWe plants to be operated in the 
year 2000. Boeing reports future engineering cost estimates for a 
100 MWe plant [VII I-8] and cost estimates of .. its 1 i ghtwei ght 
heliostats [VIII-22]. Martin Marietta has recently published its 
revised engineering cost estimates for 100 MWe and 300 MWe plarits 
[VIII-14]. 

Detailed cost estimates are presented in Appendix Tables VIII A-1 
through VIII A-8. Operation and maintenance cost estimates are 
calculated by multiplying collector area [VIII-18] unit costs by a 
constant percentage (3%) where O&M cost estimates are not 
available. A 30-year lifetime is assumed for each plant. 

Levelized busbar costs (in mills/kWh) are calculated in 1978 
dollars for municipal and·public utility sectors. These costs are 
presented in Table VIII-1. 

Distributed Collector Solar Thermal Electric Power System 

Engineering cost estimates for distributed collector plants have 
been prepared by the Jet Propulsion Laboratory (JPL) and the MITRE 
Corporat·ion. JPL cost estimates are projected for the year 2000 
(in 1975 dollars). MITRE cost estimates are in 1976 dollars and 
are based on mass produced costs of collectors. Detailed costs 

estimates are given in Appendix Tables VIII A-ll through VIII 
A-15. 
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TABLE VI 11-1 

COSTS OF 
CENTRAL RECEIVER SOLJ!.R THERMAL ELECTRIC POWER SYSTEM 

in mills/kWh $1978 

SOURCE Levelized Busbar cc·st (in mills/kWh) 

10 MWe Pilot Plant lCO MWe 1st Commercial 

Municipal Public f'lunicipal 
Sector Sector Sector 

McDonnell Douglas -
Aerospace Corp .. 244.0 301.0 112.0 

Honeywell, Inc .. 254.0 315.0 175.0 

Martin Marietta 
102.of N Corp. 246.0 302. [) 

N 
N 

MITRE Corp. 
(METREK Div.) Bl.6 

Sandia Laboratory 102.0 

Electric Power 
Research Institute 105.0 

Jet Propulsion 
Laboratoryc 

Boeing 

:The busbar costs are for 20th commercial plant. 
The busbar costs are based on 150 MWe revised co;t estimates 
[VIII-14]. 

cProjected cost for year 2000. 
dProjected cost for year 2000 {collector cost= S60/sq .~). 

Public 
Sector 

134.0 

217.0 

125.o'f 

100.0 

129.0 

127.0 

Le~elized Busbar cost (in mills/kWh) 

100 MWe Nth Commercial Plant 

Muni ci pal Public 
Sector Sector 

79.5a 95.0 

58.3b 78.8b 

58.1 70.4 

64.3 80.3 

100.0c 122.0c 

79.1d 94.0d 
73.0e 86.4e 

eProject~rl cost for year 2000 (collector cost= S.t2/sq 1!1) 
fThe bu r costs are based on 150 MW power plant. 
Sources..i-. [VIII-4], [VIII-9], [VIJI-7f, [VIIr-18L [VII>ZoJ. [VIU-101. fVIII-81. rvtii-221. rvTTT-141 rv 



Levelized busbar costs are presented in Table VIII-2 for municipal 

and public utility sectors. Busbar costs of distributed collector 

systems are considerably higher than the costs of central receiver 

systems even though MITRE assumed mass production and not 

prototype costs. MITRE costs for parabolic dish distributed 

collector systems with chemical transport and chemical storage 

subsystems and JPL costs for parabolic di sh-e 1 ectri c systems for 

100 MWe plants have the lowest life-cycle costs of all .distributed 
collector systems. 

Solar Thermal Hybrid Plant with Fossil Fuel Backup Systems 

Hybrid plants operate as fuel savers if the energy from the solar 

system in a hybrid plant costs less than the fossil fuel it 
replaces. The Electric Power Research Institute [VIII-26] and the 

MITRE Corporation [VIII-7] have given engineering cost estimates 

in 1976 dollars for 50 MWe and 100 MWe power plants respectively. 
Detailed cost estimates are given in Appendix Tables VIII A-9 and 

VIII A-10. Annual fuel costs are obtained by multiplying annual 

fuel consumption [VIII-7,VIII-26] by the unit costs of the fuel. 

Levelized busbar costs (in mills/kWh) are calculated in 1978 

dollars for municipal and public utility sectors. These costs are 

presented in Table VIII-3. Hybrid plants appear more economical 

than first commercial central receiver solar thermal plants as 

these life-cycle costs are considerably lower. 

C. MARKET READINESS OF STEPS 

Technical Readiness of Solar Thermal Electric Systems 

There are no technical barriers to the development of power with 

heliostats. The technology is available; the challenge behind the 

commercialization of solar thermal power systems continues to be 
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N·. 
N 

' .p. 

SOURCE 

TABLE VII I-2 

COSTS OF 
DISTRIBUTED-COLLECTOR SOLAR THERMAL ELECTRIC POWER SYSTEM 

in mills/kWh $1978 

TYPE OF SYSTE~I LEVELIZED BUSBAR COST 
mills/Kwh in 1978 dollars 

10 MWe PLANT 100 MWe PLANT 

Jet Propulsion Laba 

MITRE Corporation 

Jet Propulsion Laba 

MITRE Corporationb 

Jet Propulsion Lab6 

MITRE (orporationb 

MITRE Corporati oob 

MITRE Corporatiomb 

MITRE Corporationb 

Lin~ concentrator 
(!-axis Slat) system 
Line concentrator 
system 
Paraoolic Dish­
electric system 
Parabolic Dish­
electric system 
Parabolic Dish­
steam system 
Parabolic Dish­
chemical transport­
thermal storage-system 
Parabolic Dishr­
chemical transport 
chemical stara.ge-system 
Parabolic Dish-saturate 
steam system 
ParabJlic Dish-superheated 
steam system 

Municipal 
Sector 

131.0 

90.6 

136.0 

Public 
Sector 

161.0 

110.0 

167.0 

Municipal 
Sector 

113.0 

91.8 

86.9 

90.1 c 

117.0 

91.5 

81.9 

94.2 

96.4 

Public 
Sector 

138.0 

112.0 

105.0 

108.oc 

143.0 

111.0 

99.9 

115.0 

117.0 

--------------------------------------------------------
a Level i zed busbar ·:osts, based on Jet Propulsion Laboratory cost estimates, are projected for year 
2000. 

bLevel i zed bus bar ·Costs, based on MITRE Corporation cost estimates, are based on mass-produced 
costs of collectors. 

cLevelized busbars costs are based on 1000 MWe 1er plant. 
Sources: [VIII-1J. ["Jill-10] 



Source 

l'.l 
1'.)· 
(."'1 

MITRE Corporation 

MITRE Corporation 

Electric Power 
Research Institute 

Sources: [VIII-7], 

TABLE VIII-3 

COST OF SOLAR-HYBRID CENTRAL RECEIVER ELECTRIC POWER PLANT 
(in mills/kWh,-$ 1978) 

Type of System Plant Capacity Levelized Busbar Cost 

Municipal Public 
Sector Sector 

Solar Thermal-Gas Turbine 100 MWe 69.1 81.7 
backup-system 

Solar Thermal-Oil-fired 100 MWe 45.0 51.2 
backup-system 

Solar Thermal-Fossil 50 MWe 68.8 81.4 
fuel ba.ckup-system 

[VIII-26] 



one of establishing economic feasibility rather than technical 

feasibility. There is no technical limitation to prevent use of 

so 1 ar therma 1 power concepts. So 1 ar therma 1 continues to focus 

its research and development efforts in the areas of call ectors 

and high temperature storage. The impetus in these areas is one 

of cost reduction and improved efficiency rather than technical 

uncertainties [VIII-23, VIII-16] 

Institutional Influences and Barriers to Market Readiness 

Environmental and safety impacts dealing with solar thermal power 

are not available in any detailed form. A truly detailed 

assessment of possible impacts will not be known until the 

completion of the Solar Thermal Test Facility and the Barstow 

10 MWe pilot plant. An attempt will be made to identify and 

discuss the primary impacts as they are envisioned at this time. 

Solar thermal electric plants will make use of various heat 

transfer ·fluids in association with their thermal ~toragc and 

.receiver/boiler subsystems. These fluids could be released 

i nadvertentl.Y into the environment and caul d affect 1 oca 1 water 

quality. A release due to system flushing operations or 

accidental leakage could contaminate local water supplies which 

waul d produce s.eri ous toxic effects. Proper chemical management 

of system flushing operations should prevent serious impacting of 

local water quality. 

Land requirements are an important consideration for solar thermal 

electric plant design owing to the relatively large land areas 

required for the call ector subsystem. Additionally, prospective 

sites would have to be located on relatively flat land. Because 

of the vast land requirements, displacement of agriculture, 

grazing, and/or recreation caul d result. However, primary solar 

thermal sites are located in the arid southwest desert regions 
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where little or no agriculture exists and where none is possible 
without extensive irrigation. In terms of displacement of 
agriculture, grazing, or recreation, solar thermal plant 
deployment may conflict with local, state, or regional land use 
plans [VIII-25]. To mitigate these potential conflicts, planning 

officials and the public should .be educated on the relative cost­
benefits and tradeoffs between solar thermal and other power 

generating operations, such as: so 1 ar therma 1 does not generate 
radioactive wastes or solid wastes, and is relatively nonpolluting 

[VIII-25]. 

Potential safety ·hazards can also be associated with central 
receiver solar thermal plants. The greatest threat is that of 
misdirected light. This invisible, concentrated, and focused 
solar radiation can potentially cause fires and burns as well as 
create serious glare problems [VIII-25]. Some type of protective 
goggles should be worn by all plant personnel in potential danger 
areas. The heliostat field should also be located away from roads 
where there could be glare problems for vehicular traffic. 
Another issue of concern would be the restricting of aircraft 
flights over a solar thermal facility to prevent possible glare 
blindness to passengers. 

As stated earlier, there are no technical barriers to the 
development of solar thermal plants; the challenge continues to be 

one of establishing economic feasibility. Therefore, in 
accordance with this statement, a primary barrier to the 
implementation of the solar central power tower would be that of a 
financial constraint. Although the power tower concept is 
-technically ready, it is far from being financially feasible. The 
notion of a solar thermal market will remain elusive until numbers 
can be assigned to costs and benefits [VIII-21]. 

227 



Aesthetics can also be construed as a minor barrier to the 

construction of a solar thermal facility. The completed plant 

will range over many square miles of typically open desert. Vast 

arrays of heliostats will . create a unique appearance. 

Additionally, the tall receiver towers will contrast dramatically 

with the relatively flat desert terrain and will probably be 

visible for miles. In sum, the solar thermal plant will appear as 

a large and dramatic industrial installation in a typically stark 

de5ert 5etting [VIII-25]. 

Risks Associated with Steps 

It is difficult to evaluate product reliability warrantees and 

performance on solar thermal central receiver power plants because 

the program is essentially still in a research and development 

mode. Subsystems relating to the overall design of the central 

receiver power plants are being constructed according to design 

specifications which are usually applicabl~ to products in a 

research ·stage. Therefore, risks concer.ning reliability, safety, 

and life expectanc_y are undefined. Standards and codes relating 

to this technology have also not been formulated outside of basic 

design specifications. Upon the completion of the Solar Thermal 

Test Facility at Albuquerque and the first pilot plant at Barstow, 

California, an effort can be initiated whereby standards, 

reliability, life expectancy. and product warranty criteria may be 

eva 1 uated .• 
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IX. PHOTOVOLTAICS 

A. INTRODUCTION 

Photovoltaic conversion--the phenomenon of converting sunlight 

directly into electricity--is an appealing source of solar power; 

no moving parts and no intermediate energy conversion are 

required. However, the current costs of photovoltaics are so high 

that these systems are not economically feasible except in remote 

areas inaccessible to conventional power sources. 

This report covers three major aspects of photovoltaic conversion: 

a technology description, costs, and state of market readiness. 

The first topic is a discussion of general information, system 

descriptions, and advantages of photovol tai c systems. For the 

second topic, current costs are detailed by application, and a 

brief discussion of future costs and applications is provided. 

Market readiness, the third topic, covers the areas of current 

R&D, state of the delivery system, institutional influences, and 

risk. 

History 

Photovo 1 ta i c his tory began with the discovery of se 1 eni urn in the 

early 1800s. The photovoltaic effect was observed in this 

substance, leading to the development of a selenium cell. In the 

early 1900s, a copper/copper oxide device was developed but was 

not able to match the efficiencies of the selenium cells. In 

1941, the first single crystal silicon cell was prepared but did 

not become practical until 12 years later, when conversion 

efficiencies of about 6% were achieved. Manufacture of single 
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crystal silicon cells began the following year and has continued 

as the predominant technology in the photovoltaic industry. 

The commercial market addressed many applications in the 1950s. 

Solar cells provided power for transistor radios, flashlights, 

Army helmets with two-way radios, traffic signals, navigational 

lights, a remote communications station, highway emergency call 

box systems, and toys. However, none of the applications created 

a 1 arge or sustained market. The major market for solar cells, 

the space program, began inauspiciously with the Vanguard I 

satellite using solar cells to power its backup transmitter. 

About a year and one-half later (in 1959), solar cells were again 

used in the space program, but in much greater quantity, to 

provide power for the Explorer VI. After this time, most 

spacecraft having missions of over two weeks• duration used 

silicon solar cells as their major power source [IX-27]. 

It was not until the mid-1970s that interest in terrestrial 

applications for solar cells was renewed. The market most 

feasible today is the remote site or special usage application--

described later in this report. In 1977, the total market for 

!JIIutuvul Ldil;s wds dbuut 750 kWp. Th1.s 1s near1y ten times the 

annual amount produced in the early 1970s, when NASA provided the 

only major market. 

PrinGiplP. nf Op~r~tion 

Photovol tai c cells ~re composed of some type of semi conductor 

material. This material acts as a conductor only in the presence 

of sufficient heat or light. (In dark and low temperature 

conditions, this substance does not conduct.) When light of 

appropriate wave 1 ength and sufficient energy hits this 

semiconductor material, it frees electrons from their chemical 

bonds. Freed electrons move, leaving a hole behind that is also 

capable of moving. 
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To channel moving electrons and· holes into a useful electric 
current, impurities are added to the. semiconductor--a proc.edure 
known as "doping." The semiconductor is doped with elements such 
as arsenic or phosphorus to add electrons (called an "n" type 
semiconductor), or it is doped with boron to create an excess of 
holes (called a "p" type of semiconductor). A solar cell consists 
of "n" type and "p" type regions. When light strikes the cell and 
frees electrons and creates holes, electrons tend to move to the 
"n" type regions and holes move to the "p" type regions, resulting 
in a voltage across the junction between these two different type 
regions. Conductors p 1 aced in front and in back of the solar 
cells enable the cell's electric current to flow to an external 
circuit. 

System Description 

The three major components of a photovoltaic system are the solar 
collector, a storage system (batteries), and a power conditioning 
unit. 

These components work together in the following manner. Sunlight 
hitting the solar collector 1s converted to electric energy by the 
solar cells and transmitted to the storage system in the form of 
DC electricity. The power conditioning unit prevents the. 
overcharging of the batteries and, where required, converts DC to 
AC electricity. 

Solar Collectors 

Solar collectors can be divided into two different categories: 
fixed, flat-plate collectors and tracking, concentrating 
collectors. Flat-plate collectors can be further divided into two 
subcategories: single crystal cells and thin film. Each flat­
plate collector has one predominant photovoltaic material 

associated with it. 
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Flat-Plate Collector--Single Crystal Cells. Single crystal 

silicon cells are the building blocks for this solar collector. 

As the name implies, single crystals are grown from high-grade 

silicon. These crystals are then sliced to make silicon 

wafers--the basic photovoltaic cell. A typical silicon solar 
' 

panel is composed of the following elements: doped silicon cells, 

a meta 11 i c grid under and over the ce 11 s, an epoxy fiberglass 

board upon which cells are placed, a transparent protective layer 

which covers the array, and an optional nonreflective coating [lX-
9]. Most manufacturers produce this type of solar cefl collector. 

A 1 though 1 aboratory cells have been fabricated with effi ci enci es 

of 18% to 19%, typical efficiencies of manufactured cells are 

between 12% and 14%. These cells, when placed in an array, have 

efficiencies between 5% and 8% [IX-8]. This lower array 

efficiency is due to incomplete coverage of the array area by the 

solar cells. 

The advantages of single cry.stal silicon cells are: silicon cells 

exhibit better efficiencies than other cell types at typical 

temperatures for most applications, and manufacturing capacity has 

been established. 

Flat-Plate Collector--Thin Film. The photovoltaic material most 

often u5ed in thin film technology is cadmium sulfide. Cadmium 

sulfinP., whP.n in r.nnt.rtr.t. with r.npper ~ulfinP., form~ rt 11 p-n 11 

junction similar to that formed in doped silicon. A typical 

cadmium sulfide array is composed of a conducting electrode 

coating, a thin cadmium sulfide film over the electrode, a very 

thin copper sulfide 1 ayer deposited over the cadmi urn sulfide, a 

metallic grid p 1 aced over the copper sulfide, glass to 

hermetically seal the array, and an optional nonreflective coating 

[IX-9]. 



Other materials being studied for thin film development include 

indium phosphide, amorphous silicon, and several ternary 

chalcogenides. 

Although laboratory efficiencies of be.tween 7% and 8% have been 

achieved, typical array efficiencies range from 3% to 5% [IX-8]. 

Becau·se thin film cells cover the entire array area, no efficiency 

is lost due to packing.· 

Thin film technology has several advantages over single crystal: 

(1) any geometry can be defined and produced, resulting in very 

effective use of the array area; (2) the costly wafer slicing step 

is eliminated; (3) a smaller amount of photovoltaic material is 

required; (4) material of lesser purity can be used; and (5) it is 

more amenab 1 e to mass production techniques, resulting in 1 ower 

production costs [IX-7, IX-8]. 

Concentrating Collectors. For concentrating collectors, gallium 

arsenide is most often used due to its relatively low efficiency 

1 oss at high temperatures. With solar flux concentration, total 

cell area per unit output can be reduced. At a concentration of 

several hundred suns, devices using gallium arsenide have 

demonstrated efficiencies between 17% and 19% [IX-8]. However, at 

these high concentrations, a cooling system ·would probably be 

required, adding to the total system cost. 

Storage Systems 

Because the ar·ray delivers DC current only in -daylight, , most 

applications require storage. Lead-acid batteries, comparatively 

low in cost and high in performance, are generally used. The 

particular type of battery depends upon the system application ~nd 

the depth and rate of discharge required.· 
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Power Conditioning 

Power conditioning may consist of three elements--blocking diode, 

voltage regulator, and inverter. The blocking diode prevents the 

battery from discharging through the solar array during non-sun 

peri ads. The val tage regu 1 a tor prevents overcharging of the 

batteries, which would shorten their life. Finally, an inverter 

converts DC power supp 1 i ed from the collector or batteries. to AC 

power if required for a specific application. 

Advantages of Photovoltaic Systems 

There are several advantages of a photovoltaic system. (1) 

Electricity is produced directly from sunlight, eliminating the 

need for intermediate conversion to mechanical or thermal energy. 

(2) The system contains no moving parts. (3) The components 

potentially have long lifetimes. Government tests indicate 10 to 

15 year lives for panels commercially available. In the future, 

lives of 20 years or more are expected. (4) Maintenance costs are 

expected to be low. (5) The system can operate with ~iffuse solar 

radiation. (6) It is an inherently modular system. A small 

system will work as efficiently as a large system [IX-23]. 

With these advantages, why aren•t photovoltaic systems in 

widespread use? The answer is cost; today the solar cell module 

.:~lone Gosts hetween $10 and $2'5/Wp in $lq7R. The ne.lC.t set:"tion 

discusses costs by several different applications to demonstrate 

the current economic feasibility of photovoltaic systems. 
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B. COSTS OF PHOTOVOLTAIC SYSTEMS 

Approach 

This analysis considers cost estimates of photovoltaic systems by 
their potential ·current and near-term markets. In addition to 
providing costs, this method provides an understanding of why 
photovoltaic systems are economical in these cases. These systems 
are generally located in remote areas where the conventional power 
alternative--batteries, diesel generators, or power line 
extensions--is costly to provide. 

Markets and Costs 

The major markets presented here and associated costs (1976 
dollars) for particular applications are based on a BDM study [IX-
2]. Table I X-1 gives a summary of the major markets. This 
analysis looks at four DC applications: navigation aids for 
offshore platforms, radio repeaters, impressed current protection 
for pipelines, and water pumping. The two AC applications studied 
are street and highway lighting and a remote general power source. 
All array costs are for flat-plate, single crystal silicon cell 
arrays. 

Tables IX-2 and IX-3 ·show costs . for DC applications and AC 
applications, respectively. From these six examples, and the 
seven other applications looked at from the BDM study, ranges were 
obtai ned for the costs. For the array, cost per peak watt varied 
between $15 and $20, with the average at $18/Wp. Power 

conditioning and structure add $3/Wp more, ranging between $1 and 
$4/Wp. Most battery systems were priced at $100/kWh (as an 
exception, the batteries for navigation aids were priced at only 
$50/kWh). Finally, installation ranged from $1/Wp to over $6/Wp, 
averaging. $3/Wp. Looking at total system costs, most of the 
applications fall in the range between $20 and $30/Wp. 
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TABLE IX-1 

PHOTOVOLTAIC CURRENT AND NEAR-TERM MARKETS 

Marking and Warning Devices 
t Airport lighting 
t Obstruction/hazard lights 
t Offshore navigation buoys 
t Onshore navigation systems 
• Offshore platforms 

. • Railroad crossings 
t Highway signs 

Corrosion Protection 
• Pipelines 
• Well heads and casings 
• Marine structures 
t Highway bridges 

Monitoring and Sensing Devices 
• Pipeline controls 
• Intrusion alarms 
• Pollution monitors 
• ~~5 rletectors 
• Weather monitors 
• Snow/rain gauges 
• Flood monitors 
• Oceanographic data platforms 

Communication Equipment 
t Portable radios 
• Repeater stations 
• Telephone call boxes 
t Air navigational systems 
t CC and remote TV 

Consumer Products 
• Watches 
t Calculators 
• Boating applications 
• Flashlights 
t Pocket paging systems 

Miscellarieou5 
• Water pumping stations 
t Space/satellite 

applications 
• Military test sit!:! 

ine;trumentation 
t Railroad switching 
t Government ~uys 

Source: The BDM Corporation, Characterization of the Present Worldwide 
Photovoltaics Power Systems Market, Draft report submitted to 
DOE, Volume I, May 1977. 
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l ~ I X-2 

COSTS FbR DC PHOTOVOLTAIC APPLICATIONS 
1976 COST DATA 

Impressed Current 
Navigation Aids for Protection for 

S,lstem Offshore Platforms Radio Reeeaters Pieelines 

A.rray Rating 150 Wp 200 Wp 400 Wp 
1 ead-aci d 

Battery Type lead-acid lead-calcium lead-calcium 

Battery Rating 22 kWh 6 kWh 10 kWh 

Equipment Costs Cost $/We Cost $/We Cost $/We 
Array $3,000 $20.0 $3,400 $17.0 $9,000 $22.5 
Power Conditioning 300 2.0 800 4.0 1,600 4.0 
Battery 1,100 7.3 600 3.0 1,000 2.5 
Structure 300 2.0 incl. in PC incl. in PC 

Total Hardware $4,700 $31.3 $4,800 $24.0 $11,600 $29.0 

Installation 1,000 6.7 800 4.0 1,100 2.8 

Total System Costs $5,700 $38.0 $5,600 $28.0 $12,700 $31.8 

Source: BDM Market Study 

water Pumeing 

1000 Wp 

lead-acid 

2 kWh 

Cost $/We 
$18,000 $18.0 

200 0.2 
2,000 2.0 

$20,200 $20.2 

1,000 1.0 

$21,200 $21.2 



System 

Array Rating 

Battery Type 

Battery Rating 

Equipment Costs 
Array 

N Power Conditioning 
'~ 

N Battery 
Structure 

Tota 1 Hardware 

Installation 

Total System Costs 

Source: BOM Market St~dy 

TABLE IX-3 

COSTS FOR AC PHOTOVOLTAIC APPLICATIONS 
1976 COST DATA 

Highway 

Cost 
$8,8GO 

'90 
67C 
5CG 

$10,060 

450 

$10,510 

Street and 
Lighting (175 Watt) 

490 Wp 

1 ead-aci d 

6. 7 kWh 

$/Wp 
$18.0 

0.2 
1.4 
1.0 

$20.6 

0.9 

$21.5 

Is t.. ! I . '' 

Remote General 
Power Source 

6300 Wp 

1 ead-aci d 

120 kWh 

Cost $/Wp 
$113,400 $18.0 

6,300 1.0 
12,000 1.9 
6,300 1.0 

$138,000 $21.9 

18,900 3.0 

$156,900 $24.9 



Manufacturers Costs 

In an attempt to see cost trends from this 1976 survey to today•s 

costs and to see what variability exists between different 

manufacturers, four companies selling photovol tai c systems were 

surveyed: all provide silicon cell-based systems. Table IX-4 

presents system costs (excluding installation), by company, for 

the radio repeater system described by the BDM study. 

The data present a wide spread of prices among the different 

manufacturers, which cannot be attributed to materials used to 

build the modules. The most costly system, uses 3-i nch silicon 

cells encapsulated in void-free silicone, placed on a stainless 

steel frame and covered with a glass glazing. The least costly 

system is basically the same--3-inch silicon cells encapsulated in 

a void-free glass/PVB/Mylar laminate and placed on a stainless 

steel or aluminum frame. While it appears that more of the 

structure is built into the first panel than the latter this is 

still not sufficient to account for a $13/Wp difference in array 

prices. 

Annualized Costs 

The 1976 costs provided by BDM were updated using the data from 

four manufacturers. As no discernible cost trends exist between 

the 1976 and 1978 cost information, average prices were used. The 

average of the cost for the array, power conditioning, and 

structure is $23.40/Wp. Battery costs averaged $120/kWh. For 

1978 installation dollars, the 1976 dollars provided by BDM were 

inflated at 6% for two years •. The hardware costs, together with 

the installation costs, provide total capital costs for each 

system. Shipping costs are not included. 
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APPLICATION: Radio Repeater 
array rating: 200 Wp 
12 V lead-acid ba~teries 
battery rating: 6 kWh 

Company 

Equipment Costs C·:>St S/Wp 

Array $5,5?5 S27.9 
. ~ Power Conditioning 146 0.7 

+::- Batteries 792 4.0 
Structure 265 1.3 

Total Hardware $6,778 S33.9 

*assumed value based on $100/kWh 

TABLE IX-4 

CURRENT PHOTOVOLTAIC COST ESTIMATES 

2 3 4 

Cost $/Wp Cost $/Wp Cost $/Wp 

$3,000 $15 $3,584 $17.9 $4,400 $22.0 
400 $ 2 174 0.9 incl. in structure 
600* $ 3 912 4.6 600 3.0 
600 $ 3 incl. in array 600 3.0 

S4,600 $23 $4,670 $23.4 $5,600 $28.0 
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For this analysis, a fixed percentage of capital costs, usually 

1%, was assumed- for operating and maintenance costs. This amount 

is considered sufficient for O&M charges and for battery 

replacement after 10 years. (Because substantial battery storage 

was required for the navigational aids, O&M here was assumed to be 

2% of capital costs.) 

No spread of capacity factors based on 1 ocati on was provided 

here. The available data merely listed output for a typical 

location. In fact, there should be a distribution of costs around 

the final mills/kWh to reflect different locations. 

A required revenue model was used to annualize these costs over a 

20-year lifetime. The results are given in Table IX-5 •. The 

spread is from 2,600 to 5,400 mills/kWh for the municipal sector 

and from about 3,000 mills/kWh to just over 6,500 mills/kWh for 

the public sector. There are three reasons for this wide range. 

First, the number of batteries required is a factor, for example, 

navigation aids. A second reason for this spread ·is the capacity 

factor. The street lighting was a system designed for the 

northeast, hence a low capacity factor (0.08 compared to 0.2 for 

radio repeaters). Finally, the variation in installation dollars 

due to array size and site accessibility will affect the 

mi 11 s/kWh. 

A factor in array prices not reflected above is the quantity 

ordered. Array prices provided by the manufacturers were based on 

a very small. order of modules; however, all companies mentioned 

that their price decreases as quantity purchased increases. To 

see what effect this has on· annualized costs, it was assumed that 

the array for the remote general power source was of sufficient 

size to be purchased for .$5/Wp less and also for $10/Wp less than 

the given average price. For these cases, the mills/kWh came out 

to 3,710 and 2,940 respectively. for publicly owned utilities. 
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Application 

Navigation Aids 

N Radio Repeaters 
.;:. 
0'1 Imp res sed Current 

Protection 

Water Pumping 

Street and Highway 

Lighting 

Remote Genera 1 

Power Source 

TABLE IX-5 

J!:.JNUALIZED CCSTS FOR PHOTOVOLTAIC APPLICI.TIONS 

1978 ESTIMATED COSTS 

Updated 1978 O&M Public Sector 

Capital Costs (%of capital) millS/kWh 

$ 7,270 2 5,340 

6.300 "' 1 3, 1~0 

11,800 1 3,7(0 

24,760 1 4,140 

12,770 1 6,550 

183,00J 1 4,490 

Municipal Sector 

mills/kWh 

4,490 

2,610 

3,080 

3,440 

5,440 

3,720 



Future Costs 

For photovoltaic systems to become competitive in markets other 

than small remote sites, the price of the system must decrease 

considerably. The Department of Energy (DOE) has established 

price goals for silicon arrays which are expected to make 

photovoltaic systems a viable alternative. The goals set are to 

ar.hieve an arra.y cost of $2 to $3/Wp in 1982 and to reach $0.50/Wp 

in 1986. 

Central Power Stations Costs 

At 1985 price levels, photovoltaic systems will enter new, large­

scale markets--the utility market and the residential/commercial 

market. Three companies, General Electric Company [IX-13], 

Westinghouse Corporation [IX-26], and Spectrolab Incorporated [IX-

22], were awarded system contracts by the Energy. Research and 

Development Administration (ERDA) for photovoltaic central power 

systems conceptual design studies. GE considered three designs--a 

fixed panel array, a low-ratio concentrator, and a Solar Azimuth 

Tracker (concentrators rotate around a central hub and track the 

azimuth angle of the sun), all using silicon cells. Westinghouse 

considered two designs--a lean to collector/reflector -using 

silicon cells or thin film and a compound parabolic concentrator 

with vertical axis tracking subsystems, using silicon. Finally, 

Spectrolab considered one design, a concentrating array with an 

azimuthal orientation mechanism, using silicon cells [IX-19]. A 

backup gas turbine plant was provided. This Spectrolab study 

1 ooked at a system with no storage, a system with three hours 

storage, and a system with no storage but one that ran the gas 

turbines an additional 745 hours per year. 
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Table IX-6 contains total capital costs and O&M costs in 1975 

dollars from these studies. All these studies assume higher 

efficiency solar cells than available today and DOE price goals, 

not current costs. No attempt is made here to adjust the figures 

for consistency. (These studies used various assumptions for cell 

efficiency, shipping costs, design cost, .project management, 

contingency and ·spares, and O&M costs.) Assuming a 1990 year of 

operation in Phoenix, Arizona, and a 30-year life, the levelized 

costs 1 n 1978 dollars appear in Table I X-6. Cost estimates for 

silicon based systems ranged from about 65 to 125 mills/kWh in the 

municipal sector and from 80 to 145 mills/kWh in the public 

sector. Only Westinghouse provided estimates for thin film 

arrays, with costs substantially lower than their silicon based 

alternative. 

Table IX-7 gives some of the results of the MITRE study. These 

results were based on an analysis of the General Electric and 

Westinghouse systems. Three basic designs (without storage) are 

considered: silicon flat-p1ate, thin film flat-plate, a:nd 

concentrating collectors. Because this study compared the .General 

l:."lectnc and We~tinghouse analyses, (using those rH.i111bers but w1th 

adjustments), these results can be considered more comprehensive. 

Residential Systems Costs 

Tables IX-8, IX-9, and IX-10 give the 1975 cost data for 

residential systems provided by General Electric and Spectrolab. 

These levelized ~osts in 1978 dollari were provided hy ~n in-house 
revenue requirements model, to ensure consistency. Similar to the 

original central power station data, no attempt was made to 

compare and adjust costs between the two studies. The General 

Electric study assumes two applications--with and without battery 

storage--and a range of array costs. Because these cases assume 

excess electricity is sold to the utility in the system without 
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fAilLE IX-6 

SUM~IARY OF UTILITY SYSTtM COSTS 

Input: 1975.Dollars 
Results: 1978 Dollars 

Rating Capacity 
_factor 

Capital Costs O&M Municipal Sector 
_lf:l!iL !J.J..!! . .'!!L!..l ions) .LL!!l milliQ!l~l ___ __!!!i_ 11 s/k Wh __ _ 

GENEHAL ELECTRIC(l) 
Fixed Panel Array 
Low-Ratio Concentrator 
Solar Azimu1;h Tracker 

WESTINGHOUSE f2) 
Lean to CoHector/Reflector­

Silicon 
Lean to Co 1 ~ ec tor/Re f1 ector­

Thin Film 
lOX CPC Vertical Axis 

Tracking 

SPECIROLAB( 3) 

1,500 
1,500 
1,500 

100 

100 

No'Storage 200 
Three Hour Storag:! 200 
Gas Turbine Storage 200 

0.215 
0.215 
0.215 

0.203 

0.197 

0.309 

0.308 
11.393 
0.393 

$1,296.4 10.40 80.0 
1,814.1 17.25 114.0 
1,394.0 9.65 84.6 

71.616 0.716 70.9 

43.289 0.433 45.1 

96.672 0.967 63.8 

325.05 3.25* 116.5 
404.26 4.04* 120.0 
325.25 3. 25* 125.4 

*Assumed to be 1'.t of capital costs. Fuel costs for gas turbine backup are not included in these figures. 

2. Westinghouse El-=ctric Corporation, Conce~tua! Desi9_!! an<!_ ~ste1~~ Ana~ Q,[ ~Q~ovol~ic power 
~t~te1~~. final report, Volume II, ~larch 1911. 

3. Spectroht·, Inc., COf!Ce~tuill ~esi_m ~!!~!~~em~ ~nall_si~ Qt Photq_vo'!_~:!._~ ~~te'~-· final report, 
Volume IV, Apri I 1977. 

Public Sector 
mi 11 s/k Wh 

97.7 
139.0 
103.0 

86.6 

55.1 

77.9 

140.6 
143.7 
146.8 



N 
lJ1 

. 0 

System Design 

16% Silicon Coll/ref 

10% Thin Film Coll/ref 

lOX CPC Concentrator 
Vertical Axis Tracking 

TABLE IX-7 

MITRE CENTRAL PV POWER SYSTEM COSTS 

1975 Costs 
100 MW Capacity 

1990 Installation 

C:tpital Costs 
($in Millions) 

O&M Costs Capacity jl1unicipal Sector* Public Sector* 
($in Millions) Factor (mills/kWh) (mills/kWh) 

90 1.86 .28 73.6 88.4 

100 2.44 .26 92.3 110.0 

190 2.10 .30 127.0 155.0 

*Provided by in-house revenue requirement model. 



TABLE IX-8 

COSTS FOR GENERAL ELECTRIC RESIDENTIAL SYSTEM 

1975 Cost Data 

Cost2 
(at given $/m for array) $200/m2 $100/m2 $50Im2 

With Batteries 
Capital Costs $ 28,699 $ 18,199 $ 12,949 
O&M Costs 193 141 115 
Battery Replacement 3,700 3,700 3,700 

Without Batteries 
Capital Costs 23,509 13,009 7,759 
O&M Costs 168 115 89 

Output 
(MWh/yr) Cleveland Phoenix Miami 

With Batteries 9.48 16.41 14.86 
Without Batteries 12.70 20.34 18.53 
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TABLE IX-9 

LEVE_IZED COSTS FOR SENERA~ ELECTRIC RESIDENTIAL SYSTEM 

Levelized Costs( 1l(mills/kWh) 

With Batteries 

Residential(,.) 
Ownership t. 

Municipal 
Utility 

Public 
Utility 

Without Batteries 

Residenti~l( 2 ) 
Ownersh1p 

Municipal 
Utility 

Public 
Utility 

(1)1978 Dollars 

(2)Calculations based on: 
20% tax rate 

9% discount rate 

Cleveland 

$2'00/m2 $100/m2 $~0Jm2' 

500 341 261 

526 358 274 

642 434 329 

277. 157 97 

299 170 105 

370 210 129 

100% debt financing at 1~.5% interest rate 
no investment tax c,.edit 

Phoenix 

$200/m2 $l00/m2 $50Im2 

289 197 151 

309 211 161 

378 255 194 

173 98 61 

185 105 65 

229 130 80 

' ' 

Miami 

$200/m2 $100/m2 $50Im2 

319 217 166 

351 239 183 

428 289 220 

190 108 67 

205 116 72 

253 143 89 



TABLE IX-10 

COSTS FOR SPECTROLAB RESIDENTIAL SYSTEM 

1975 Cost Data 

Capital Battery 
O&M( 1) 

Output 
City Cost ReElacement (kWh/~ r) 

Phoenix $ 6,875 $ 715 $ 84 8270 
Riverside 6,160 1,025 81 6820 
Washington, D.C. 7,145 1,525 86 6300 
Cleveland 12,990 2,531 115 8260 

LEVELIZED COSTS (mills/kWh)(2) 

Phoenix 
Riverside 
Washington, D.C. 
Cleveland 

Resident~al( 3 ) 
Ownersh1E 

145 
167 
214 
281 

Municipal Public 
Utility Uti 1 i ty 

158 192 
184 222 
234 280 
318 384 

(1)Spectrolab did not provide O&M costs. Costs assumed the same as 
GE study: 0.5% of capital cost+ $50. 

(2)1978 Dollars. 

(3)calculations based on: 
20% tax rate 

9% discount rate 
100% debt financing at 12.5% interest rate 

no investment tax credit 
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storage, this case actually has higher output per year. The 
Spectral ab study assumes battery storage. The Spectral ab study 
compares best with the General Electric study at $100/m2• The 
levelized costs from the Spectrolab study range from about 
150 mills/kWh to nearly 300 mills/kWh for residential ownership. 
Municipal ownership increases mills/kWh by 10% to 12%, and public 
utility ownership· increases costs by an additional 20% to 22%. 
The General Electric results are on the average, about 
SO mills/kWh higher (for the case at $100/m2 array area). In 
comparison with the results at $100/m2, $200/m2 assumption r~sults 
in about a 50% increase in annual costs, while the $501m2 

assumptions produce a 25% decrease. The results without batteries 
provide a lower annual cost because, as mentioned, excess output 
goes to the utility. 

C. MARKET READINESS OF PHOTOVOLTAICS 

Technical Readiness 

Research 

As mentioned, single crystal silicon solar cells have been 
manufactured for over 20 years. Techni ca 1 questions center on 
designing and building these systems economically. Most research 
is directed toward semiconductor matedals, effh>iem;y 
improvement. manufrtc:tu ring r1 nrl production procis ses, concentrator 
array design, and system performance. A 1 though each aspect wi 11 

be mentioned separately, these are highly interrelated. 

While silicon, gallium arsenide, and cadmium sulfide are the most 

well-known materials for photovoltaic cells, other semiconductors 
are being investigated, as shown in Table IX-11. The emphasis is 
on finding suitable thin film materials which will ultimately 
reduce the price of photovoltaic cells. 
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TABLE IX-11 

SEMICONDUCTOR MATERIALS CONSIDERED FOR SOLAR CELLS 

Silicon 
Gallium Arsenide 

single crystal and 
thin film 

Cadmium Sulfide 
Copper Sulfide 
Cadmium Stannate 
Indium Phosphide 
Cadmium Telluride 
Copper-Indium-Selenide 
Copper-Indium-Sulfide 
Silver-Indium-Sulfide 

thin film 

TABLE IX-12 

POSSIBLE MANUFACTURING TECHNIQUES FOR SILICON 

Ribbon Growth 

Edge-defined film-fed method (EFG) 
Capillary action shaping technique (CAST) 
Inverter Stepanov technique (IST) 
Web-dendritic growth 
Laser zone ribbon growth 

Sheet Growth 

Dip-coating of low-cost substrates 
Chemical vapor deposition (CVD) 
Hot forming to silicon sheet 

Ingot ·Growth 

Czochralski method (current method) 
Heat exhanger method 
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Directly related to materials is research to improve cell 
efficiency. The goal for thin film is to achieve a 10% efficiency 
by 1980. Silicon is striving toward an overall array efficiency 
of 10%. For concentrating systems, cells which maintain high 
efficiencies under these higher temperatures are being researched. 
The benefits of higher efficiency are twofold. First, less 
semiconductor material is needed. Second, total array area is 
reduced, providing sizable reductions in system cost. 

Most research in production and manufacturing has been executed 
under the Low-Cost Silicon Solar Array Project (LSSA). 
Table IX-12 shows the different manufacturing techniques currently 
under investigation. These encompass single crystal and thin film 
technology for silicon. Also, several contracts have been awarded 
which deal with large-scale automated production for silicon 
arrays. 

Research directed by Sandia is investigating array designs and 
tabri cation for concentrating systems. Some of the designs under 
consideration are parabolic cylinder, paraboloid. cylindrical 
fresnel len~. spherical fresnel lens, and compound parabul i~ 
concentrator. Variations on these systems include different 
tracking mechanisms and differing levels of cell concentration. 

Finally, system performance is being evaluated against a desired 

lifil exp9ctancy of over 20 years. Through actual testing in the 
field, and accelerated life testing, problem areas are being 
discovered and solutions addressed. An item of primary concern is 
the encapsulation system. Research is underway to identify a 
cost-effective material capable of maintaining a 20-year life with 
1 ittle degradation. Also, the interface areas of the system 

(between the parts of the encapsulation system, and at points 
where the encapsulation system is penetrated for externa 1 
electrical connections), are expected to present significant 
technical problems. 
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Implications 

The above discussion demonstrates that no one method of designing 
photovoltaic cells has yet been determined to be the best in the 
long run. Because of its 20-year history, single crystal silicon 
cells are currently the most widely produced. ·Concentrating 
systems are being pursued for their potential near-term cost 
reductions. Finally, thin-film systems are being investigated as 
low-cost arrays for the long term. However, a potential problem 
exists here. Because of anticipated cost reductions with future 
technology, industry may be hesitant to make large capital 
investments for automating and improving single-crystal silicon 
technology. It could be viewed as risky, with little time for 
return on investment before future technologies make this 
investment obsolete. 

The State of the Photovoltaic Delivery System 

A list of photovoltaic manufacturers currently identified· is 
contained in Table IX-13. Because the photovoltaics industry is a 
rapidly growing and changing one, this list may be incomplete 
(Texas Instruments, Inc., among others. is expected to enter the 
market soon), or incorrect in places (changes in types of arrays 
produced). 

Current manufacturers usually supply most of. the 
services--production, sales, system design, all auxiliary 
components, and occasionally .even installation ·and maintenance. 
One company representative indicated that 1 inks are being formed 
between themselves and intermediaries already established to serve 
specific markets [IX-5]. For .each different market 
(communications, impressed current . protection, water pumping, 

etc.), this manufacturer designs the system and provides the 
equipment, but the intermediary installs th.e equipment for his 
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TABLE IX-13 

PHOTOVOLTAIC MANUFACTURERS 

Company 

Angelia Products Co. 
ARCO Solar 
Columbia Chase 
International Rectifiers 
Mobi 1 Tyee 1 
Motorola, Inc. 
M-7 International 
Optical Coatings Lab Inc. 
Photon Power 2 
Sensor Technology 

2 SES, Inc. 
S i1 i con Mater i a 1 ; I n c • 
Silicon Sensors, Inc. 
Solarex Corp. 
Solar Power Corp. 
So lee, Internat1onal, Inc. 
sa·llos, Inc. 
Spectrolab, Inc. 
Sp i r·e Cor-p. 
sun Track corp. 
Vactec Inc. 

Flat Plate 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 

X 

Concentrating 

X 

X 

X 

X 

X 

X 

X 

X 

1 
Not currently manufacturing, evaluating EFG method for 

silicon. 
2 

Not currently manufacturing, planning to manufacture cadmium 
sulfide cells. 
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customers. 

intermediary 

system. 

In some instances, particularly marine aids, the 

has developed sufficient skills to also design the 

Another company [IX-6], which provides photovoltaic systems 

primarily for communication equipment, indicated that they deal 

directly with the end-user. They have about 50 to 60 sales 

offices around the country as well as some 1 ess-used franchised 

distributions. (The number of sales offices is expected to vary 

greatly by company. Companies already well established in fields 

other than photovoltaics, as this company is, can probably 

incorporate photovoltaics into their already existing distribution 

channels.) In general, though, this structure must be developed 

so that marketing distribution, installation, and maintenance 

capabilities also exist fully in organizations other than the 

manufacturer. 

Finally, there are no integrated facilities dedicated to the 

manufacture of auxiliary .equipment, such as batteries, inverters, 

and regula tors specifically for photovol tai c arrays. If this 

equipment is manufactured specifically for photovoltaic systems, 

cost reductions could occur. 

Institutional Barriers to Market Readiness 

Numerous institutional and legal barriers exist which must be 

addressed before widespread application of photovoltaic systems 

will occur. These issues deal primarily with far-term 

applications (residential and utility) and will be discussed 

accordingly. Most of these problems are not unique to 

photovoltaics, but rather apply to several solar technologies; 

hence, the discussion will be brief. Because concerns are for 

far-term technologies, many of these issues will have been 
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addressed by other solar technologies; so, fewer barriers should 
exist when commercial readiness is achieved. 

Risks Associated with Photovoltaics 

Costs 

A large element of risk in photovoltaic systems can be seen by 
looking at today•s price!i, DOE price goals, and a few projected 
prices. For large volume orders, today•s prices generally range 
between $10 and $15/Wp, depending on the company. DOE price goals 
(in 1975 dollars) have been set to achieve $2/Wp in 1982, $0.50/Wp 
in 1986, and $0.10 to $0.30/Wp in 1990. A sizable reduction from 
current prices is required to reach these goals. Automated 
production facilities and large volume production are necessary, 
but will not assure these reduction goals. Price projections 
from one company show $0.50/Wp not being reached until 1990 [IX-
18]. However, researchers at the University of Delaware•s 
In!ititute of Energy Conversion indicate ltld t $0. 25/Wp cou1 d be 

achieved by 1982 using cadmium sulfide [IX-25]. They are 
currently trying to commit five compnni es to participate in a 
continuous-process pilot plant. While these are different 
technologies, there is quite a difference between cost projections 
over time. 

Production 

Corresponding to DOE price goals, production goals have also been 
set. These goals call for an annual production of 20 MW in 
1982, 500 MW in 1986, and 10 to 20 GW in 1990. Starting from a 
producton of 750 kW in 1977, meeting these goals would require a 
growth rate of nearly 100% sustained over a 13-year period. 
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Markets 

Intricately related to cost and production is the market. Near­

term markets have been identified, generally small applications 

where conventional power is not readily available. The far-term 

markets, residential and utilities, have a very large potential. 
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X. SOLAR SATELLITE POWER STATIONS 

A. INTRODUCTION 

Since the Solar Satellite Power Station (SSPS) concept was first 

proposed in 1968, research efforts .have examined its various 
aspects, but no systems or prototypes have been built. As 
originally proposed, an SSPS may utilize any of several solar 
conversion technologies--photovoltaic, thermal electric, and 

thermionic--which produce microwaves that are then beamed down to 
one or more Earth receiving antennas and then converted to 
electricity [X-10]. SSPS has the potential for contributing to 
U.S. energy supplies beyond the 1995 to 2000 time period following 
a period of development and demonstration. Feasibility is 
contingent on successful completion of the space shuttle and large 
reductions in the cost of photovoltaics. 

B. SSPS SYSTEM DESCRIPTIONS AND.COSTS 

System Descriptions 

As currently envisioned, the SSPS [X-2] will be located in 
geosynchronous earth orbit (GEO) (19,323 nmi altitude) and would 

provide 10 GW of power continuously per SSPS to the utility 
interface on the ground. The typical satellite would have a 
collection area of 100 km2 and a mass of about s· x 106 kg. It 
will be necessary to construct basic modules of the SSPS (or 
modules) at low earth orbit (LEO) where lightweight structures can 
be bui 1 t under zero-gravity conditions and then transported to 
GEO. 

In GEO, the SSPS would be exposed to from 4 to 11 times the solar 
energy available in areas on Earth. The energy is available 
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nearly continuously except for periods around the equinoxes at 

which time the SSPS would be eel i psed for up to 72 minutes a day 

resulting in 1% loss of energy over a year. Collected energy 

would be converted to microwave energy that would be transmitted 

to a receiving antenna on Earth. At the receiving antenna, the 

microwave energy will be reconverted to electricity and made 

available to a transmission network. 

The SSPS is currently in the concept evaluation phase (DOE-NASA) 

that will last until 1980. The objectives of this phase will be 

to develop an initial understanding of the economic practicality 

and the soci a 1 and en vi ronmenta 1 acceptabi 1 i ty of the concept. 

The first major program mi 1 estone in this phase requires the 

selection of a .. Baseline System Concept .. in October 1978. 

However, in order to proceed with initial systems definition, a 

preliminary baseline concept was chosen. A few of the guidelines 

for this phase are [X-2]: 

• SSPS operational date year 2000 (technology available in 

1990). 

• A maximum rate of implementation of two $$P$ (10 GW) per 

year; 

• A 11 ground receiving antennas sized for 5 GW ( 2 per 

SSPS); 

• Microwave power density not to exceed 23 and 1 mW/c~ at. 

center.and edge, respectively, of the ground receiving 

antenna; 

• All materials for constructing the SSPS are derived from 

Earth resources; 

• System .life is 30 .years (with no salvage value or 

disposition); and 

• Zero launch failure rate. 
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The highlights of the analysis of the baseline concept are: 

• SSPS employs silicon cells with concentration ratio 

of 1. 

1 Receiving antenna area is 100 m2 (including buffer 

zone). 

t Satellite is constructed in LEO in eight elements 
employing a crew of ':::l500. 

• Satellite elements are transferred to GEO using electric 
thrusters (energy derived from solar collection system) 
with a crew of '= 6 in GEO. 

1 Four hundred freighter launches to LEO are required per 
10 GW SSPS, each with a 400 metric ton payload. 

1 Freighters are two-stage winged, land-landing vehicles. 

1 Kennedy Space Center is the launch complex. 

1 Major material requirements are 2 x 106 tons each of 
steel and concrete for·two receiving antennas. 

1 Satellites require 10,000 tons each of graphite, copper, 
and silicon. 

• Transportation propellants require 15 x 106 tons of coal 
per SSPS (all propellants used are derived from coal, 
air, and water). 

• R&D, facilities, transportation fleets, and first 
operational 10 GW SSPS with two receiving antennas will 
cost $86 billion. 

• Subsequent SSPS cost is $23 bi 11 ion at a· rate of one 
10 GW system per year. 

• A plant capacity of .92(allows 87 8-hour down times for 
planned maintenance; all Earth eclipses are within these 
maintenance periods). 
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• Construction Crew: 

* 480 in LEO (250-300 nmi); 

* 60 in GEO; 

* Maximum crew stay time--90 dfys; and 

* Work schedule = 2 shifts; 6 days/week; 10 hours/day. 

Conversion Systems 

Two so1ar conversion concepts have been evaluated in great detail. 

They are: photovoltaic and ·thermal-electric. Several 

photovoltaic energy conversion configurations are being 

considered, mainly differing in the specific choice of 

photovoltaic materials (silicon, GaAlAs, GaAs), structural 

arrangements, solar concentration factors, and methods of 

minimizing gravity gradients and disturbing torques due to 

microwave antenna recoil and solar radiation pressure. At present 

the NASA-DOE baseline concept employs photovoltaic cells with a 

concentration ratio of one. fhe solar cells generate electricity 

directly, and the electrical energy is converted to microwave 

energy for tran!;mi!;sion to Earth. The system 1s highly modular 
consisting of 1l8 structural bays, bbU meters square, with each· 
structural bay supporting a planar photovoltaic array consisting 

of 50 micron solar cells integrated with 75 micron borosilicate 

glass frontcover and 50 micron borosilicate glass backcover. The 

sat&ll it& 5tructure i 5 a twoeti er araphi te epo.xy tubular strusc; 

structure. The solar cells have an assumed efficiency of 17.3%, 

and the .cost of the solar cells is approximately $150/nf 

(including covers) with the structure costi~g $50/kg. The overall 

dimensions of the satellite are 24.1 km x 5.3 km x 0.47 km. The 

satellite would be constructed in eight building blocks at GEO. 

As each building block is completed at LEO it would be transported 

to GEO using the solar cells to power ionengines for the orbit­

transfer. 
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Thermal-electric conversion is being considered as an alternative 

method of producing power. In this approach, mirrors focus solar 
radiation onto a cavity where heat is absorbed by a working fluid 
such as helium and transferred to heat engines that drive electric 
generators. Similar to photovoltaic systems, electricity is 
provided to the microwave power transmission system. A Brayton 
cycle engine (similar to jet engines on Earth) or Rankine cycle 

engine would be used for the heat engine. The Brayton cycle does 
not require boilers and condensers (working fluid is always in the 
gas phase) and operates at high temperatures (1400°C). The high 
temperature is required to achieve efficient operation (15%). 
This approach wi 11 require development of high-temperature 
materials for the engine as well as the optical concentrator for 
the solar radiation. The Rankine cycle engine utilizes both 
liquid and gas phase (working fluids being considered are cesium, 
cesium/steam, and potassium). The Rankine cycle operates at a 
1 ower temperature of 1038°C with a maximum efficiency of 12%; 
however, the Rankine engine is 1 i ghter in weight in terms of 
(kg/kW). The overall size of an SSPS employing this conversion 
system ranges in overall dimensions from 10.21 km x 3.66 km x 
3.05 km to 24.3 km x 18.22 km x 3.66 km. These systems are not as 
modular as the photovoltaic concept and have additional 
complexities if operated in GEO (such as articulation of 
reflectors) along with technical challenges. The key advantage is 
their relative light weight (one concept uses inflatable parabolic 
reflectors pressurized to 300 psi to concentrate sunlight) 
compared to an SSPS employing photovoltaics. 

Microwave Transmission System 

The key components in the system are the microwave transmitting 

antennas 1 ocated on the SSPS. In the baseline concept, there are 
two transmitting antennas mounted on gimbals to independently 
point to two ground receiving antennas, each link providing 5 GW 
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of power (at the uti 1 i ty interface). The function of the system 

is to convert electrical energy into microwave radio frequency 
energy and to efficiently transmit the microwave beam to the 
receiving antenna 1 ocated on the ground. The baseline concept 
employs klystrons (transistors are still under consideration) 
integrated with radiating waveguide modules which operate at 
2.45 GHz, with an efficiency of 85% and power level of 72 kW. Use 
of transistors would change the transmitted frequency to 0.915 GHz 
and require a larger antenna for equivalent beam energy densities 
and pattern. 

Two antenna patterns are being considered that deliver 5 GW of 
power at the utility interface. The two patterns are a Gaussian 

shape and a Bessel-J shape. The Bessel-J distribution has a lower 
minimum power density for the same delivered power. However, the 

ground receiving antenna requires a 7.5 km radius as compared to a 
5 km radius for the Gaussian beam. 

The receiving antenna system is comprised of row-on-row of arrays 

which are oriented normal to the incoming microwave beam and are 
organized in a large number of subarrays (::: 2U m2). l"he pri nci pa 1 

baseline concept employs arrays composed of individual diapo1e 
antennas, each requiring a diode rectifier. This configuration 
requires a large number of diodes, and the diodes operate out of 
their most effi-cient region due to low si~nal levels. Various 
concepts are being evaluated to improve this part of the 
transmission system. The total receiving antenna has dimensions 
of about Y.4 km x 13 km (elliptical) fat a 36° Lat1tude locat1on 
or about 90 km2 land area. This receiving antenna would have a 

power level of 1 mW/cm2 at the edge of the antenna and 0.1 mW/cm2 

at the fence around the antenna located 1.3 miles around the edge 
of the antenna. This size meets the u.s. microwave level of less 
than 10 mW/cm2 at the outer edges by a factor of 1/100th, but is 
higher than the international standard of 0.01 mW/cm2 by a factor 
of 10. 
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A cl osed-1 oop retro-di recti ve-array phase- front control is used 

between the subarrays of the receiving antenna and transmitting 

antenna (SSPS) to achieve the desired efficiency, pointing 

accuracy, and safety of operation of the microwave beam. In the 

retro-directive-array design, a reference beam is transmitted from 

the center of the receiving antenna to a phase comparator at the 

center of each subarray in the SSPS transmitting antenna and also 

to a reference subarray in the transmitting antenna center. The 

central subarray transmits the received reference signal to the 

subarrays (over calibrated coaxial cables so that when it arrives 

at the individual phase comparators the reference signal is an 

integral multiple of 2 rr radians) for comparison with the signal 

received directly from the ground receiving antenna. Any 

difference in phase results in error signals that may be the 

,~ result of improper alignment, etc., which is used to correct the ··:· 

primary transmitted power beam. 

The diodes in each dipole antenna of the rece1v1ng antenna produce 

a DC output which is accumulated and converted to AC for interface 

with the transmission network. 

Transportation System 

To build and maintain SSPS systems in orbit, a space 

transportation system which provides low-cost transportation 

( $10-$100/1 b in GEO) is required. The key to 1 ow-cos.t space 

transportation will be the utilization of reusable vehicles. The 

current Space Shuttle Orbiter program wi 11 pro vi de the test-bed 

for this concept. The 5huttl e i 5 anticipated to reduce currant 

payload cost of $10,000/lb in GEO to $1,000/lb in GEO. 

The currently preferred transportation system is made up of four 

elements. They are: (1) Personnel Launch Vehicle, PLV; (2) 

Personnel Orbital Transfer Vehicle, POTV; (3) SSPS Cargo Launch 
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Vehicle--the heavy lift launch vehicle, HLLV; and (4) the SSPS 

Cargo Orbital Transfer. 

In the reference baseline system, a fleet of two PLVs will be used 

to establish a construction crew in LEO of approximately 480 

people (plus an additional 60 people who will be eventually 

transported to GEO). This is based upon a 90 day stay time and 

80% load factor. Every 14 days it would·carry into orbit a crew 

of 75 passengers and return with an equal number (after they have 

stayed in orbit for 90 days). This will require 36 flights per 

year to support .construction of a single SSPS. The PLV will not 

be a new space vehicle but wi 11 be a modified Space Shuttle 

Orbiter. It will require a new second stage using liquified 

oxygen/methane engines. This new second stage wi 11 rep 1 ace the 

current solid rocket motors used on the Shuttle Orbiter and will 

be ballistically recovered after launch. The existing payload bay 

in the Orbiter will be used to contain the life support capsule 

for the 75 personnel during transport. 

The SSPS Cargo Launch Vehicle, HLLV, will be a two-stage winged 

launch vehicle with a 424 ton payload capability to LEO. This 

veh1cle 1s not 1n the current inventory and w111 be il new 

development. However, present concepts show heavy emphasis on the 

Shuttle Orbiter design. The first stage has 11 fly back .. capability 

utilizing air~breathing engines with a landing weight of 934 tons 

(a Boeinq 747 has a landinq weiqht of 302 tons). The second staqe 

orbiter flies to the LEO orbital base with the payload and 

deorbits for an unpowered landing at the launch site with a 

landing weight of 439 tons. This vehicle will carry into orbit 

the materia 1 s to construct and support the SSPS. To support the 

construction of a single SSPS per year a fleet of six HLLVs with a 

four-day turnaround will be required or 391 flights per year (plus 

61 addition a 1 flights the first year to pro vi de materia 1 s for 

establishing the LEO and GEO construction bases).· 



To provide for transportation of personnel and resupply to GEO 

from LEO, a fleet of two POTV vehicles will be developed {they 

would be fully reusable). The POTV will be a two-stage vehicle 

{each stage is i denti ca 1 except for the number of engines) and 

will deliver 65 tons to GEO and can return 41 tons to LEO. A 75 

man crew transfer vehicle and resupply module will be the payload. 

The POTVs would make a total of five flights per year to support 

construction of a single SSPS per year. 

The Cargo Orbital Transfer System will transfer 1/8 sections of 

the SSPS from LEO to GEO using power generated from that section 

{such as partially deployed solar cells) of the SSPS. Ion 

electric argon thruster module panels located at each of the four 

corners of the 1/8 SSPS module provide the primary thrusters with 

L02/LH2 thrusters included to provide attitude control during 

transporting. Two sizes of thruster modules wi 11 be developed: 

{ 1) for transporting 1/8 SSPS modules and {2) transporting of 

minor assemblies such as antennas. These thruster modules will be 

a new development based upon the "space tug" concept which will 

have been thoroughly eva 1 uated during the Space Shuttle Orbiter 

program through the use of specialized vehicles called 

·"tel eoperators" and 1 arger space tugs. 

SSPS System Cost 

The cost of implementation of the SSPS concept is on the seale 

that compares with other major energy options {increased use of 

coal, fusion, etc.). The cost is measured in billions of dollars 

as opposed to mill ions. The basic cost data for SSPS are from 

recent analysis performed at NASA JSC.· This analysis is 

consistent in assumptions with the other analyses used in· this 

report. Some of the basic assumptions are: 

273 



• 1978 dollars; 

• 500 mission life of launch vehicles; 

• 50 mission life of space vehicles; 

• Photovoltaic SSPS; 

• 30 year lifetime for SSPS; 

• Rate of return 15%; and 

• Capacity factor .92. 

Table X-1 provides the cost breakdown of design, development, test 
and eva.luat1on for the elemF:'nt.s of thP SSPS. The total estimated 
cost is $42.575 billion over a period of 20 years. The peak 
funding level for DDT&E over this period would be approximately $5 
billion per year. The total cost to establish the first 
operation a 1 SSPS is shown in Tab 1 e X-2. The tota 1 cost is 
$86.693 billion and includes the DDT&E cost. of $42.575 billion. 
The funds for the first SSPS would be spent over a 13-year period 
w1th a peak fumJiny level of combined DDT&E and the first SSPS 
reaching between $6 billion and $7 billion per year. (Current 
funding l~vel for all NASA programs is at the $4.3 billion level 
drltl r~dt.:.l'led a peak of $5 b1111on to $6 billiun tlur"ing the Apollo 
program in 1965 dollars.) The electricity from the first SSPS 
would have to be sold at approximately 140 to 170 mills/kWh (see 
Tabl c X~IJ) at the busba.r to recover these costs with adequate 
rP.t.urn on investment. 

If 30 SSPSs were built at a rate of one per year, the busbar cost 
of electricity to the uti 1 i ty interface would be from 37 to 
47 mills/kWh to recover development costs and maintain a profit. 
This is competitive with present costs of electricty and even more 

so in the 2000-2030 time frame. Table X-3 shows the average cost 
breakdown (primary capital investment and O&M) per SSPS if 30 will 
be built. Table X-4 summarizes the average cost per SSPS to show 
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TABLE X-1 

DESIGN, DEVELOPMENT, TEST, AND EVALUATION PHASE COST FOR SSPS 
(in Millions of Dollars) 

Power Conversion, Transmission, Reception 
Technology Verification 
Transportation System 

HLLV 
COTV 
OTV 
PLV 

Construction Base 
SSPS Hardware Facilities 
Launch Facilities 

TOTAL 

TABLE X-2 

TOTAL COST FOR FIRST OPERATIONAL SSPS 
(in Millions of Dollars) 

DOTE .$ 42,575 

First SSPS 12,829 

Construction Base 13,802 

Rectennas 4, 446. 

Transportation 13,041 

TOTAL $ 86,693 

$ 3,344 

2,926 

11,100 

. 1, 700 

1,500 

1,900 

6,939 

10,366 

2,800 

$ 42,575 

H~ 

,t, 

'i~ 

b 
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TABLE X-3 

AVERAGE COST PER SSPS IF 30 SYSTEMS ARE CONSTRUCTED 
(in Millions of Dollars) 

1. Satellite 

a. Power Collection (structure, rotary 
joint, attitude control, instrumentation, 
communication, solar cells/blanket, power 
distribution). 

b. Power Transmission (structure, attitude 
control, instrumentation~ commun1cation, 
klystrons, thenmal control, waveguides, 
power distribution). 

Subtotal 

2. Transportation System 

a. 6 HLLVs and Spares 

1) Fuel 
2) Personnel 
3) Other 

b. COTV (set of 8} 

c. PLV (2) 

d. POTV (2) 
Subtotal 

3. Construction Facilities 

a. LEO Base 

b. GEO Base 

c. Transportation 
Subtotal 

4. Ground System 

a. Antenna · 

b. Power Collection & Conditioning 

c. Structure 

d. Land and Site Preparation 
Subtotal 
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$ 4,519.2 

2,621.5 

$ 7,140 

$ 

2,268 

821 
1,760 
1, 720 

2,820 

470 

230 
10,089 

490 

597 

129 
$" r;m 

1,574 

580 

1,788 

504 
$ 4,446 



TABLE X-4 

COST OF ELECTRICITY FROM SSPS 

SSPS PRODUCTION UNIT COST (in Millions of Dollars) 
One SSPS/Year . 

Satellite Ground System Fabrication ! Assembly 

7,141 4,446 1,216 

TOTAL $22,892 or $2,289/kW 

First SSPS 
2nd and Subsequent SSPS · 
Average for 30 SSPS @ One/year 
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NASA Analysis 

164 mills/kWh 
43 mills/kWh 
47 mills/kWh 

Transportation 

10,089 

SERI Analysis 

139-173 mills/kWh 

36.8-45.6 mills/kWh 



a cost for electricity of $2,289/kW for an investment of $22.892 
billion/SSPS. In Table X-4, the levelized busbar costs shown are 
from NASA JSC analysis and SERI costing methodology utilized to 
evaluate other utility applications in this report. 

C. MARKET READINESS OF SSPS 

Technical Readiness Assessment 

The SSPS program readiness is dependent upon at least seven major 
areas in which technical developments or improvements are needed 
prior to commercial deployment (or first operational SSPS). These 
areas are: 

• A successful Space Shuttle Orbiter program; 

• Orbital assembly/control of very large space structures; 

• Development of major engine assemblies utilizing fuels 
made from coal (CH4); 

• Improved performance of photovoltaics; 

• Dt:!velopment of logistics, facilitie!i, and capability to 
support 500 to 600 orbital crew continuously; 

• Development of transportation system; and 

• Resolution of standards for sucepti bil i t.v to microwaves 
for humans and other terrestri a 1 systems (atmosphere, 
birds, etc.) 

Many of the concepts uti 1 i zed in the SSPS wi 11 be proven out 
during the Space Shuttle Orbiter program. The use of glide-back 
reusable vehicles in the Space Orbiter will provide the foundation 
of design of reusable vehicles and confidence in turnaround 
schedules and cost. The shuttle will also provide additional data 
on man-in-space and certain operations that will be utilized by 
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the SSPS. Some of the experiments slated for the shuttle program 

will aid in establishing credibility of space manufacturing 
(tools, restraints, etc.) and construction of large space 

structures. 

It is planned to utilize propellants that can be derived from air, 
coal, and water. Methane as a propellant has had limited 
application in major rocket engine assemblies. In addition, the 
choice of methane is dependent upon coal gasification costs. 

The baseline reference analysis by NASA assumed that photovoltaic 
cells had an efficiency of 17.3% at costs compatible with about 
$0.37 /watt. These are significant reductions in photovol tai cs 

current costs and are highly dependent upon continued improvements 
in solar cells and increased production to reduce the cost. 

The SSPS wi 11 require support capabi 1 i ty for from 500 to 1, 000 
people capable of flight status in orbit plus facilities to 
support at least one or two major launches per day. Typically, 
the launch rate during Apollo or Skylab ranged from 2 weeks to 30 
days. During the Space Shuttle program the rate will increase to 
one 1 aunch per week. The high 1 aunch recovery rate of SSPS wi 11 

require major facility improvements at Kennedy Spacecraft Center 
and new spacecraft management techniques similar to aircraft 
operations. 

The Space Shuttle program wi 11 verify numerous phases of the 
transportation system as well as pro vi de the basic vehicle for 
transporting people into orbit. However, the use of a first stage 
with 11 fly-back capability,. (i.e., powered flight) will be a new 
development. This will require a set of engines of airbreathing 

capability and typical rocket engines. The idea was evaluated for 
the shuttle program; however, it was dropped, due to 1 oss of ,. 

payload capability in the orbiter to carry the additional engines. 
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Additional research and understanding of the nature of 

susceptibility of humans and other organisms to microwaves is 

needed to resolve differences relative to harmless levels of 

radiation. 

State of SSPS Delivery Systems 

Thei'e · a;-e three majo1· a teas in the implementation. of the ssrs 
program that relate to the ability of the industry to produce the 

required products. These are: 

t Space vehicle production for the transportation system; 

t Solar cell production for the collector system; and 

• Propellant production for the transportation system. 

It appears that the facilities to produce the required space 

vehicles exist today. Commitment to the SSPS would require 

expansion of aerospace industry production capacity. Also 

required is the development of in-space manufacturing and assembly 

capability. A major increase in production facilities is required 

for the production of propellants, photovoltaic arrays, and the 

production of the electronic components such as klystrons and 

receiver diodes. 

Photovoltaics 

The present market delivery system for photovoltaic power systems 

consists primarily of small-scale remote applications and some 

large spacecraft applications (Skylab solar panels were the 

largest application of solar cells in space--6-8 kWp during the 

1970s). Most systems are rated at less than 1 kWp. In 1976, the 
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total world market for photovoltaic systems was about 420 kWp. 

Foreign markets are basically the same as the domestic market with 

minor differences in applications. 

Supply availability of solar cells is of prime importance in terms 

of the industry•s ability to produce solar cells in the quantity 

required for the SSPS. Current photovoltaic demand is being 

supp 1 i ed . by a sma 11 photovo 1 ta i c industry with annua 1 sa 1 es of 

approximately $25 mi 11 ion. The industry consists of about 10 

manufacturers of single crystal silicon solar arrays and two pilot 

production 1 i nes for cadmi urn sulfide ( CdS) arrays. With the 

exception of a few small manufacturers, most manufacturers are not 

expanding their production capacity at this point due to the 

uncertainty involved. At present, no 1 arge manufacturing 

facilities exist, and the total world production of solar cells in 

1977 was 750 kWp. A single SSPS would require 17 GWp over one 

year. 

The industry response to the recent flat-plate and concentrator 

program research and development announcement (PRDAs) indicates an 

extensive interest in solar cell fabrication and in the potential 

applications. Also, both the semi conductor and chemical 

industries can apply their current knowledge of production 

processes to the production of advanced solar cells. 

Some of the barriers and constraints to supply availability. of 

solar cells are: 

• non-automated production facilities; 

• lack of trained manpower; 

• materials and equipment availability; and 

a time required for development. 
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Industry development is also constrained due to the undeveloped 

industry infrastructure. Four of the 10 U.S. manufacturers of 

solar cell array provide most of the products. These 

manufacturers do their own marketing, distribution, sales, and 

services. 

Space Vehicles 

An important factor in assessing the market readiness of the SSPS 

is the state of the acro!ipace industry and its abi 1 i ty ·to proctuce 

the required vehicles for the transportation system. 

At present, U.S. launch vehicles can be divided into two 

categories: Basic Vehicles and Upper Stages. Basic vehicles 

include (1) Titan (Martin Marietta Aerospace); (2) Saturn V 

(Boeing); (3) Atlas (General Dynamics); and (4) Delta (McDonnell 

Douglas). Upper stages include (1) Agena D (Lockheed); (2) 

Centaur (General Dynamics); and (3) Transtage (Martin Marietta). 

In addition, many companies in the aerospace industry have been 

involved in the production of large- and mec1itim-!>1ze boosters, 

lMge winged aircraft, manned ~pacecraft, and the space shuttlP.. 

Examples of such industry involvement are: 

t RoPing--Apollo Saturn V booster and 747 transport 

aircraft; 

• Lockheed--Polaris medium booster, L1011 large winged 

aircraft, Agena (upper stage). and CS-A transport; 

• North American Rockwell--Apollo Command Module, Space 
Shuttle Orbiter and rocket engines, and B-70; 

• McDonnell Dougl as--Skylab Orbital Workshop, Genri ni 

Spacecraft, and DC•10 (large winged aircraft); 
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• Grumman Aerospace--Apollo Lunar Exc~rsion Module and 
small aircraft; 

• Aerojet General--Medium boosters, rocket engines; and 

• Martin Marietta Aerospace--Medium boosters, Titan III 
booster, Shuttle External Tank, Skylab Manned 
Spacecraft, Transtage, Space Shuttle payloads, and 
Teleoperator. 

It can be seen that the aerospace industry's involvement in the 
production of 1 arge boosters, 1 arge winged vehicles, and manned 
spacecraft of sizes comparable to the transportation system needs 
of SSPS indicates the readiness to engage in an SSPS program. The 
companies mentioned above possess the manpower, facilities, and 
production capability required for manufacturing the small number 
of space vehicles required for the SSPS transportation system. 
The large winged aircraft for the two stages of the HLLV are 
approximately the size of the CS-A, 747, LlOll, and DC-10. The 
PLV is the Shuttle Orbiter with an add-on stage and a personnel 
capsule. Five Space Shuttle vehicles are planned at present while 
the preliminary baseline concept for the SSPS proposed by JSC 
calls for two such vehicles. Thus, based on the industry's 
related experience and activity today, it can be seen that the 
facilities and experience needed for the production of large space 
vehicles such as the ones required for the SSPS exist today. 
However, some modifications and expansion of facilities will be 
required for the aerospace industry to engage in the SSPS program. 

Propellant Production 

The SSPS program will require large quantities of propellants for 
the launch vehicles. JSC estimates of propellant requirements are 
as follows: 



Liquid o2 ~ 3 x 106 metric tons/SSPS 

Liquid H2 ~ 140000 metric tons/SSPS 

CH4 -a 700000 metric tons/SSPS 

AR ~ 25000 metric tons/SSPS 

Since oil and gas are projected to increase dramatically in cost, 
using coal to produce these fuels is being considered. A study of 
propellant costs assumes coal gasi fi cation at the mine and then 
transportation to the 1 aunch site through a pipe 1 i ne. The 1 arge 
quantities at continuous rates of fuels and cryogens required at 
the launch site justify the expense of transporting the fluids by 
pipeline. 

Annual coal requirements for the hydrocarbon propellants are 
estimated at 27.5 minion and 203 million metr1c tons for the 
minimum and maximum cases respectively. These quantities of coal, 
if needed now, would constitute approximately 60% of the 1967 coal 
production. It is estimated that in the years from 1 qgs to 2000, 

the coal requirements for the SSPS would amount to approximately 
10% of the nati ona1 ouput at that time and will not impact the 
nation a 1 reserves. The gasi fi cation .;~_nrl c:ryogeni c industries are 
not currently capable of meeting SSPS propellant requirements. 
The investment required for such a plant is estimated at about 
$1.5 billion per year throughout the SSPS program [X-9]. 

Another source not considered by NASA waul d be the use of wood 
( bi amass) as the source for the propellants. (Note that 'in the 
production of methane [see Section V of this report] from wood a 
LOX plant is required.) The biomass production would utilize the 
same techno logy required by co a 1 but without the adverse 
environmental impacts ( co2 and sulfur) and safety hazards 
associated with use/mining of coal. 
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Institutional and Environmental Barriers to SSPS Market Readiness 

Numerous institutional and environmental factors could affect SSPS 

and should be addressed both at the national and i nternati anal 

levels. Consideration should be given to public health and 

safety, ecological balance, communication interference, 

utilization_of space, and political implications. 

Orbit and Frequency Assignments 

It would be d~sirable to assign the geosynchronous orbit (GEO) 

based on international agreements and a request by the United 

States to the United Nations to assign and record such orbits is 

being worked on. 

The m1 crowave frequency for the transmitting system is to be 

assigned by i nternati anal agreement such that any interference 

with terrestrial radio frequencies will be avoided. Other 

interference from the beam wi 11 be minimized through cooperation 

at the international level. 

Microwave Exposure Levels 

Microwave exposure standards for the United States and any other 

country that may b·e affected need to be researched to reaffirm or 

determine the levels· of microwave radiation and their effects. At 

a 10 km radius from the center of the beam,. the radiation levels 

would meet the lowest international standard for continued human 

exposure to microwaves [X-5]. This standard, at present, is that 

of the U.S.S.R. which is 0.01 mW/cm2• The effects on birds and 

aircraft passing through the beam for short periods is believed to 

be negligible and will be reverified by NASA research. 
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Integration with Electric Utility Systems 

Due to the amount of energy generated and transmitted by the SSPS, 
it is required that it be integrated with the utility grid. Since 
the SSPS has a capacity factor as high as .92 it will provide 
basel oad power. The question of ownership must be worked out to 
take advantage of this base load capability. One of the proposals 
concerning ownership has the receiving station and antenna owned 
by a utility or by a group of utilities. In this case the utility 
waul d buy power from the SSPS which waul d be owned through a 
government corporation such as that employed with telecomunication 
satellite systems. This approach has a tendency to use the SSPS 
as a supplier of peak rather than baseload power (i.e., the 
utilities use SSPS power only when they need it). Complete 
ownership of the entire SSPS by a utility consorti urn seems to 
overcome this problem. This approach requires a much larger 
investment by the utility for the SSPS compared with the 
investment required for a receiving station and antenna. The 
government caul d make a 1 oan or 1 oan guarantee to the uti 1 i ty 
group, who would then pay it back with interest. The cost of SSPS 
OOT&t would be initially borne by the government, but would be 
recovered in the sale of future production of SSPSs. 

Vul nerabi 1 i ty 

A practical plan for minimizing the vulnerabi.lity of the SSPS to 
possible hostile actions is required. Included are international 
agreements to minimize the chance of a hostile attack on the SSP$ 
is required. Such agreements can include usage of the satellite 
by other countries for the purpose of weather surveillance, 
communications, relays, space·studies, and power [X-4]. · 

Other factors mi nimi zing vulnerability include automated 
fabrication and assembly where possible to minimize damage by 
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individual workers. The practices employed by NASA in past space 
programs (such as "no single-point-failures"; modular design; 

quality control,. test, and evaluation) will ·minimize vulnerability 
during construction and operation. The design of the SSPS is such 
that a single component failure cannot cause 100% loss of an SSPS. 

To reduce vulnerability and improve ground safety of the ground 

portion of the SSPS, the receiving antenna area (80 km2) should be 
fenced with a buffer zone raising the ground area to 100 km2. 

Again, the design of the receiving antenna is such that damage to 
one portion will not cause outage. 

Overall the SSPS does seem relatively safe as opposed to other 
centralized systems located entirely on the ground (nuclear power 
plants, photovoltaic plants, solar thermal plants, etc.) 

Environmental Impacts 

The major environmental impacts of the SSPS in the areas·of 
resource allocation such as 1 and management, required energy for 
construction and operation, waste heat disposal, and interaction 
with the upper atmosphere [X-5]. More specific examples of the 
environmental impacts include: 

• Waste heat released at the receiving antenna site from 
the rectification has an impact on the environment. 

• Land use for each solar satellite would be approximately 
200 km2 (two receiving antenna sites per SSPS). As the 

microwave 1 eve.l beneath the antenna is nonexistent and 
the receiving antenna is about 80% transparent to 
sunlight and is impervious to rain, the land can be made 
productive in a number of ways offsetting the land use. 
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This means that there is no barrier to productive 

agricultural or industrial use of the land. There 

should be no microwave radiation beneath the receiving 

antenna such that the land can be put to productive use. 

In addition, the land use of 200 km2 to generate 10 GW 

continuously (base load) should be compared to other 

solar options. For example, to provide 10 GW baseload 

power (at a capacity factor of .92) on the ground would 

r·equi re l:.:1. 300 to 500 km2 for a photovol tai cs plant, 

425-1,200 km2 for a solar-thermal system, or a 
~ 15,000 km2 energy farm (biomass). 

• Atmospheric poll uti on by frequent 1 aunchi ng of space 

vehicles should be studied. 

• Microwave interactions with the ionosphere are not 

expected, due to a low beam density of 23 mW/cm2 • 

However, further i nvesti gati on is required in the area 

of electron dens·i ty d1dnges that may be caused by 

densities greater than 23 mW/cm2 and frequencies greater 

than 2.45 GHz. 

Other institutional barriers include public resistance to large 

centralized systems and the education of the public regarding 

microwaves. 

In terms of resource avai 1 ab11 i ty and energy consumption, 

conflicting assessments are found regarding the availability of 

materials for GaAs and CdS photovoltaic cells. However, silicon 

is the most abundant element on Earth. 

If it is assumed that aluminum would be the most widely used 

material, the studies by NASA indicate a need for one mill ion 

metric tons for each 10 GWe sat~llite station. This translates 



into approximately 13% of U.S. reserves, and 0.08% of world 
reserves for each SSPS [X-6]: 
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XI. SOLAR TOTAL ENERGY SYSTEMS 

A. INTRODUCTION 

A solar total energy system (STES) is characterized by the use of 

solar energy for on-site generation of electricity with recovery 

. and reuse of turbine waste heat to meet thermal demands. STES 

systems currently under consideration are either central receiver 

or distributed collector configurations for electricity generation 

and process heat, space heating and cooling, and water heating. 

So 1 ar total energy systems applications are not well understood. 

These systems ', are often confused with . conservation and 

cogeneration of electricity with conventional fuels. Few STES 

cost studies exist. For a fair comparison, solar total energy 

system costs must be compared with conventional total energy 

system costs in the same application. However, costs are 

difficult to apportion between electricity generation and thermal 

demands [XI-7]. Si nee the number of cost studies are few and are 

not consistent among applications, this section summarizes· solar 

total energy systems under an ideal application concept as 

analyzed by the Aerospace Corporation [XI-1, XI-2, XI-3]. The 

major features of an ideal application concept are: 

t The amplitude and duration of the daily and seasonal 

thermal and electric loads are constant and in a ratio 

which will use all the available waste heat of the 

turbine. This maximizes the overall STES efficiency. 
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• The electric load is in phase with the insolation, thus 
minimizing high-temperature storage requirements and 
costs [XI-1, p. III-1]. 

The ideal application concept presents the most favorable economic 
picture for STES. The conclusions of the Aerospace study state 
that STES applications may be cost-competitive with fossil fuel 
alternatives and can displace fossil fuels. 

Additional analysis has indicated that the technical 
and economi ca 1 performance of STES can be attractive 
for a wide variety of applications. If the ratio of 
thermal to electric demand is above 1.5 and the 
turbine inlet temperature exceeds 450°F [XI-1, 
p. I-2]. 

However, this conclusion is contingent upon collector costs 
declining to meet DOE goals and a more limiting factor of 
achieving high-tem~erature storage capabilities. High-temperature 
storage costs are currently five times higher than low-temperature 
storage costs [XI-1, p. III-5]. 

B. SUMMARY OF COSTS 

An analysis was performed of STES costs as a function of size and 
operating time. Cost estimating rel ati onshi ps were developed for 
each subsystem and combined to obtain total capital and operating 
costs. Subsystems examined include land, structure, solar plant, 
tllrbi ne electrical plant, ma5itir controls, mi scill aneous plant 
equipment, and operation and maintenance costs. costs w~re 

calculated for system sizes ranging from 10 kW to 10 MW for the 
1985, 1990, and 1995 time periods. Costs ranged from a high 
estimate of $12,730/kW for a 10 kW plant in 1985 to a low estimate 
of $1 ,475/kW for a 10 MW plant in 1995 per unit of capacity. The 
1 atter figure reflects the DOE design goal of $65/m2 for 1 arge 
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quantity heliostat production. Relationships were then 
established between these costs and nominal costs using the ideal 
application simulations to compare with conventional costs. These 
relationships are being used in the market penetration model 

development of the Aerospace study. 

Cost estimates developed by Aerospace (in doll ars/kW) for STES 
operations beginning in 1985, 1990, and 1995, and for STES 
capacities of 10 kW and 100 kW and 1 MW and 10 MW are provided in 
Tables XI-1 through XI-5. A comparison of the Aerospace costs with 
current test facility, pilot plant, and commercial plant cost 
estimates developed by DOE contractors is also presented. The 
32 kW STES test faci 1 i ty cost is an Aerospace estimate based on 
data furnished by Sandia. These data exclude design and 
development charges. The comparison shows that the 1 MW, 1985 
STES cost is close to the Ansaldo/MBB plant estimate (XI-4) and 
consistent with costs estimated by Atomics Internati anal in its 
STES study (XI-6). The 10 kW and 100 kW STES systems costs, 
however, are significantly lower than the cost trends shown in the 
Atomics Internati anal study. (Atomics Internati anal study used 

collector costs -of $81Im2 for all size systems; Aerospace 
collector cost varied with size and operational date.) For the 1 
MW STES, collector cost estimates by Aerospace varied from $142/m2 · 
in 1985 to $71/m2 in 1995. The 10 MW STES cost estimate reflects 
the anticipated cost reduction to be gained from construction of 
the pilot plant and a continuing R&D program. All costs presente9 
in these tables are not presented on a mills per kilowatt hour 
basis because no attempt has been made to apportion costs to 
electricity generation or thermal demand. 

In summary, cost estimates generated under an ideal application 
concept are much lower than other contractor's estimates for 1985, 
10 kW and 100 kW size plants but consistent with other estimates 
for a 1985 1 MW STES. This consensus of opinion may be due to the 
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T.A.BLE XI-1· 

STES COSTS USED IN JNITIAL AEROSPACE SIMULATION STUDIES 

500 kW Ideal Application 
Central Receiver Configuration 

. Albuquerque/Phasing Pattern I 
197:' Cost Base 

Cost 

Si.ze Unit Cost $000 

Co 11 ec t()r Sy stern 75,000 ft2 $14/ft2 1050 
Power Conversion 500 k~' $400/kW 200 
High Temp. Storage 10 X 10~ Btu. $4500/MBtu 45 
Low Temp. Storage 50 X 10 Btu $1000/MBtu 50 

Total 1345 

Source: Xl-2, p •. III-2 

Total STES Unit Cost = $2690/kWe 

78 
15 
3 
4 

100 



TABLE XI-2 

SOLAR TOTAL ENERGY SYSTEM 

10 kW Central Receiver Configuration 
Cost Per kW of Installed Capacity- Aerospace Model (ST-N127) 

1977 Cost Base ($) 

Year of 
Initial Operating Capability 

Description 198S 1990 199S 

Land & Land Rights so so so 
Structures & Improvements 3SO 290 2SO 
Solar Plant Equipment 

Collector Equipment 3410 2280 1710· 
Receiver 620 300 2SO 
Tower & Platform 3180 2740 2240 
Thermal Storage - Hi Temp 13S 70 so 
Thermal Storage - Low Temp 160 8S 60 

Total Solar Plant Equipment 7SOS S47S 4310 

Turbine Plant Equipment 1000 700 S10 
Electrical Plant Equipment 100 70 so 
Plant Master Control Equipment 70 3S 2S 
Miscellaneous Plant·Equipment 150 80 so 

Total Basic Plant Cost 922S 6700 S24S 

Indirects & Distributables 184S 800 420 
Contingency 1660 97S 510 

Total Solar Energy System 12730a 8475 617S 

aAerospace cost estimate for a 32 kW test facility in 1978, (based 
on Sandia data) is three times this figure, approximately $40,000/kWe 
installed capacity [XI-10]. 

Source: XI-2, p. III-3. 
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TABLE XI-3 

SOLAR TOTAL ENERGY SYSTEM 

100 kW Central Receiver Configuration 
Cost Per kW of Installed Capacity -Aerospace Model (ST-N127) 

1977 Cost Base ($) 

Year of 
In i ti a 1 Operating Capabj..l.i!,t 

Description 1985 1990 1995 

Land & Land Rights 20 20 20 
Structures & Improvements 200 170 150 
Solar Plant Equipment 

Collector Equipment 2380 1600 1210 
Receiver 510 260 210 
Tower & Platform 610 530 430 
Thermal Storage - Hi Temp 100 50 35 
Thermal Storage - Low Temp 155 80 60 --

Total Solar Plant Equipment 3755 2520 1945 

Turbine Plant Equipment 770 490 355 
Electrical Plant Equipment 90 65 50 
Plant Master Control Equipment 65 30 25 
Mi~cellaneou& Plant EquipmAnt 140 75 so 

~ -.!~. 

Total Basic Plant Cost 5040 3370 2595 

Indirects & Oistributables 1010 405 210 
Contingency 910 490 255 

~ 

Total Solar Energy System 6960a 4265 3060 

aAtomics International cost estimate for a 400 kW central receiver 
plant in 1986 is approximately $8500/kWe instal1ea capacity (XI-6). 

Source: XI-2, p. III-4. 
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TABLE XI-4 

SOLAR TOTAL ENERGY SYSTEM 

1 MW Central Receiver Configuration 
Cost Per kW of Installed Capacity -Aerospace Model ( ST -N127) 

1977 Cost Base ($) 

Year of 
Initial Operating Capability 

Description 1985 1990 1995 

Land & Land Rights 10 10 10 
Structures & Improvements 120 100 90 
Solar Plant Equipment 

Collector Equipment 1870 1250 940 
Receiver 430 220 180 
Tower & Platform 290. 230 190 
Thermal Storage - Hi Temp 90 45 30 
Thermal Storage - Low Temp 150 80 60 

Total Solar Plant Equipment 2830 1825 1400 

Turbine Plant Equipment 530 335 245 
Electrical Plant Equipment 85 60 45 
Plant Master Control Equipment 60 30 20 
Miscellaneous Plant Equipment 130 70 45 

Total Basic Plant Cost 3765 2430 1855 

Indirects & Distributables 750 290 150 
Contingency 680 350 180 

Total Solar Energy System 5195a 3070 2185 

aAnsaldo/MRB cost estimate for a 1 MWe plant in 1977 is approximately 
$6,000/kWe installed capacity (XI-4). Atomics International cost 
estimate tor a 5 MWe central· receiver is approximately $4, 000/kWe 
installed capacity lXI-6.) 

Source: XI-2, p. II I-2. 
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TABLE XI-S 

SOLAR TOTAL ENERGY SYSTEM 

10 MW Central Receiver Configuration 
Cost Per kW of Installed Capacity - Aerospace Model (ST-N127) 

1977 Cost Base 

Year of 
Initial Operating Capabi 1 i.ty 

Description 198S 1990 199S 

Land & Land Rights s s s 
Structures & Improvements 70 60 50 
Solar Plant Equipment 

Collector Equipment 1300 880 6SO 
~eceiver 420 220 160 
Tower & Platform 80 60 so 
Thermal Storage - Hi Temp 8S 4S 30 
Thermal Storage - Low Temp 14S 7S 60 

Total Solar Plant Equipment 2030 1280 950 

Turbine Plant Equipment 460 22S 150 
C1ectrical Plant Equipment 85 60 40 
Plant Master Contrnl Equipment 60 30 20 
Miscellaneous Plant Equipment 140 70 4U 

Total Basic Plant Cost 2850 1730 12SS 

Ind1re~t5 & Distributable! 670 210 100 
Contingency 515 250 120 

Total Solar Energy System 3935a 2190 1475 

aAtomic International cost estimate for a 10 MWe central receiver in 
1986 is ·approximately $3600/kWe installed capac1ty. McDonnell Douglas 
10MWe pilot plant in 1981 cost estimate is approximately $12,00/kWe 
installed capacity (XI-5). 

Source: XI-2, p. III-6. 
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optimistic assumption of collector cost reductions. Ideal 
application cost estimates are optimistic and substantially higher 
than conventional costs at present. However, if DOE design goals 
are met, Aerospace forecasts substantia 1 energy production from 
solar total energy systems [XI-3]. 

C. TECHNICAL AND MARKET READINESS 

Technical Readiness 

Technical readiness of STES systems in the future is dependent 
upon the success of solar thermal power plants and the achievement 
of economical high temperature storage. Until these problems are 
overcome, STES system costs are anticipated to be higher than 
conventional costs and many technical problems need to be solved. 
However, if DOE design goals are met, successful implementation of 
this concept is expected to be achieved. The Department of Energy 
is currently funding three STES projects. These are an industrial 
process heat, joint electric generation project in Shenandoah, 
Georgia; a space heating electric generation facility at Fort Hood 
in Killeen, Texas; and a space heating electric generation 
facility to be placed at the Mississippi County Community College 
in Blytheville, Arkansas. 

Market Readiness 

Si nee the so 1 ar tota 1 energy system concept is sti 11 in the 
research and development stage, no attempt is made to identify the 
market readiness characteristics of this concept. However, many 
countries have used a total_energy concept with conventional fuels 
(cogeneration) to. meet 1 arge industria 1 . thermal- 1 oads. · ·However, 
many technical barriers must be overcome before solar total energy 
systems are widely accepted. 
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XII. CONCLUSIONS 

The conclusions of this report have been withheld subject to re­
view and revisions of this draft. 
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XIII. COST METHODOLOGY APPENDIX 

A. INTRODUCTION 

The cost of delivered energy depends upon a technology•s maturity, 
the resource base it utilizes, its interactions with the 1 arger 

economy, and many other factors. To some degree, the investment 
decision to purchase a new energy system is based on its perceived 
cost, since cost projections are never verified until a project is 
initiated, conducted, completed, and retired after its useful 
1 i fe. The best approach to projecting costs is based on past 
experience, complemented by expectations of future trends, and an 
effort to include all aspects of a system•s cost. However, costs 
are also subject to unforseeable changes in the political, 
environmental, and economic · arenas. Further, costs are 
particularly difficult to estimate for developing technologies 
when performance characteristics have not yet been determined. 

Problems also appear when interpreting the results of comparative 
cost analyses. The diversity of the available technologies, their 
resource requirements, and their economic and environmental 
impacts challenge the analyst who compares dissimilar systems. To 
further complicate matters, over 30 different costing methods are 
commonly employed· to evaluate the delivered cost of energy. 
Disputes about the economics of a particular technology are thus 
obfuscated by variations in methodological approach as well as in 

data employed. This appendix is provided in an attempt to state 
clearly and explicitly the cost methodology used in this report 
for assessing solar and conventional energy technologies. 

The cost methodology presented here is based on existing cost 
methods. No claim is made to a unique analytic approach to or a 
new costing technique. However, the methods presented below are 
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built on existing methods to provide a comprehensive definition of 
cost to the end user. Costs in other methods that are implied but 
not stated explicitly are listed and defined here. 

Consistency requires one to assume the same tax, interest, and 
fuel escalation rates ·when comparing systems for the same end 
user. Our objective is not to examine variations in· cost when 
changing taxes, for example, but rather to compare the cost of 
alternative systems under a fixed set of economic, financial, and 
environmental conditions that reasonably characterize the systems' 
application. Particular attention is given to treat consistently 
those variables exogenous to the systems' performance. 

The format for the remainder of this appendix is as follows: 
Section B outlines the criteria considerations and steps required 
to obtain an objective assessment of system cost; Section C 
presents application of the methodology to calculate the costs for 
the homeowner for new and retrofit situations; Section D, costs 
for businesses, corporate and noncorporate; and Sect1 on E, cost 
for utilities, privately and publicly owned. 

B. COST CRITERIA APPLICATIONS AND CONSIDERATIONS 

Criteria 

In this cost methodology, the following criteria are imposed: 

• Explicitness--all assumptions, .judgments. sources; and 
reliability of data must be stated; 

• Consistency--the analysis must be consistent with proven 
practices and yield reproducible results even when 
radically different technologies are compared; 
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• Completeness--the cost accounting must include all 

relevant i terns including taxes, fixed and variable 
charges, and costs of complying with environmental 
standards; 

• Realism--all assumptions., judgments, data, and methods 
must reflect the experience of the sector in which the 
project is undertaken. 

Considerations 

The methodologies for different classes of users must differ 
somewhat due to differences in income and property taxes and end 
use application. However, each methodology incorporates the 

.~ following cost considerations: 
: ~j 

• Solar system fixed and variable costs; 

• Conventional system fixed and variable costs; 

• Financing arrangements-~whether internally, externally, 
publicly, or privately financed; 

• Tax considerations--including the .user's marginal rate 
of tax and· property tax, investment . tax credit, 

depreciation, interest, and fuel deductions; 

1 Fuel escalation and inflation rates; 

• Backup system and/or storage cost i ncl udi ng fixed and 
variable costs; 
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• Time conventions for cash flows--construction peri ads 

and system lifetimes are noted, cash outlays are assumed 

to occur at the end of the year, interest is compounded 

yearly, system service is assumed to begin the first day 

of the calendar year, all cash flows prior to the 

initial period of analysis,. t
0

, are compounded to t
0

, 

and all cash flows after the initial period are 

discounted to t
0

; 

• ·Appropriate interest rates for discounting and 

compounding. 

Although there are many complicating factors in the actual methods 

employed, five simple steps may be used to arrive at a logically 

consistent cost procedure: 

• Calculate the total after tax cost (fixed capital plus 

variable costs) generated by the system with backup 

and/or storage in each year of its useful lifetime; 

• Discount (or compound} these· to translate each into a 

present value; 

• Sum the discounted values over the system lifetime to 

obtain system life-cycl~ cost; 

t Convert the life-cycle cost into a levelized annual 

stream by multiplying by a capital recovery factor; 

• Divide the figure above by the tota 1 annua 1 output (in 

MBtu, kWh, or gal.). The resulting value will represent 

the full cost of delivered energy (with tax 

considerations). 
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C. HOMEOWNER APPLICATIONS 

The costs of acquiring and maintaining a solar energy system for 
the homeowner are dependent on location and whether it•s a new or 
retrofit application. Unlike some methods, the cost calculations 
outlined below do not explicitly provide for optimizing the size 
of the system for .the particular application. However, the 

approach includes all the cost considerations noted above to 
arrive at a single after tax cost in figure in $/MBtu. The 
following costs are included in the calculations for the full 
delivered cost of energy to the homeowner. ·All pre-acquisition 

and acquisition costs are assumed to occur in the initial period. 

Pre-Acquisition Costs 

• Search costs, Sc,--the time and money spent examining 
energy system alternatives before purchase 

• 

• 

Special structural requirements, SsT,--this item may 
include additional roof supports for retrofitting a home 
for flat plate collectors or insulation, storm doors and 
windows for a particular application 

Special siting requi·rements, Ssl'--for passive 
applications this may require orienting windows in a 
southerly direction or 1 andscapi ng and tree remova 1 to 
prevent blocking of solar collectors 

Acquisition Costs 

• Down payment,. DP, for capital costs of the system, 
including storage and/or backup equipment 
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• Cost of system delivery, c0 

1 Cost of installation, CI' including labor charges and 
any additional materials required 

• The down payment may be reduced by an investment tax 
credit, a2 , but the credit is usually returned one 
period after payment 

Operation and Maintenance Costs (Annual Charges) 

• Annual mortgage 
system/storage/backup 

payment, Mpp for solar 
increment charge on total home 

mortgage. This charge includes principal and interest, 
but it may be reduced if low interest loans are granted 
for the solar portion. The deducti bi 1 i ty of interest 
payments for tax purposes reduces this charge. 

• Maintenance, Mt,--includes materials and labor for 
maintenance and repair of the solar system with storage 
ii nd back up. 

• Nonfuel operating costs, Ot,--for active systems this 
includes electricity to drive pumps or fans. 

• Fuel costs~ c8 ,--~n additional term is needed for 
natural gas or electricity used as backup expressed in 
$/kWh or $/ft3• 

1 Insurance, It,--annua1 premium to insure the incremental 
value of the solar system with storage and backup. 
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• Property taxes, Pt' on the incremental value of a solar 
system are currently exempted ir 17 states but may be a 
significant factor in others. Property taxes are 
deductible for purposes of the Federal income tax. 

1 Additional costs to comply with environmental standards, 

Eo. 

Decommissioning/Refurbishment Cost 

• The cost of removing or refurbishing a solar system, CR' 
(less its salvage valve) 

The total 1 ife cycle cost for a homeowner solar system with 
' conventional backup and storage may be expressed: 

( 1) 
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Where all terms are explained in Table XIII-1. 
LCCH may be converted to an annual levelized stream. 

Annual levelized cost= 
(CRF) (LCCH) 
N 

f=o: (Lc + Ls) 
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TABLE XI Il-l 

COSTS OF DELIVERED ENERGY IN HOMEOWNER APPLICATIONS 

Parameters 

a1t homeowners effective marginal tax rate in year t 
(federal and state combined) 

a2 income tax credit rate 

a3 interest portion of mortgage payment 

a4 down payment requirement expressed as a percent of 
total solar system with storage and backup 

e conventional fuel escalation rate (expressed as a 
decimal fraction) 

i 

N 

n 

Variables 

appropriate rate of interest (expressed as a 
decimal fraction) 

system lifetime 

tax lifetime 

costs conventional fuels used as backup 

costs of system deli very 

costs of installation 

costs of refurbishment 

capital recovery factor defined as: 

1 
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TABLE XIII-1 (cont.) 

Dp down payment 

E0 costs of complying with environmental standards 

It insurance 

Lc conventional system output expressed in kWh/yr or 
MBtu/yr 

Ls solar system output expressed in kWti/yr' or MBtu/yr 

Mpr mortgage payment 

Mr maintenance expense 

Or operating costs for solar active systems 

Pr property tax on system 

Sc search costs 

Ssi special siting requirements cost 

Ssr special structural requirements costs 
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D. BUSINESS APPLICATIONS 

The costs of a solar system for commercial or corporate uses 
differ from a homeowner• s cost only by the current deductibility 
of business expenses and depreciation of capital expenses in fuel 
use. Under current federal income tax law, all .. necessary .. and 
.. reasonable .. business expenses incurred while the firm is engaged 
for profit in a business enterprise are deductible for purposes of 
the Federal income tax. Assuming the enterprise has positive net 
income (1) may be rewritten: 

+ 

+ pt + Dt + CB (1 + e)t Lc + EDT + 

(1 + i) t 

+ 

(3) 

where the only additional term added, Dt' is depreciation defined 
as: 

D = t 

1 -n 

0 

for 0 < t < n 

otherwise 

for the straight line method and 
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2 (n - t) for 0 < t < n 
n2 

0 otherwise 

for the sum of the years • digits. Here n represents the tax 

lifetime and N the real lifetime. 

As in the homeowner's determination of cost all pre-acquisition 

and acquisition costs are assumed to be incurred in the first year 

of the system's life. All other assumptions pertaining to the 

timing of cost flows, etc. are retained for this application. 

Other items are explained in Table 1. The total LCCc may be 

converted to an annual levelized stream which may be expressed: 

Annual levelized cost= 

E. UTILITIES 

(CRF} (LCCC} 

N .ko (Lc + Ls> 
(4) 

The capital budgeting technique commonly used by utilities for 

ranking. the cost feasibility of a solar investment compar~s its 

discounted expected revenues and discounted costs. The basic 

approach i ~ to derive an estimate of those costs incurred by a 

utility (publicly or privately owned) for searching, acquiring, 

assembling, operating, and decommi ssi oni ng a given solar system. 

(This estimate excludes transmission and distribution costs which 

are large for some applications.} The above costs are aggregated 

over the system lifetime, converted to a yearly basis, and divided 

by the·expected energy output in the particular year the costs are 

incurred. The result is an estimate of the busbar cost of energy 

from the system and assumes: 
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• The system produces (exactly) its expected output; 

• All output is sold at the expected prilce (equal to 

estimated cost above); 

• Total discounted revenues exactly recover total 

discounted costs of the system; 

• Total discounted costs include a return on the 

investments of the utility's stockholders and creditors. 

This approach differs from a convention a 1 discounted cash flow 

approach because the opportunity cost of investors's capital is 

included and the revenue stream is derived, not input. 

The above cost estimates are 11 level ized 11 using a capital recovery 

factor and account for construction cost flows and escalation of 

material costs. However, there are two important limitations of 

this method. First, costs wi 11 vary widely if the systems being 

compared have di ssimi 1 ar 1 ifetimes. Comparisons between systems 

require a common time basis and operating period. Second, an 

evaluation of any energy system should account for indirect costs 

or savings caused by interaction with the 1 arger uti 1 i ty grid. 

However, measurement of these costs and benefits is beyond the 

scope of this analysis. 

Required Revenue Methods 

The required revenue methodology determines what revenue must be 

provided by the operation of a system to meet (exactly) the 

financial obligations associated with the system including taxes, 

interest, and a specified return to stockholders. It is assumed 

that: 
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• The system under consideration is owned by a regulated 

uti 1 i ty, 

• Construction and operation periods are finite, 

• In return for providing electricity, the utility 

converts service payments into a stream of repayments to 

investors which include competitive rates of return. 

For utilities, the appropriat~ interest rate for discounting cash 

flows is the weighted average cost of capita 1, i u, equa 1 to the 

internal rate of return because the utility is regulated. With 

three sources of funds, debt, Du; common stock, Cu; and preferred 

stock, Pu; the weighted average cost of capital, iu' is defined as 

(5) 

where DTu is the tota 1 capita 1 i zati on of the company for this 

system. However, for the case of municipal utilities~ there is no 

income tax,·and capitalization is usually debt only. Therefore: 

= = 0 

Thus, iu for municipal utilities is simply the current cost of 

financing municipal bonds. 

Utilities have two sources of income other than the sale of 

electric services to finance investment projects: the sale of 

stocks and bonds. Assuming that the company sells just enough of 

these instruments to finance the project, the required revenue 
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condition that the present value of all positive cash flows must 
equal the present value of all negative cash flows may be 
expressed: 

PV[R + s8 + SS ] -
(6) 

. + T + TOt + I + 0 + M + F] = 0 

where all terms are explained in Table XIII-2. 
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Parameters 

n 

N 

PV 

t 

variables 

TABLE XI II-2 

COSTS OF ENERGY IN UTILITY APPLICATIONS , 

uti 1 i ty tax rate 

investment tax credit rate 

down payment requirement expressed as a percent of 
total system 

other tax multiplier 

insurance multiplier 

escalation rate for construction 

tax 1 ifetime 

system lifetime 

subscript for present value 

subscript period (year) t 

system capitalization through common stock 

total system capitalization 

system cap1ta11zatton through debt 

= depreciation for tax purposes 
for straight line 

= 

1 
N for 0 < t <. n 

0 otherwise 

and for sum-of-the-years digits 
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F 

I 

TABLE XIII-2 (cont.) 

2(n - t) 
n2 for 0 < t < n 

0 otherwise 

fuel expense 

insurance, expressed as a constant value of the 
present value of the investment 

I8 the uniform annual payment of interest on bonds is 

Du 
= i D DT u In 'p V 

ic rate of return paid to common stock shareholders 

i0 interest rate paid on debt 

IN total capital investment 

IN = SB + SS 

ip rate of return paid to preferred stock shareholders 

iu regulated rate of return of utilities 

M maintenance 

0 operating expense 

P0 uniform annual amount to retire debt 

D 
= U. 

0Tu 

Pu system capitalization through preferred stock 
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TABLE XIII-2 (cont.} 

R revenue from electricity sales 

RE uniform annual amount that must be allocated to the 
return on equity 

s8 sales of bonds for the investme.nt project 

SE required earnings on stock defined as, 

SF· n lu 

c 
. u I 1 C ~ n,PV Tu 

Sinking fund factor 

(1 + iu}N- 1 

1 . 
-N-

Ss sales of stock 

t subscript denoting time 

T income taxes defined as 

T0 other taxes expressed as a multiple of the present 
value of capital investment 
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The required revenue condition can be rewritten incorporating the 
definitions in Table 2 as: 

Rpv = pv[ 1 
[ ;c 

cu 
+ ip 

Pu 
1 - a 0Tu 0Tu 0 

(7) 

+ ( cu + Pu + Du 
) s - ao 

J 1n,PV 0Tu rr F' i u N Tu 

+ (;o Du + as + .6) 1n,PV] 0Tu 

Using the fact that Du + Cu + Pu = DTu and the fact that the 
present value of a uniform series of amounts is equal to that 
uniform amount divided by the capital recovery factor (7) can be 
simplified~ 

+ 
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·rhe system life cycle cost is .defined as the present value of the 
sum of all of the system-resultant costs. Si nee there is no net 
investment outside the project, the present value of the revenue 
stream must equal the life-cycle cost; 

LCC = RPV 

Using the identity: 

the system life-cycle cost may be expressed: 

LCC = 
1 

n 1 
L_1 + 
t=O 
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