General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



5103-35, VOLUME I

Thermal Power Systems
Small Power Systems Applications Project

ANNUAL TECHNICAL REPORT

Volume |I: Detailed Report
Fiscal Year 1978

January 15, 1979

Prepared for
U.S. Department of Energy

Through an agreement with
National Aeronautics and Space Administration

by

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California

(JPL PUBLICATION 79-43, VOLUME 1I)

RECEIVED

DOE/JPL-1060-9
Distribution Category UC-62

N79-30718
Onclas
31789

CSCL 10 G3/44

Annual Technical
pulsion

THERMAL EOWER SYSTEMS
. DETAILED REEORT
» Fiscal Year 1978 (Jet Pro

SMALL POWER SYSTEMS APPLICATIONS PROJECT.
212 p HC A10/MF A01

{NASA-CR-162104)
VOLUME 2:

Report
Lab.)



AN, G

i N
138 &

|




5103-36, VOLUME i DOE/JPL-1060-9
Distribution Category UC-62

Thermal Power Systems
Small Power Systems Applications Project

ANNUAL TECHNICAL REPORT

Volume II: Detailed Report
Fiscal Year 1978

January 15, 1879

Prepared for
U.S. Department of Energy

Through an agreement with
National Aeronautics and Space Administration

by

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California

(JPL PUBLICATION 79-43, VOLUME Il)



Prepared by the Jet Propulsion Laboratory, Califernia Institute of Technology,
for the U.S. Department of Energy through an agreement with the Mational
Aeronautics and Space Administration.

The JPL Solar Thermal Power Systems Project is sponsored by the U.S.
Department ol Energy and forms a part of the Selar Thermal Program to develop
low-cost solar thermal electric generating plants.

This report was prepared as an account of work sponsored by the United States
Government. Neither the United Siates nor the United States Department of
Energy, nor any of their employees, nor any of their contractors, subcontractors,
or their employees, makes sny wirranty, express or implied, or assumes any legal
Hability or responsibility for the accuracy, completeness or uselulness of any
information, apparatus, product or process disclosed, or represents that its use
would not infringe privately owned righis.



ABSTRACT

This repuwrt, Volume II, is the Annual Technical Report of
the SPSA Project. It covers Small Power Systems Applications
activities for FY 1978. Studies were conducted to address current
small power system technology as applied to power plants up to
10 MWe in size. Markets for small power systems were characterized
and cost goals were established for the project.

Candidate power plant system design concepts were selected for
evaluation and preliminary performance and cost assessments were made.
Economic studies were conducted at JPL and under contract to Burns &
McDonnell. Breakeven capital costs were determined for leading con-
tenders among the candidate systems.

An applications study was made of the potential use of small power
systems in providing part of the demand for pumpirg power by the
extensive aqueduct system of California, estimated to hc 1000 MWe by
1985.

Criteria and methodologies were developed for application to the
ranking of candidate power plant system design concepts.

Experimental power plants concepts of 1 MWe rating were studied by
three contractors as a Phase I effert leading toward the definition of a
power plant configuration for subsequent detail design, construction,
testing and evaluation as Engineering Experiment No. 1 (EE No. 1). Site
selection criteria and ground rules for the solicitation of EE No. 1
site participation proposals by DOE were developed.
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FOREWORD

This report documents the Small Power Systems Applications (SPSA)
Project activities and accomplishments which occurred during fiscal year
1978. The project was formally initiated in August 1977 and thus, these
results represent the first year's endeavors.

The SPSA Project supports the U.S. Department of Energy Small
Thermal Power Systems Section of the Thermal Power Systems Branch. The
JPL work is performed under a NASA/DOE iInteragency Agreement.

Subsequent to completion of this report, the SPSA Project title

was changed to Point Focusing Thermal and Electric Applications Project
(PFTEA).
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SECTION L

INTRODUCTION

A, GENERAL
1. Purpose

The Small Power Systems Applications (SPSA) Project is an ongoing
activity with the long term goal of demonstrating the commercial readiness of
small solar thermal power systems. In the course of any year, techniecal
tasks are initiated, some completed, and those not, continued into the sub-—
sequent year. It is important that the essential results and conclusions
of these activities be made available to project participants, the Depart-—
ment of Energy, other govermment organizations and institutions, and
industry. Thus, the purpose of this Annual Report is to convey this
information. It also provides an insight to work in progress and plans
for the near future,

2. Scope

This report covers the period from project initiation (formally
7-30-77) to the end of TFY 1978. Since this is the first year of the project,
much of this period was spent planning and initiating contracts and studies.
Therefore, the overall impression may be that this is primarily a progress
or status report, While this is essentially the case, significant conclu-
sions were reached in various areas and these are described. The emphasis,
even in those studies not completed, is on results acquired to date.

Activities discussed in this report include project management,
the technical task areas and ad hoc tasks initiated at the request of the
DOE during the year. In the two latter cases, the discussion of results
or progress are within the task areas.

B. THE SPSA PROJECT
1. Project Description

The Thermal Power Systems Branch of the Department of Emergy (DOE)
Division of Solar Energy is responsible for developing the technology
for low-cost, long-life, reliable thermal power systems suitable for a
wide range of applications. To accomplish this goal, programs have been
established in three primary areas: advanced technology, large power and
small power applications. Responsibilities of the Small Thermal Power
Systems Section include technology development and the investigation of
applications suitable for dispersed power with the objective of
accelerating the adoption of solar thermal power for selected applica-
tions. One program within the Small Thermal Power Systems Section



considering both applications and technologies is the Small Power Systems
Program. Two projects were formed at JPL in support of this program: the Point
Focusing Distributed Receiver (PFDR) Project and the Small Power Systems Applica-
tions (SPSA) Project. The Small Power Systems Applications Project was estab-
lished in July of 1977 as a result of an interagency agreement between NASA and
DOE in which JPL was named as the technical manager of the project.

2, Goals and Objectives

The overall goal of the SPSA Project is to establish technical, operational,
and economic readiness of small solar thermal power systems for a variety of
applications that require less than ten megawatts of power. The project will
develop systems to the point at which subsequent commercialization activities can
proceed and lead to successful market penetration. Applications which currently
derive power from high cost emergy sources seem to be the first feasible markets.
Initial commercial adoption for higher cost energy markets is targeted for the
mid-1980's with widespread adoption to occur in the post-1990 time frame.

To ensure achievement of these goals and to monitor progress, a number of
interim objectives and system cost targets were developed as follows:

(1) Bring on-line a number of experimental powey plants that demon-
strate the feasibility of the small power systems approach. The
first power plant is to be operational in 1982.

{(2) Achieve by 1985 as a first interim target, the initial penetration of
small power systems in various early markets. To reach this goal,
it is anticipated that capital costs in the range 1500 to 2000 $/kWe
(1978 dollars) and an energy cost between 75 and 100 mills per kilo-
watt hour (&) will be required.

(3) Demonstrate by the late 1980's the practicality of building power
plants with z potential mass-produced cost in the range of %600 to
$1000/kWe (1978 dollars) and a resulting life-cycle busbar energy
cost of 50 to 60 mills/kW-hr.

These targets are under continual assessment and, as new information
becomes avallable, will be updated as needed.

3. Project Organization

The SPSA Project is one of three in the Thermal Power Systems (TPS) Organ-—
ization at JPL. TPS is part of the Office of Energy and Technology Applicatioms,
the organization structure of which is shown in TFigure 1-1.

The SPSA Project is organized in accordance with a project management
activity, with four functional task areas, and an ad hoc task area. Figure 1-2
illustrates the first level of organization of the project. Each of the tech-
nical task areas is described in their respective subsections in this report.
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4, Project Schedule

Major activities of the SPSA Project are shown in Figure 1-3 and a
aschedule for each is shown through FY 1986. The project is centered around the
three series of experiments designated Engineering Experiments (EE) 1 through
3. The first experimental power plant for a small community application is
scheduled for completion by the latter part ef 1982. Initial market penetration
is anticipated by the mid-1980's and several small power system experiments will
be on-line by 1985.

c. TECHNICAL APPROACH
1. Strategy

The three successive milestones required in the development of a new
technology to the point of commercial readiness are: 1) demonstrating )
technical feasibility, 2) verifying readiness of the technology, and 3) meeting
cost goals required for commercial readiness. The three phases in the evolution
of a new technology can be described as creation, manufacturing, and marketing.
Participation by both government and the private sector may be necessary, with
increasing activity by the latter as the commercial readiness phase is
approached. Potential users are to be involved early, and to the maximum extent
possible. Limited incentives on the part of government may be required.

SPSA project direction is predicated on an established set of specific
objectives and cost targets. These parameters must be developed early in the
project and contirually updated as new information becomes available,

The potential users will be identified and their needs characterized.
Both the potentially limited near-term and major far—term markets must be
developed. Applications and system analyses will be conducted in order to
identify the candidate system configurations and to develop viable applications. -
The objectives will be to provide the best match of configurations and applica-
tions in order to maximize the potential for successful penetration of the
enetrgy market.

The selected system concepts will be developed by means of contracts
let to private industry. Questions of user acceptance and technical and
economic feasibility will be addressed by comstructing a series of
experimental power plants in various locations.

Analyses will be conducted in order to understand the commercialization
process, to provide information for program decisions, and to form the basis
for a determination of a commercialization strategy that will provide the
maximum probability of commercial adoption of the small power systems concept.
This strategy will then be implemented.

4 key element of the project strategy is the determination and pene-
tration of near-term markets which will provide a stimulus for the establishment
of a manufacturing industry. This, in turn, will lead to cost reductions as a
result of improved manufacturing methods coupled with an increasing volume of

1-5



o-T

ACTIVITY FY78 | FY79| FY 80| FY 81| FY82 | FY 83| FY 84| FY 85 | FY 86
Py SELECT[UPDATE PROGRAM |PRELIM UPDATE UPDATE - UPDATE
TARGETS/OBJECTIVES A A A A
' SELECT 157
e SELECT APPLICATIONS ST A RANKING A UPDATE A UPDATE
UPDATE UPDATE
e TECHNCLOGY RANKING STUDIES | &V A A
- ON LINE
» TEST SELECTED APPLI- AEE#A S VA LAV
CATIONS AND TECHNGLOGIES A EE #2 SERIES V v ON LINE
R 11 7111 1= S VA v
e SELECT VIABLE '
APPLICATIONS AND TECHNOLOGIES A A
FOR DEMONSTRATION ! |
| | |
e COMMERCIAL DEMONSTRA- L~ =
' TION (IF REQUIRED) g

Figure 1-3.

SPSA Project Schedule



production as lower cost markets are penetrated. The importance of this.element
of the program lies in the belief that design improvements alone will not result
in a sufficiently low price to penetrate the utility market. However, a com-
bination of mature technologies and mass production offers the potential for
economically competitive power systems having a significant environmmental
advantage.

2. Implementation

The project approach is structured to implement the strategy previously
outlined. The Department of Energy, in conjunction with NASA, has designated
the Jet Propulsion Laboratory (JPL) as the Project Technical Manager. JPL
will work with other DOE agencies, industry, universities and other institutions
to accomplish the goals of the project.

Analyses will be conducted to identify, characterize and rank the poten-
tial small power system applications. Beth near-term and long-term markets will
be defined and developed. A maximum interchange of information will be
promoted between the project and potential users through workshops, seminars,
direct contact, and studies conducted by appropriate A&E and industrial firms.
From the data obtained, a determination of end-use requirements influencing
system design will be developed.

In order to jrovide the pcwer plant system designers with specific cost
objectives, a continuing assessment of appropriate cost goals and targets will
be conducted. Analyses will be conducted to determine the market potential in
terms of both time to achieve a significant penetration (predicated on the cost
goals) and the production volume indicated by the market penetration.

Comparative system studies will be performed to identify the most appropri-
ate small power system technolegies for the selected experimental applications,
and for eventual commercial use. Seven generic classes of systems are being
considered for small power system applications; these are as follows:

(€D ?oint—foéusing distributed receiver systems using thermal, chemical
or electrical (when heat engine is at focus) energy transport with
power conversion by Ranline, Braytom or Stirling engines.

(2) Point-focusing central receiver systems using a field of two-axis
tracking heliostats with chemical or thermal transports to large
Rankine, Brayton or Stirling engines

(3 Line-focusing single-axis tracking collector (troughs or facets)
distributed receiver systems with suitable emergy transport and
power conversion subsystems

(4) Line-focusing single-axis tracking collector central receiver systems
with suitable energy tramsport and power conversion subsystems

(5) Fixed mirror distributed focus, spherical collector with articulat-
ing receivers

=7



(6) = TFixed mirror, line focusing

(7) Low concentrator non-tracking systems such as the Compound Parabolic
Concentrator or Vee-Trough with suitable energy transport and power
conversion subsystems

After determination of the most promising types of applications and the
most appropriate matching technologies for the experimental power plants,
studies will be performed and procurements conducted to identify sites for these
plants., In cooperation with industry, a series of experimental power plants
will be designed and built.

The experimental program has been structured teo take place in three stages.
The first stage will be conducted using near—term technology or systems requir-
ing very little development. The first engineering experiment (EEffl), targeted
for small community application, is part of this stage. Others may be added if
deemed necessary. Problems relating to systems integration, performance, reli-
ability, operations and maintenance will be addressed during the conduct of
these experiments. The second stage will consist of a series of small experi-
ments (of the order of 100 kWe) which will focus primarily on the early market
sectors and will employ first gemneration technologies being developed within
the JPL Point-Focusing Distributed Receiver Program. The technologies for this
second stage avre expected to be available for the EE#2 series of experiments that
will be operational starting in 1983. The third stage will employ second genera-
tion (or commercially mature) technologies in a series of experiments (EE#3)
whose primary purpose is to demonstrate commercial systems in viable applications
as determined by the results of the proceeding experiments, adjunct analyses,
and the market situation at the time. In all, these experiments will be
conducted over a period of approximately eight years, providing the basis for
assessing the technical merit and the economic and industrial feasibility of
the selected approach in various application environments.

Many of the applications may require systems with storage capability. It
is the intent of this program that storage technology developed by the DOE
Division of Storage Systems be employed to the greatest possible extent thus
minimizing the effort within the SPSA experimental program,

A significant part of the program will involve identifying factors which
could impede commercialization. This effort will provide input to the experi-
mental plants and will be part of the development of potential markets. Its
main thrust will be to characterize the socioeconomic, institutional and environ-—
mental aspects of dispersed power systems that could influence the design, deve-
lopment and commercialization of small power systems.

The marketing strategy ultimately developed will be based on this eifort,
plus the following:

(1) An analysis of the effect of mass production and industrialization
on cost and performance

(2) Operational data and technological assessment of the experimental
power planis



The industrialization analysis will compare estimated equipment production

coste with the program cost targets, thereby providlng a basis for management
decisions.

As part of the overall effort to develop the most viable strategy, it will

be determined whether government-funded commexrcial plant demonstrations are
needed. :

The project approach is graphically illustrated in Figure 1-4. Each of
the principal activities and elements previously discussed is showm.,
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SECTION II

SUMMARY

A, INTRODUCTION

This section briefly summarizes the wajor activities and
accomplishments of the Small Power Systems Applications Project (SPSA)
in FY 1978. The project management task and each of the functional task
areas are summarized.

B. PROJECT MANAGEMENT

FY 1978 was the first full year for which JPL was funded to support
DOE in the management of the SPSA Project. Thus, the first significant
project management effort was the planning and staffing of technical
activities. In addition, a project control system was established.
Staffing was completed in FY 1978, and with the help of several inter-
active meetings with DOE, a prelimiunary program plan was cowmpleted and
published in August. It provides a framework for annual planning of the
SPSA Project and gives DOE a basis for assessing the project's direction
and overall strategy.

C. REQUIREMENTS DEFINITION

The Requirements Definition Task may be considered rhe "front end
activity of the SPSA project. This task examines various potential users
of small power systems. It identifies and characterizes the generation
needs and power plant requirements which could be met by solar thermal
electric technologies, The participants in this activity seek an under-
standing of various users' needs. Concurrently, they provide potential
users with solar technology and SPSA program information. The principal
Requirement Definition ocutputs are solar thermal electric plant require-
ments for the Systems Definition task and hardware design teams.

Specific objectives are to: (1) identify, characterize, and
quantify the electrical power needs and plant requirements for small
power system users; (2) understand the user community and develop effec—
tive communication between users and the SPSA Project:; and (3} establish
functional, economic, performance, envirommental, and operational
requirements for system design.

The Requirements Definition Task is organized in five topical
areas: Application Requirements, User Integration, Market Potential,

Plant Requirements, and Goals Analysis. Major activities in FY 1978
are described below.

A seven-month study contract was awarded in January. 1978, to the

architect and engineering firm of Burns & McDomnell to assess the poten-
tial utilization of small solar thermal power systems by small utilities.
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The results of this study will be used to determine the kinds of small
utilities, geographical regions, and plant configurations that should be
selected for detailed analysis. This analysis, the Solar Thermal Plant
Analysis and Requirements Definition Study, will begin in October, 1978.
Data from the Burns & McDonnell study will be supplied to contractors on
Phase I of the first in a series of engineering experiments. These are
deseribed below under Systems Definition.

An important accomplishment in User Integration was the estab-
lishment of communications with the utility industry and the electric
power community. A Solar Electric Workshop, held in October, 1977,
aroused industry interest and opened channels for program, application,
and technolegy exchanges between JPL and electric utility personnel,

In addition, ties were established with recognized utility organizations:
the American Public Power Association, the National Rural Electrie
Cooperative Association, and the Electyic Power Research Institute.
Many presentations and exchange meetings occurred with groups represent-—
ing various user categories. Also, six technical papers were presented
at technical symposia.

’

Market potential activities largely were based on exchange of
information with the Aerospace Corporation. While Aerospace's detailed
market potential studies are expected to produce results late in FY 1978,
data will not bhe available in time for current project needs. To help
fill this gap, Aerospace and JPL collaborated throughout the year on
specific items, such as detailed review of the Burns & McDonnell work
plan. BSome Goals Analysis work was oriented to development of market
potential information as exemplified by the California Aqueduct Study
discussed later in this report. Military market potential and foreign
market potential studies also were initiated this year and are contin-
uing into FY 1979. An outgrowth of the initial military market poten-
tial work was a joint program with th« U.S. Navy Civil Engineering Lab-
oratory to design and build an experimental 100 kWe hybrid-fired gas
turbine (Brayton) plant (EE#2a).

A comprehensive packapge was prepared by Plant Requirements subtask
personnel, for the combined procurement of the studies: Electric
Utility Expansion and Solar Plant Tmpact Study and Plant Requirements
Definition Study. The combination, called Solar Thermal Plant Impact
Analysis and Requirements Definition Study, is a major twenty-six month
effort. It will emphasize near-term applications involving both non-
utility loads and utility systems loads. Inputs to this study will flow
from the Burns & McDonnell study mentioned earlier and from an in-house
study of hybrid solar thermal plants. The latter study, initiated in
mid-FY 1978, will aid in establishing hybrid plant configurations for
detailed analyses.

During FY 1978, a Cost Goals Analysis was initiated to determine
power generation costs in the 1985-2000 time period with conventional
power generation mixes, transmission and distribution systems, and
expansion plans of representative electric utilities and other power
users in the southwest U.S. This analysis provides a basis for esti-
mating the levelized busbar energy costs of conventional power systems.



Those systems will be competing with solar thermal power systems in the
targeted period. A brief study of California Aqueduct pumping using.
solar thermal power also was completed, and a summary is included as

a part of this report. Coals and market potential analyses are under-
way on several military and developing countries applications.

D. SYSTEMS DEFINITION

The Systems Definition Task is responsible for determining
technologies and system designs that meet the needs of selected applica-
tions in the less-than~-10 MWe power range. Developing solar thermal
power plants that can compete with fossil fuel power plants required
two major system definition activities: technology comparisons and
studies of actually built and operating experimental plants (engineering
experiments).

The relative merits of wvavious solar thermal power plant concepts
are being evaluated via technology comparison studies. Performance
and cosgt data were collected for each subsystem necessary for the con-
cepts identified as potentially attractive. The studies are concen-
trating primarily on the collector subsystem, since it normally amounts
to over 50% of a solar plant cost. Solar thermal power plants are
synthesized based on the performance characteristics of each concept.
The plant performance characteristics and cost estimates are integrated
in a computer program. The program interfaces a yearly insclation data
type with the plant performance characteristics and, using the plant
subsystem, operation, and maintenance cost estimates, calculates total
plant costs and the levelized busbar energy cost for the plant's esti-
mated lifetime. The computer program output and the intrinsic charac-
teristics of each concept will be subjected to a metl:iodology for ranking
the various concepts relative to one another. To date, two line
focusing and one point focusing solar thermal plants have been analyzed.
The results, based on the cost assumptions used for power conversion,
operation, and maintenance, indicate that non-tracking and single-axis-
tracking line focusing systems will be unable to achieve levelized bus-
bar energy costs of 100 mills/kWe-hr.

To achieve a more in—depth understanding of technologies for solar
thermal plants operating in the 1.0 to 10 MWe range, a series of engi-
neering experiments were initiated. Engineering Experiment No. 1
(EE#1) is designed to meet the needs of a small community. Near-term
technologies will be emphasized for the first experiment, although
advanced technologies compatible with the proposed system concepts
also will be identified. The primary purposes of EE#1 are to demon-
strate the feasibility of small power system technologies in a user
environment; to deterwmine the economic, performance, operational, and
institutional characteristics of a sclar plant; to advance the accept-
ance of small power systems; and to stimulate the creation of an indus-
trial base for small power systems.
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Currently, three companies are funded for a Phase I System Defini-
tion Study to develop detailed design characteristics of their proposed
solar plant concept. The three types of plants under study are: point
focus central receiver with central power conversion, point focus dis-
tributed receivers with distributed power conversion, and point focus
distributed receiver with central power generation. Figures in Section V
show the three coneepts. All three are being considered for EE#l in this
first phase.

E. PROJECT ANALYSIS AND INTEGRATION

The Project Analysis and Integration (PA&L) Task supplements the
other tasks with activities designed to facilitate successful commer-
cialization of SPSA technology. These activities include economic,
financial, and policy analysis; strategic planning; information dissemi-
nation; and project integration. Objectives are:

(1) To provide analyses of the economic, financial, social, and
institutional factors that could impede the commercializa-
tion of SPBSA technology.

(2) To provide integrated program plans designed to enhance the
probability of success of the SPSA Project.

(3) To promote productive interfaces among the SPSA Project,
govermments, the private sector (i.e., suppliers and users)
and the public at large.

(4) To promote productive interfaces between the SPSA Project
and other Thermal Power Systems projects and programs.

(5 Te promote intermal consistency and optimal interfaces among
the tasks within the SPSA Project.

In FY 1978 PA&I developed criteria and methods for ranking small
solar thermal power systems options; completed a preliminary survey of
the current technology and industry base for small solar thermal power
systems; partially completed a study of barriers and incentives to the
development of small solar thermal power systems (this study will be
completed in October 1978); processed an RFP for a study of the industrial-
ization and mass production of small solar thermal power systems (a con-
tract will be signed in November 1978); processed an RFP for a study of
the effects of systems factors on the economics of and demand for small
solar thermal power systems (a contract will be signed in November 1978):
and partially completed a study of the effects of financial and owner—
ship alternatives on the 1life cycle costs of small solar thermal power
systems (the study will be completed by June 1979).

In addition, PA&I compleled design and preparation of public infoxr-
mation materials. The first leaflet will be distributed in October 1978,
ldentification and preliminary analysis of possible program initiatives
to accelerate the commercialization of small solar thermal power systems
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was done. A joint program (AMPS - Advanced Military Power Systems)
with DOD was initiated and planned for developing small solar thermal
power systems for military applications. PA&I contributed significant
input to the President's Domestic Policy Review of Solar Energy.
Finally, a draft comprehensive report entitled "Small Solar Thermal
Electric Power Systems: An Assessment of the Development and Commer—
cialization of a Modular Energy System'" was completed.

PA&T FY 1978 analytical activities yielded the following principal
results., The private sector's view of solar thermal electric tech-
nology is very pessimistie. Market growth is expected to be slow.
Hence, industry feels that a significant investment of private capital
is not warranted at this time. As yet, a detailed market penetration
analysis, pertaining to small solar thermal electric power systems, has
not been dome. PARI has an RFP in process to remedy this situation.
Industry feels that government should set R&D poals and then leave the
innovation to the private sector. Industry would prefer more flexible
Program Research and Development Announcements (PRDA's) to the current
prescriptive RFP's, PA&T will evaluate the PRDA route in FY 1979.
Modularity may have significant economic benefits to the user due to
savings arising from less interest during comstruction, automated
installation procedures, better demand tracking, more even maintenance
schedules and other factors. Preliminary results indicate that reduced
interest during construction alone could reduce the overall power cost
by 74. Other factors may be more significant. In FY 1979 PA&I will
continue quantifying the economic impact of modularity. A statistical
analysis of current estimates of the future contribution of solar
thermal technology to the U.S. energy supply indicates that little is
expected by 1985 and that the contribution in the year 2000 will be in
the range of .21 to 1.25 quads (primary energy displaced). These studies,
however, have numerous shortcomings. A preliminary study of energy
requirements in 1985 indicates that small solar thermal power systems
could be used in applications requiring an aggregate capacity of 29
gigawatts. TFurther analysis in FY 1979 will determine the rate at which
SPSA technology could penetrate this potential market.

Clearly, PA&T accomplishments and results in FY 1978 were more pro-
cess oriented than analytic due to the effort required to launch the
analy.ic program itself. 1In FY 1979 the emphasis will shift to the
analytic side.

. FIELD TEST INTEGRATION

The first of the engineering experiments (EE#1l)} is scheduled to
begin experimental operation in late 1982. The primary responsibility
of the Field Test Integration Task is comstructlion and integration of
these experimental power plants, after requirements and systems defini-
tion activities have laid the proper groundwork.

The technical approach includes: site selection and management;
integration of site activities with the power plant construction; tech-
nical management of system contracts for power plant fabrication and
installation; and coordination of test, operation, and evaluation activi-
ties.
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A successful experiment requires a suitable application environment
as well as an experimental power plant system. Initial work was com-
pleted on definition of the siting approach for each application, studies
of the pertinent siting issues, preparation of proposal requests, and
development of proposal evaluation factors and procedures., DOE retains
formal responsibility for site evaluation and selection and negotiation
of site participation apreements. Field Test Integration will provide
technical management of site pavticipation agreements for DOE. Alsa,
integration of site activities with power plant system contract efforts
will be done, Site participation will vary with the application but
typically will inelude: site and permit acquisition; participation in
site preparation and layout; provision of access and services; connection
to a utility grid:; and waintenance and operation participation.

The task emphasis in FY 1978 was on siting EE#1l. Inputs from the
utility industry were obtained at the Small Power Systems Solar Electric
Workshop, held in October 1977. A review of the workshop results,
defined the following issues for further comnsideration in the develop-
nent of EE#1 siting plans:

() Delay of site selection until the power system technology
approach is defined;

(b) Geographic site restrictions based on minimum insolation
requirements

{e) Proposal restrictions based on utility capability for
experimental operation and/or type of system load
application;

(d) Specific definition of items and services to be furnished
by the successful utility/site proposer and definition of
government supports

(e) (Mitigation of potentially high site proposal costs.

'Following discussion and review at JPL, the key issues were reviewed
with DOE. It was agreed that site restrictions should be minimized
except for those which define the small community application. Rather,
giting factors should be accounted for in an .evaluation with a strong
technical basis. Also, it was decided that the application must be in
a definitive, small community with a load demand less than 100 MWe. The
community character may be primarily residential, agricultural, or com-
mercial served by a utility or cooperative. A two-stage site selection
process was preferred to minimize proposal costs for a large number of
potential participants. Simple preliminary proposals will be screened,
and more definitive proposals will be requested from remaining
candidates,

A siting issues study was completed and a final report was pub-
lished. This study described the programmatic and system technology
background for the first experimental system and defined siting issues
together with a discussion of their significance. Thisg study was done
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to support preparation of the siting PRDA and associated evaluation
factors and to provide background for potential site participatiom.

- A more detailed siting factors study will be conducted to develop the
evaluation approach for each factor. Siting issues were grouped into
categories. Relationships between solar thermal electric power plants
and their sites may be categorized as effects of site on plant and
effects of plant on site. Effects of the site on the plant were dis-~
cussed by identifying resources required for plant operation, physical
site characteristics, and social-institutional characteristics desir-
able for construction, operation, and maintenance of a solar thermal
electric power plant. Impacts plants may have on their sites were
identified, and how these site impacts may result in construction
delays and even development termination was discussed. The study report
deseribes these various relationships and delineates information that
should be assembled during site selection in order to make wise siting
decisions,

A PRDA for site participation in the first experimental system
having application in a small community was prepared for DOE review
and release. Announcements were prepared for publication in the
Commerce Business Daily and appropriate utility and municipal trade
journals. Suggested factors, weightings, and methodology were developed
for evaluation and screening of proposals to be submitted in response
to this PRDA. Potential interactions between site and the experimental
system were considered together with siting factors, all of which will
provide a base for a successful experiment.



SECTION ITX

PROJECT MANAGEMENT

A. INTRODUCTION

The objective of the SPSA Project Management task is to accomplish
the activities as described by the Annual Operating Plan in accordance
with the funding made available by the Department of Energy.

Management of the project is the responsibility of the SPSA
Technical Manager who reports to the Thermal Power Systems Projects
Manager (see Figure 3-1).

B. TASK AREA ORGANIZATION

Figure 3-1 shows the organizational structure of the Project
Management task area. The three main elements are Technical Management,
Planning and Assessment, and Supporting Functions, which inriudes adminis-
tration and control.

C. ACTIVITIES

The primary FY 1978 activities in the project management area were
the organization and staffing of the project, planning of technical activ-
ities within each of the functional task areas and the establishment of
a cost control system.

Management reporting was conducted through both internal JPL
reviews and DOE reviews. In addition, monthly project management
reports were written and sent to DOE.

Three major project documents, in addition to several topiecal
reports, were published during the year. The Annual Operating Plan for
FY 1979 was completed in July 1978. This document describes in detail
the planned activities for the next fiscal year, the resources required
to accomplish these tasks and a plan for implementation. It is sub-
mitted to NASA and subsequently by NASA to DOE. Approval and signature
by all parties constitutes an agreement to carry out the work described
therein. Funds are transferred to JPL via NASA by an Interagency
Agreement Amendment.

A preliminary SPSA Program Plan was published in August, 1978. This
plan provides DOE with the project goals and objectives, the ratiomale and
strategy of the project, and a comprehensive multi-year plan for accom-
plishing the goals of the project.

The third major document of the year is this Aanual Technical
Report. Its purpose and scope are described in Section I.
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SECTTON IV

REQUIREMENTS DEFINITION

A, INTRODUCTION

The Requirements Definition task may ke considered the "front end"
activity of the SPSA project. This task examines various potential
users of small power systems and characterizes their power plant require-
ments, which could be met by solar-—thermal electric technologies. The
participants in this activity strive to understand users' needs and pro-
vide solar technology and program information., The principal Require-
ments Definition outputs will be solar thermal electric plant design
requirements for the Systems Definitiom task and design teams, and a
determination and characterization of the potential markets for small
power systems.

Requirements Definition objectives are to: (1) identify, charac-
terize, and quantify the electrical power needs and plant requirements
of small power system users; (2) understand the user community and
develop effective communication betrween users and the SPSA Project; and
(3) establish functional, economic, performance, environmental, and
operational requirements to be used in system design.

B. TASK ARFA ORGANIZATION

Requirements Definition activities are crganized in five topical
areas as shown in the task work breakdown structure, Figure 4-1. The
five areas are: Application Requirements, User Integration, Market
Potential, Plant Requirements, and Goals Analysis. These areas are
further delineated by subtask blocks in Figure 4-1. Subtask activities
that were active in FY 1978 are shown with a shaded edge.

c. TECHNICAIL APPROACH

The -.:.uivements Definition task approach is delineated in five
functional activities. These activities are described in the following
paragraphs.

1. Applications Requirements

A breakeven economic analysis is performed for each major market
segment, Market penetration goals are set for (1) penetration as a
function of time, and (2) power plant cost as a function of time. Then,
using cost projections for specific technologies, the applications with
the greatest potential are determined and recommended for development.
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2. User Integration

An important aspect of developing markets for small power systems
is the establishment of early rapport with users in each market. Several
possible methods for developing user contacts exist. The three being
used extensively by the SPSA Project are (1) workshops, such as the
small utility applications workshop held October 1978 in Aspen, Colorado,
(2) seminars and technical meetings, and (3) personal visits to users.

All thyee of these techniques were employed in ¥FY 1978,

3. Market Potential

For small power systems to be commercialized, there must be signi-
ficant market segments available in the 1985 to 2000 time period.
Energy prices of competitive systems must be at or above the cost of
small power systems at that time. For example, the energy cost of the
best small power system technologies in 1985 may be $1800 per kiWe with
busbar energy cost of 160 mills per kWhr. The U.8. electric utility
industry will be producing power in that period for 20-100 mills per
kWhr, so it is obvious that these utilities will not figure prominently
in the 1985 market potential. Many less developed countries, on the
other hand, are producing power at costs of 200 mills per kWhr or greater,
and busbar costs will likely be at least 50% higher in 1985. These coun-—
tries obviously represent potentially viable early (1985) markets for
small power system techndlogies. Some special U.S. markets have been
identified for potential initial penetration in the 1985-1990 period.
They include remote power for islands and several military applications.

These market areas and others identified as appropriate for small
power system utilization will be explored in order to provide the data
base for market development and other project activities.

4. Plant Requirements Analysis

An applications-related plant requirements study is being performed
to help form an in-depth understanding of special plant requirements of
small power systems users. Since there is great diversity in small power
systems user sizes, types, load structures, and geographic location, this
work requires extensive analysis of electric utilities and knowledge of
specific non~utility applications. A close working relationship with
utilities typical of the several types and size ranges must be developed
to understand specific plant-related needs. Much of the work in this
area will be accomplished via a major study subcontract to industry.

This study will examine electric utility operations constraints which
may apply to solar thermal power plants., WNon—utility loads identified
as important for early small power systems application will receive
equal consideration with electric utility plant requirements.
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5. Goals Analysis

+

A methodology was formulated in FY 1978 to set SPSA cost goals
which could be applied to each market segment. The method enables
identification of penetration goals into specific market segments at
specifie future times. In turn, segments best for early commercializa-
tion are identified, and competitive cost and potential for small power
system penetration are quantified.

D. TECHNICAL ACTIVITIES IN ¥Y 1978

The 1978 technical activities are described here under activity
sub-headings which are in accordance with the task area organization
shown previously in Figure 4-1.

1, Applications Requirements

Applications requirements work for FY 1978 includes contributions
to first exXperiment issue analysis, economic breakeven analysis, and
potential utilization by small utilities.

a. First Experiment Tssue Analysis. The SPSA Project was ini-
tiated to identify systems offering potential for relatively near term
use. In support of this objective, EE#l, a 1 MWe solar thermal power
system, was designed to identify suitable technological approaches for
small power systems applications, EE#L includes design, fabrication,
deployment, testing, and evaluation of a solar power facility based on
an optimum use of near-term techmologies. Investigation of the perfor-
mance, functional, operational and institutional aspects of such a
facility in a field test environment are additional objectives. The
issues germane to site selection will strongly influence the experiment,

and a full understanding of these issues is essential to the success
of EE#1.

Three site selection issues were studied .to determine their effects
on the fielding of the first experiment. These were (1) the type of
utility proposed, (2) the ‘type and size of load supplied by that utility,
and (3) effects of regional economics on competing power technologies.
The Arizona utility system was used as an example in helping to rate the
importance of favorable and restriciive factors.

The analysis indicated that a utility with a small generating
capacity might best be served by the addition of solar power. It was
agssumed that the greatest improvement in load factor would result in a
system having a high summer load which peaks about midday with a smooth
morning buildup and afternoon falloff.

An EPRI study that categorized utilities into six groupings was
used to determine which type of fuel mix and what length of transmission
line was best associated with the load curve. A review of the National
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Electric Reliability Council, a group sponsored by the utilities,
predicted when each geographical region was expected to have deficiencies
in its generating capacity. A study that identified regions with rising
or falling economies was used with this prediction to see where solar
energy could be applied best and to identify the competing power tech-
nologies in those regions. The best area for deployment was seen to be
the southwest sun belt. Future power generation competing in this region
will be primarily coal and nuclear with some o0il used in intermediate
genevation,

b. Economic Breakeven Analysis. The objective of this study
was to examine the potential economic viability of solar thermal small
power systems in dispersed siting applications in small utilities of
the Southwest. This was accomplished by determining the value of the
solar thermal plant to the user and comparing the value with the
estimated plant capital cost. Potential market size then was estimated
for those cases with cost-value ratios (C/V) less than one. The sensi-
tivity of solar thermal plant econ~mic viability to changes in plant
parameters then was determined.

The methodology was based on the Simplified Genmeration Expansion
Method commonly used in the utility industry. Costs are in 1978 dollars.
Inflation was assumed to be zero. Three plant types were studied:

(1) Simple (no storage) solar thermal plant with diesel back-up
capacity. (Tiis plant is referred to as Plant A.)

(2) Solar thermal plant with dedicated storage and diesel
back-up capacity. (This plant is Plant B.) The number
of hours at storage plant rated capacity is indicated in
parentheses, e,g., B(2).

(3 Hybrid oil-fired solar thermal plant. (This plant is
referred to as Plant C.) The capacity factor is indicated
in parentheses, e.g., C(.600).

Plant rated capacity was 10 MWe.

The study concentrated on areas with 2800 hours/year of useable P
sunshine and average annual mean daily direct insolation of 6.5 kWhr/m ,
which typifies the Southwest. A preliminary study showed that the
Southeast and Northern regions of the U.S. are unfaverable and the
Southcentral region is marginal for solar plant penetration.

Stanford Research Institute (SRI) intermational projections of the
price of petroleum to electric utilities were used to provide two data
points for the study period: $3.19/MBtu (1985) and $4.12/MBtu (2000).

The user was a small municipal or cooperative utility operating a
diesel plant to meet intermediate loads. The diesel was assumed to have
a heat rate of 9950 Btu/kWehr, a capital cost of $420/kWe, fixed opera-
tions and maintenance (0&M) costs of 5$3.70/kWe-yr, and variable 0&M costs
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of 3 mills/kWehr (not including fuel costs). It was assumed that the
diesel unit would be installed at an existing plant site. Solar thermal
subsystems costs and performance were based primarily on the Point Focus-
ing Distributed Receiver Technology Project'targets for 1985 and on
information in the 1978 Technical Assessment Guide published by the
Electric Power Research Institute (Reference 4~1), Two levels of
technology were employed: level 1, corresponding to maximum efficiency
and minimum collector cost, and level 2, corresponding to moderate
efficiency and moderate collector cost.

The results of the study show hybrid plants to be the most compe-
titive solar thermal configuration. Furthermore, hybrid plants were
found to compete successfully with diesel generators throughout the
range of fuel price and at both levels of technological developmwent.
Simple all-solar thermal plants were economically viable at the lower
technology level once fuel price exceeded $3.53/MBtu, and at the higher
technology level throughout the range of fuel price. Plants with
storage were not generally economically viable at the lower technology
level for the fuel prices studied. The only exception was the two—hour
storage case at the high fuel price. At the higher technology level,
plants with up to six hours storage were found to be competitive pPracti-
eally throughout the fuel price range., Plants with minimum storage
(two hours at plant rated capacity) were consistently more competitive
than plants with six hours storage. The optimum amount of storage was
2 hours in all cases except the high technology/high fuel price case in
which 3.5 hours were justified.

As fuel price increased $0.93/MBtu, or 29 percent, the economic
breakeven cost of solar thermal plants increased 22 to 25 percent, depend-
ing on plant type. As solar technology improved from level 2 to level 1,
the economic breakeven cost of solar thermal plants increased 23 to 28
percent, depending on plant type. The impact of improving the solar
technology consistently was slightly mere significanc than the impact of
a 29 percent increase in fuel price.

Since hyBrid plants consistently were more economical than other
solar thermal plant types, the market potential study was limited to
hybrid plants.

Market estimates, shown in Table 4-1, were based on the Burus and
McDonnell small utility data base, assumed penetration rates (10 to 50
percent), and assumed intermediate capacity additions (20 to 60 percent
of total capacity additions). The estimates range from about 100 to 1500
MWe by the year 2000. The baseline case assumed that solar thermal would
penetrate 30 percent of the new intermediate capacity and that inter-
mediate capacity would account for 40 percent of all new capacity.

If the penetration rate is 100 percent, and intermediate generat-
ing technologies captured 60 percent of new capacity additions, then the
ultimate U.S. small utility market size would be about 3000 MWe by the
year 2000.



Table 4-1. Estimates of Market Potential For
Small Solar Thermal Hybrid Systems

Small Utility
Market Penetration (MWe)

Period Low Baseline High
1985-89 20 118 294
1990-94 34 202 504
1995-99 45 269 672
1985-99 99 589 1470

The sensitivity of solar thermal plant economic viability to
changes in plant parameters is shown in Tables 4-2, 4-3, and 4-4. 1In
the tables, VOM refers to variable operations and maintenance costs,
excluding fuel. FOM is fixed operations and maintenance cost. MCC is
miscellaneous capital cost, which includes site preparation, land,
contingencies, legal fees, engineering fees, taxes, and sparc parts.
Overall plant efficiency refers to the average annual efficiency of the
solar subsystems: collector, transport, conversion, and storage, as
applicable. As can be seen from the tables, the characteristic of
greatest impact is hybrid fosgil fuel heat rate, Unit collector cost is
next in importance, followed by solar subsystem overall efficiency.
These results are based on level 2 technology and a fuel price of
$3.19/MBtu.

From the study results, it can be concluded that for Southwest
small utility dispersed siting applications:

(1) Hybrid solar thermal/fossil fuel systems potentially may
be more competitive than simple all-solar plants and all-
solar plants with storage;

(2) Hybrid systems potentially may be competitive with diesel
plants;

(3) Hybrid systems may provide up te 1500 MWe of new small
electric utility capacity by the year 2000.

c. Potential Utilization by Small Utilities. The Burns &
McDonnell study of potential utilization of Small solar thermal Power
Systems (SPS) by small utilities was more detailed than the overview
in-house study. It was especially valuable in determining the kinds
of small utilities, geographical regions, and all-solar plant config-
urations that should be selected for detailed amalysis in the Solar
Thexrmal Plant Impact Analysis and Requirements Definition Study.




Toble 4~2, Economic Viability Sensitivity: Simple All-Solar Plant

Southwest Small Utility
1985 Fuel Price of $3.19/MBtu
Digpersed Siting Application
Capacity Factor = (.320

Sensitivity of

Ten Percent Change in Plant Characteristic Plant Capital Cost
VoM 0.08 mills/kWe-hr (10%) § 2.4/kWe (0.2%)
FOM $ 0.9/kWe-yr (10%) $ 9/kWe (0.7%)
Mce $ 33/kWe (10%) $ 33/kWe (2.4%)
Solar systems overall 2.74 percentage points $ 55/kWe (4.0%)

(10%)
Collector cost [ 10/m2 (10%) § 70/kWe (5.1%)

Table 4-3. Economic Viability Sensitivity:
All-Solar Plant With Storage

Southwest Small Utility

1985 Fuel Price of $3.19/MBtu
Dispersed Site Application
Capacity Factor = (1,365

Two Hours Storage

Sensitivity of

Ten Percent Change in Plant Characteristie Plant Capital Cost
VOM 0.16 mills/kWe~hr (10%) § 5.10/kWe (0.3%)
FOM § 1.48/kWe-yr (10%) $ 14.80/kWe (0.9%)
MCC $ 33/kW (l0%) $ 33/kWe (2.1%)
Overall plant 2.65 percentage § 69/kle (4.4%)
efficiency points (10%)

Collector cost $ lO/m2 (10%) $ 90/kWe (5.7%)
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Table 4-4, Economic Viability Sensitivity:
Hybrid Plant

Southwest Small Utility

1985 Fuel Price of $3.19/MBiu
Dispersed Site Application
Capacity Factor = 0.600

Level 2 Technology

Sensitivity oi

Ten Percent Change in Plant Characteristic Plant Capital Cost
VoM 0.1 mill/kWe-hr (10%) $ 5.20/kWe (0.47%)
FOM § 1.06/kiWe-yr (L0%) 5 10.60/kWe (0.9%)
McC $ 33/kWe (10%) § 33/kWe (2.7%)
Solar subsystems 2.74 percentage $ 55/kWe (4.47%)
overall efficiency points (10%)

Collector S lO/m2 th%) $ 70/kWe (5.6%)
Hybrid/fossil fuel 960 BTU/kWe-hr (10%) $ 75/kWe (6.0%)
heat rate

The Burns & McDomnell study included development of a seventh
synthetic utility; this allowed very small utilities (2 MWe) to be
included in the study. (Six synthetic small utilities previously were
developed by Burns & McDomnell for the Electric Power Research Institute
to model utilities in the 2 to 500 MWe range.)

The study also included modification of the Burns & McDonnell
power supply program to (1) develop solar thermal plant models, which
approximate optimum designs; (2) dispatch the solar plants against
hourly loads, and analyze plant output; and (3) to determine solar
plant capacity credit. A comparison of optimum conventional and solar
thermal expansion plans determined the net improvement, if any, in
utility revenue requirements which could result from the addition of
solar plants.

Four different small power system (SPS) configurations were con-
sidered in the study representing three different solar thermal
technologies:

(1) 2-Mlle and 10-MWe power plants using parabolic dish concen-—
trators with a 15-kW heat engine mounted at the focal point
of each dish (Types I and II). These systems used advanced
battery energy storage.



(2) A 10-MWe system with variable slat concentrators and
central steam Rankine energy conversion (Type III). This
system used thermal energy storage.

(3) A 50-MWe system consisting of a field of heliostats concen-~
trating enerpy on a tower-mounted receiver and a central
steam Rankine conversion system (Type IV). This system
also used sensible thermal storage.

The characteristics assumed in the study for each small power
system type are summarized in Tables 4-5a and 4-5b. The characteristics
shown assume a plant location in the Southwestern United States.

The subsystem characteristics were provided by JPL, with one
exception: the high estimates of "other" capital costs, primarily site
development and related construction items, were developed by Burns
and McDonnell., Small Power System characteristics were provided by JPL
with the exception of capital costs, which were developed by Burns and
McDonnell. These costs were based on subsystem cost and performance
ana an hourly analysis, which led to optimized plant configurations.

The comparison of economics of power supply expansion plans was
for seven hypothetical small utilities through the year 2000 both with
and without the small power systems. ZXey characteristics of the refer-
ence utilities are summarized in Table 4-6. Small power systems expan-
sion plans were developed by replacing new conventional intermediate
and peaking capacity with capacity from the applicable small power sys-
tem types for each referemce utility. Small power system penetrations
of 5, 10, and 20 percent were analyzed for each system type. In addi-
tion, these expansion plans were analyzed considering a range of potential
capital costs for each system type. The results for each reference util-
ity are discussed below. Costs are presented in 1975 dollars.

1) 1.3-MW Municipal. The 1,3-MW municipal reference utility
was expanded initially with small power system type I, a 2-MWe power
plant using parabolic dish concentrator system. It was found that the
smallest penetration (solar mix) attainable with this unit, due to size
of the unit relative to the utility's peak, was 20 percent of the
utility's capacity requirement. At this level of penetration, the
present worth of all future revenue requirements (PWAFRR) of the solar

pansicn plan ranged from less than 1 percent less expensive to 26 per-
cent more expensive than the PWAFRR of the optimum conventional expan-—
sion plan. (The PWAFRR is the present value of revenues needed by a
utility to exactly ofiset annually incurred costs for the series of
years under study.)

In order to investigate the economics of the parabolic dish
concentrator system at lower levels of penetration, characteristics were
developed for a 1-MWe parabolic dish small power system. The results
of the analyses are that PWAFRR of the sclar expansion is less than the
PWAFRR of the optimum conventional expansion only for the low end of
the range.
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Table 4-5a. Small Power Systems Types and Characteristics

SPs Type
Characteristic I I 111 v
Plant Size {Rated Capacity, 2 10 10 50
MHWe)
Commercial Awvailability 1985 1985 1985 1985
Cost Characteristies (1975 $)
Capital Cost (5/tW)l-2 578-2,312 508-1,848 1,506-3,806  1,103-2,759
Operation & Maintenance
Fixed ($/kV-yr) . 2-14 2-14 2-14 2-14
Variable (mills/kWhr) 1-4 1-4 1-4 1-4
Other Characteristics
Average Plant Efficiency 0.28 0.28 0.14 0.22
Equipment Forced Outage Rate 0.0l 0.01 0.07 0.07
Annual Maintenance (wks/yr)3 0.1 0.1 1.0 1.0
Storage
Capacity Rating (MWe% 2 10 35
Energy Ratimg (MWhr) 4 20 14 70
Collector
Area (km2)? 0.008 0.040 0.112 0.422
Intensity Rating (kW/m?)? 0.9 0.9 0.9 0.8
Land Area (km2)2 0.026 0.133 0.373 1.407
Solar Multiplaed 1.0 1.0 1.5 1.5
Lifetime (years) 30 30 30 30

1 . . .

Does not include interest during construction.

Assumes allocation in the Southwest United States.
Assumes most routine maintenance will be dome at night.

Table 4-5b. Small Power Systems Subsystems Characteristics

SPS Type
I I1 IIT Iv

Capital Cost (1975 §)

Collector ($/m2) 62-192 62192 - 85-171 65-145

Transport (5/kW) 18-50 18-50 75=150 150-300

Conversion (5/kW) 53-200 53-200 175-350 175-350

Storage {$/kyh) 45 45 60 60

other (3/%w)l 170-1,206  100~744 185-1,274 109-764
Efficiency '

Concentrator/Collector 0. 864 0.864

Receiver : 0,804 0.804 0.54 0.65

Transport 0.95 0.95 0.92 0.95

Conversion 0.42 0.42 0.30 0.36

Storage (Round Trip) 0.75 0.79 0.75 0.75
Lifetime (years)

Collector 30 30 30 30

Transport 30 30 30 30

Conversion 15 15 30 30

Storage 15 15 30 30

lIncludEs costs of land, site development, water supply, buildings, electrical
connections, and overhead. Does not include interest during construction.
Types ITII & IV: Concentrator and receiver efficiencies are combined in a
collector efficiency.
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Table 4~6. Characteristics of Seven Reference Utilities

1974 Power Resocurces (Number of Units @ Given Size)

1974 Load Total
Peak Demand Factor Generation Coal 0il Combustion
(MW) System Type Peak Season (%) Capacity Steam Steam Turbine Diesel Hydro
1.3 Municipal Summer 49 1.2 My - - - 2@.2 My
1@.3 Mu
1@.5 Mw
10 Municipal Summer 49 12 ¥u - - - 2@1 Mw
362 MW -
1684 MW
10 Municipal Summer 49 None - - - - -
35 Municipal Summer 45 40 MW 2@5 Mw - 1810 MW - -
1@20 MW
35 Municipal Winter 55 24 MW - 1@5 MW - 3@3 MW -
1@10 MW -
35 Distribution Summer 49 10 MW - - - 3@1 MW -
Cooperative 2@2 MW
1@3 Mw
200 Generation & Summer 57 180 MW 2@10 MW 1@30 Mw 1@20 MW - 50MW*
Transmission 10860 MW
Cooperative

*Assumes 20 MW of firm and 30 MW of firm peaking capacity from a U.5. government agency




2) 10-MW Municipals. The two 10-MW municipal reference
utilities also were expanded with small power system type I with solar
mixes of 5, 10, and 20 percent. For the 10-MW municipal with genera~
tion, the solar expansion plans are competitive with the conventional
expansion plans only for low small power system costs. For the 10-MW
municipal .sithout generation, however, the soclar expansion plans are
competitive with conventional expansion plans for both low and inter-
mediate small power system costs at solar mixes up to 10 percent. For
a solar mix of 5 percent, the PWAFRR of the solar expansion plan is
only 0.5 percent higher than that of conventionmal expansion with high
small power system costs., There are two primary differences in the
expansion plans for these two reference utilities which account for the
differences in results noted above. First, the 10-MW municipal without
generation must add new capacity earlier in the study period in order
to achieve and maintain the optimum generation mix. The 10-MW municipal
with generation can defer these additions until some of the existing
units are retired. Second, because the 10-MW municipal generation has
no existing plant sites or operating staff, the first new unit added by
this utility is more expensive both in terms of the additional capital
costs required for site development and in terms of the additional cost
of hiring an operating staff. The 10-MW municipal with generation was
assumed to be able to add new generation at an existing site, thus
avoiding these additiomal site development costs.

3 35-MW Municipal Utility and Distribution Cooperative. The
35-MW reference utilities were expanded with small power system types 1
and II (2-MWe and 10-MWe parabolic dish concentrator systems) and with
small power system type III (a 10-MWe variable slat concentrator
system).

For the 35-MW municipal utility coal-fired generation,
type I is only slightly competitive with an optimum conventional
expansion plan that has low solar system costs and a 5 percent solar
mix. As might be expected, type II is more competitive with the opti-
mum conventional expansion plan, but is still competitive only with low
small power system costs. Type III is not competitive with the optimum
conventional expansion plan for this reference utility at any solar sys-
tem cost level considered.

o

For the 35-MW municipal utility with olil-fired generation,
type T 1s competitive with the optimum plan with low solar costs at all
levels of penetration considered. With intermediate small power system
costs, it is competitive with a 5 percent solar mix. Type IL is com-
petitive at 5, 10, and 20 percent solar mixes with both low and inter-—
mediate costs. Small power system type IIL is competitive with the
optimm conventional expansion plan only with low sclar costs.

The rwesults for the 35-MW distribution cooperative are

similar to those for the 35~MW municipal with coal-fired generation.
System type I is slightly competitive with the optimum conventional
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expansion with a 5 percent =solar mix and low small power system costs.
Type IL is competitive up to 20 percent solar mix with coptimum conven-
tional plan with low solar system costs. Type III is not competitive
with the optimum conventional expansion plan at any solar plant capital
cost level considered.

There are two primary factors which make these three system
types more competitive with conventional oil-fired generation than. the
other two 35-MW reference utrilities., First, the existing oil-fired
generation of this utility has a higher energy cost than the coal-fired
generation of the other two utilities. Second, the 35-MW municipal
with oil-fired generatiom was assumed to buy power from an investor-
owned utility with oil-fired generation. Therefore, the purchased

energy costs for this uvtility were higher than those for the two other
35-MW utilities. :

&) 200-MW Generation and Transmission Cooperative. The 200-MW
generation and transmission cooperative was expanded with small power
system types II, III and IV (a 50-MWe “power tower").

Figure 4-2 shows that type II is competitive with the
optimum conventional expansion plan up to a 15 percent sclar mix with
low solar system costs. Type III is not competitive with the optimum
conventional plan for any solar system cost level considered. Type IV
is competitive with the optimum conventional expansion plan with low
solar system costs and a 5 percent solar mix.

The study results can be summarized in breakeven capital costs.
Breakeven capital cost was defined as the capital cost which would have
to be achieved for the solar systems to have the economic potential to
penetrate 10 percent of a small utility's generating capacity (i.e.,
achieve & 10 percent solar mix) by the year 2000. While three levels
of penmetration were studied, l0 percent was used in determining break-
even costs because it represents a significant market share, and it
requires only modest increases in utility margin requirements.

Breakeven capital costs caleculated for each reference utility and
each SPS type for a 10 percent solar mix (10 percent penetration into
the small utility market) are summarized in Table 4-8. As can be seeam,
the breakeven capital cost for type I ranged from %$720/kW for the 35-
MW distribution cooperative to $1307/kW for the 35 MW municipal with
oil-fired generation. These breakeven costs fell within the range of

assumed potentiazl small power system costs (i.e., $578/kW to $2,312/kW).

Breakeven capital costs calculated for type II ranged from
$713/kW for the 35-MW distribution cooperative to $1,238/kW for the
35-MW municipal with oil-firved generation. These costs are less than

or in the lower part of the assumed cost vange (i.e., $508/kW to
$1848/kW)
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Table 4-7. Econowmically Attractive Applications
Synthetic Utility Technology
Dish Electric Central
Peagking Primary Slats—-Thermal Receiver
Size Type Season Fuel I 11 II1 v
1.3 MWe Municipal Summer 0il L,L (20%) - - -
10 MWe Municipal . Summer 0il L,L (20%) - - -
10 Mwe Municipal Summer None L,L (20%) - - -
' L,H (11%)
35 MWe Municipal Sunmer Coal L,L (15%) L,L (207%) NC -
35 MWe Municipal Winter 0il L,L (20%) L,L (20%) L,L (20%) -
L,H ( 8%) L,H (20%)
35 Mue Dist. Coop. Summer 0il L,L ( 7%) L,L (20%) NC -
200 MiWe G&T Coop. Summex Coal - L,H { 6%) NC L,L ( 9%)
L,L (16%)
NC = Not competitive
L,L = Low capital cost, low site development cost
L,H = Low capital cost, high site development cost

(X7)

Solar mix




The breakeven capital cost for type IV was $1,075/kW for the
200-MW generation and transmission cooperative. This was the only
reference utility for which type IV was considered. The value was
$28 /%W less than the lower limit of the assumed cost range ($1,103/kW
to §2,759/kW).

Breakeven capital costs are compared with estimated capital
costs in Figure 4-3. WNote that 10% penetration is assumed. At that
penetration level, the central receiver system was not competitive.
However, Table 4-7, which summarizes economically attractive appli-
cations, shows the central receiver (type IV) is competitive at pene-
trations of up to 9%, provided low capital and site development costs
are achieved.

A comparison of values in Table 4-8 with the range of study input
capital costs shown in Table 4-5 yields the following conclusions:

(1) Small power system types I and II (dish-electric) could be
economically competitive with conventilonal generation if
the low values of capital costs used in this study are
achieved.

(2) Small power system types III and IV (III: variable slats
with central heat engine; IV: central receiver) would have
to achieve lower capital and 0&M costs than the lowest
values assumed in the study to become economically
competitive.

(3) All of the small power system types poientially are more
competitive in oil-dependent utilities (represented in the
study by a 35-MW municipal utility with oil-fired generation)
than in coal-dependent utilities.

The study results indicate that a configuration consisting of a
parabolic dish concentrator and heat engine at the focus is more likely
to be economically competitive in small utilities than other small
power systems configurations. '

Factors .not considered in performing the evaluations include:
availability of petroleum fuels, envirommental conditions and other 3
non-economic issues. To determine their impact on the potential of E
solar thermal small power systems in small utilities, such factors
must be studied separately. 3
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CAPITAL COST*(1975%/k'W)

COMPARISON OF STUDY INPUT
AND BREAK-EVEN CAPITAL COSTS

4,000 1

Source:

P. Steitz, et. al., "Assessment of the Potential

of Solar Thermal Small Power Systems in Small

Utilities", JPL Contract 954971, 78-008-4-000,

Burns and McDonnell, Kansas City, Missouri,
35001 November 1978.
3,000 -
2,500 4
2,000 A
1,500 ~
1,000 4

aCapitaI cost includes solar hafdware costs, plus costs
DI, paoeniay  for land, site development,water supply, buildings,
electrical connections, a cooling tower if necessary, and
m‘uﬂuﬂ "I"m overhead items. It does not include interest during
500 Break-Even Capital Cost construction.
1-MW Parabolic 2-MW Parabolic 10-MW Parabolic 10-MW Variable 50-MW Central
Dish Concentrator  Dish Concentrator Dish Concentrator Slat Concentrator Receiver System
System System System System

SOLAR THERMAL POWER SYSTEM TYPE

NN\ BREAK-EVEN CAPITAL COST RANGE FOR 10% SOLAR MIX
[T sTubY INPUT CAPITAL COST RANGE

Figure 4-3. Solar Plant Versus Utility Applicable Costs
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Table 4-8. Breakeven Capital Cost?!
for 10% Solar Mix (1975 $§/kW)

Small Power System Type

Reference Utility 1 IT 11T v
1.3-M# Municipal -2 - - -
10-MW Municipal 968.6 - - -
With Generation
10-Mi Municipal 1,070,1 - - -
Without Generation
35-M{] Mupicipal With 746.4 716.2 1,137.4 -
Coal-TFired Generation
35-MW Municipal With 1,307.3 1,138.8 1.720.1 -
0il-Fired Generation
35-MW Distribution 720.7 713.0 976.8 -
Cooperative
200-M{ Generation & - 771.6 . 1,069.8 1,075.5

Transmission Coop.

1 . . . .
Excluding interest during construction.

2For a 1-MW Small Power System with all other characteristics identical
to Type I, the breakeven capital cost is $1050/kW

Note: Small Power System Types

Types L & II: Parabolic dish ~ electric transport

Type III : Line focusing variable slat concentrator with
central heat engine (Rankine)
Type IV : Central receiver (Rankine)
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2. User Integration

Workshops and seminars with small power systems user groups are
an important wmeans of SPSA information gathering and dissemination.
Bringing a user group together to help formulate plant requirements
for their particular application gives the group members a sense of
"ownership” of the application. These groups tend to become strong
project supporters and early customers for hardware,

A very successful small utility user workshop was held in Aspen,
Colorado, October 10-12, 1977. The workshop was designed to accomplish
four primary objectives:

(1) To introduce utilities to small solar thermal power
technology, its potential and the programs for its
development.

(2) To pinpodint dévelopmental issues invalved in the adoption
of small solar thermal power.

(3) To establish communication chanmnels with utilities, which
will assist the Jet Propulsion Laboratory in developing
technology that will meet the needs of small utilities.

(4) To provide input for making upcoming RFPs for experimental
projects attractive to various types of utilities, particu-
larly the small electric utilities.

A general purpose of the workshop was to establish an effective
interchange of ideas among electric utility representatives, the
Department of Energy, and the Jet Propulsion Laboratory. To achieve
this goal, the format for this workshop included formal presentatioms,
panel discussions, small group interactive discussions, and informal
gatherings.

Formal proceedings were prepared to comprehensively document the
presentations and dialogue at the workshop. The proceedings are avail-
able through the United States Government Technical Information Center,
DOE/JPL~1060~78/1 (Ref. 4-2). Results and comclusions appear in
Volume I, Executive Summary. Principal resulis are in the following
paragraphs.

When electric utility executives plan for future electric generat-
ing capacity, solar equipment is considered alongside other advanced and
conventional types of energy conversion systems. The capital cost of
solar equipment presently is high. Electric utility plammers have many
congiderations when evaluating the purchase of solar electric generating
equipment. Such detailed evaluation particularly is needed when com-
parisons with other, better known, proven power—generation equipment
are made. In planning for the adoption of solar power systems, it is
difficult to predict users’ atcitudes as they relate to purchase of
high~cost and high-risk technologies.
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A primary impediment to the practical implementation of solar
power plants is the statistical variability of insolation. Plants of
the future will require major equipment redundancy, employing conven-
tional technology and/or large energy storage capacity. This require-
ment will increase the cost of solar electric power plants.

Once technical feasibility and reliability have been proven, solar
equipment most likely will be implemented in hybrid power plants. The
hybrid plants will contain some corveutional fossil fuel generating
capacity for use when the sun is not available. The need to save oil
continually increases the attractiveness of solar energy as an opticn
for generating electricity and tends to raise the risk acceptance level
in planning decisions,

Retrofitting existing steam electric generating facilities with
a suvlar heat source is a2 near-term solar emnergy option. However,
several difficulties may be encountered, including the high cost of
developing the solar steam electric oenerating equipment interface.

Decisions to use solar technology when a utility expands genera-—
tion capacity will be strongly influenced by local economic,
institutional, and environmentsal considerations. However, consideration
of regional and national objectives must accompany each decision. The
Federal Government and the Department of Epergy must clarify and
communicate their objectives to assist utilities im planning.

As scarce fossil fuels are consumed, attention must be directed
toward choosing electric power options based on renewable energy
sources. Solar energy is renewable and, therefore, should be developed.

The size of an electric utility company and whether or not it is
publicly or privately owned has a direct effect on the acceptable risk
level in planning, developing and purchasing new equipment. In order
for many utilities to actively participate in high-risk solar research,
development, and demonstration, they need to devise innovative schemes
for increasing flexibility in the planning process, When considering
new generation capacity, the small utilities often band together to
share ownership or pool power. This sharing may be in conjunction with
largey electric utility operations. Consequently, the large and small
utilities may see a way to combine efforts in a fashion mutually
beneficial for the development of solar power.

The Department of Energy may speed acceptance of solar plants by
finalizing solar-related siting regulations, thus firming up the plan-
ning basis for developers and utilities. As the major source of
financing solar electric development, the Federal Government must commit
suitable amounts of public funds.

To facilitate siting of urban and rural plants, environmental
regulations and licensing processes must be clearly defined by local
and federal agencies. These regulations should include consideration of
special applications, such as hybrid solar-fossil fuel power plants and
distributed versus central receiver-type solar thermal systems.
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Siting new power generating facilities within the constraints of
future envirommental, socic—-economic, and land usa requirements is a
difficult job. Public acceptance of planned power systems will continue
to be important when planning additional generation capacity. Siting
regulations are particularly difficult to anticipate, in the case of
solar thermal power, due to a lack of experience and established
technical regulatory gidelines. Therefore, making pertinent guidelines
available for developers to use in planning for siting, construction,
and operation of solar thermal power plants will expedite acceptance,

Solar thermal power presently is a high~risk, capital-intensive,
long term investment. Due to stiff competition with lower-risk
investments for limited funds, new means of financing must be developed
to assist utilities and industrial owners in planning to own and operate
solar power plants.

The opportunities for financing solar electric power equipment and
facilities will increase as a self~sustaining solar electric power
industry develops. The long term stability of a solar industry will be
enhanced when manufacturers and reputable design engineering firms can
offer technically and economically feasible solar electric power systems.
During the formation of a solar electric power industry, the financing
status of solar technology would be greatly enhanced by a reduction in
capital costs and a demonstration of equipment reliability. Therefore,
effective and efficient research, in both the government and private
sectors, should be continued to support the establishment of competitive
technology.

At the conclusion of the workshop, the participants were surveyed
to solicit their evaluation of the workshop. The results indicatrd that
all of those in attendance benefited from their participation. The
major benefits that were reported included:

(1) Understanding of the purpose, goals and plans of the
Small Power Systems Applications Project.

(2) Better understanding of the state-of-the-art of solar
thermal power technology.

(3) Opportunities to influence solar power development through
ongoing participation in the program.

The workshop was viewed as successful and productive by nearly all
individuals involved. 1t opened a communication channel between Jet
Propulsion Laboratory and the utility community, and aided in the
initial definition of requirements. Nearly all participants indicated
a desire for further involvement with the Small Power Systems Program
through a variety of means.

As another part of the SPSA electric utility involvement process,
twelve staff members from the Pasadena Department of Water and Power
toured JPL on the afternoon of April 192, 1978, After viewing subjects of
general interest, they received a more detailed briefing on selected
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energy and solar energy programs under management by JPL. The visitors
heard presentations on solar thermal applications and photoveltaic
deviees, the electric vehicle, and thermal power systems. The tour and
briefing were well-received and the group showed particular interest in
commercialization studies now in progress,

The Pasadena Department of Water and Power provided a tour of their

facilities for tem JPL attendees on May 30, 1578. Participants viewed
the dispatech center, the base locad steam plant, power conditioning and
distribution equipment, and combustion turbines used for peaking.
Following the plant tour, a discussion period was held with Department
engineers. Chief topies covered were dispatching, scheduling, power
wheeling, and general problems facing small utilities.

3. Market Potential

Market potential work this year was limited to preliminary
examination of three market areas; the U.S. domestic market, less
developed countries, and the U.S5. military market,

a, Application Studies, U.S. Market. The U.S5. application
studies are being carried out presently as a part of the goals analysis
work and the most significant findings are reported at the end of
this section. A brief market segment potential overview is being
accomplished now to identify the best early U.S. small power systems
applications and to assess their market potential.

b. Less Developed Country (LDC) Market Potential Analysis.
This work recently was initiated as a part of the goals analysis early
application potential studies,

One activity of this sub~task was to establish and wmaintain
communications with JPL Low-Cost Solar Array Project personnel
assigned to analyzing LDC markets. Discussions have indicated that the
solar thermal role might be to accelerate rural electrification by
stimulating demand in outlying areas. These areas will then become
markets of sufficient size that the power grid could be expanded to
serve them profitably. A balanced network of intercomnected central
and dispersed plants operating on a variety of fuel sources, including
solar energy, then would provide high quality electric power to most of
the population. This view is in sharp contrast with the photovoltaic
approach, which emphasizes hundreds of thousands of independent micro-
systems (< 10 kWe) competing with the grid.

c. Military Market Potential Analysis. Investigation of the
market potential and power plant requirements within the Department of
Defense were begun in March, 1978, Discussions were held with BDM Corp.
and the Defense Advanced Research Projects Agency to assess Depariment
of Defense needs, Also, potential Department of Defense funding of
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power plant studies and hardware specifically oriented toward military
requirements was discussed. Requirements identified as critical in the
military scemarioc were size, weight, modularity, reliability, and
simplicity of maintenance. The SPSA Project has considered military
applications in the FY 1979 Annual Operating Plan and is aiming at the
deployment of at least one military oriented power plant experiment by
1983, '

&, Plant Requirements

Plant requirements work this year provided significant in-house
support to the ather SPSA tasks. There were specific subtask activities
in preparation for a requirements definition and solar plant impact
study, hybrid solar/fossil fired plant study, and requirements
evaluation for the planned Navy CEL experiment (EE#2a).

a. Electric Utility Expansion Planning, Non-utility Load
Definition, and Solar Plant Impact Study. 1The combined Soiar Thermal
Plant Tmpact Analysis and Requirements Definition Study will be a major
contractual effort to evaluate the potential impact of solar thermal
power systems on electric utility systems and non—utility loads of the
United States. The scope of the study specifically excludes central
plants in large utilities. The main emphasis is on near-term applica-
tions (1985-1989). This implies smaller utilities, dispersed siting,
and non-utility loads. The output of the study will be directly
applicable to project experiments (EE#1 and EE#2) by providing funetional
and design requirements essentilal to successful operation of a solar
plant in a particular region (e.g., Southwest) and for a particular
application {e.g., rural industrial site, commercial site, or small
utility substation}.

The Commerce Business Daily announced the RFP in April 1978, and
the RFP was released in June 1978. Three proposals were received.
Contract award is scheduled for early FY 1979.

In this study, the small solar thermal power system is viewed at
the subsystem-level, such as "central heat emgine'" and ''storage’. Each
subsystem will be assigned functional characterdstics by the cri.actor
in cooperation with JPL, based on the best available technolog' al data.
The subsystems will be integrated into a functional model of tue plant.

The customer will be represented by a synthetic utility or non~-
utility load located in a specific region of the United States. The
region will be characterized using the best available insoclation data
and other relevant data.

In the impact analysis the purpose is to find out how functional
characteristics of small power system plants, for various levels of
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capacity penetration, impact the most important considerations of the
user; namely, back-up requirements and economics. The study will pro-
vide insights into the following issues: .

Cost of Solar Thermal Plants

Capital Costs
Operating Costs

Economic Value of Solar Thermal Plants

User Operating Costs (Fossil Fuel Displacement)
Capacity Credit
Capacity Mix Change

Reliability Impact of Solar Thermal Plants

Plant Size (MWe)

Amount of Storage/Hybrid

Location of (Weather/Insolation)

Multiple Plant Dispersion (Primarily Utility-Related)
BEquipment Reliability

Solar Thermal Plant Penetration Level

Economic Value
Reliability Impact
Electriec Grid Capacity (Primarily Utility~Related)

Operating Problems

Correlation of Solar Thermal Plant Output Degradation
System Spinning Reserve Requirements
Solar Thermal Plant Qutput Ramp Rate
System Safety Comsiderations and Drop~Cut Protection

In the requirements definition task, the user's functional
requiremenis will be tramslated into plant requirements., ALl require—
ments for the wvarious subsystems will be integrated on the basis of
trade~off studies and engineering judgement. The final output will be
a functional description of a small power systems plant that satisfies
customer requirements. '

b. Hybrid Solar/Fossil Fired Plamt Study. The Public Service
Company of New Mexico i1s performing a2 study for DOE (managed by Sandia
Livermore Laboratories) on the feasibility of solar hybrid repowering of
existing power plants. Phase I of this study includes a technical and
economic assessment of the solar hybrid repowering of selected axisting
faeilities from the perspective of a utility company. This study effort
has been followed and contact maintained with the participants. The
golar hybrid repowering concept is a versatile idea. It is expected
that the techniques developed and lessons learned in this study will be
transferrable to the Small Power Systems Application Project.
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Work has begun on requirements definition studies for a
solar-fossil fired hybrid power plant. The outline for an in-house
system analysis of the hybrid plant concept was reviewed. The study
will examine the engineering and economic feasibility of hybrid plant
operation in the 1-10 MWe range during 1985-1990. Also, the net
econaomic benefit of hybrid plant cperation in various scenarios will
be quantified.

c. Navy CEL Plant Requirements., The Civil Engineering
Laboratory (CEL), in anticipation of U.S8. Navy energy policy, recognized
the potential of solar thermal power. A monitoring and evaluation
program was implemented in 1977 with the goal of reducing non-renewable
energy consumption within the Shore Establishment. Since the inception
of that program, CEL bas studied several options appropriate for modular
shore-based solar power generation. The Brayton cyecle solar air turbine
generator with paraboloidal dish concentrator has been identified as a
promising concept with sufficient technical merit to justify a near-term
development program and deployment of an experimental system for testing
and evaluation. Discussions beginning in April 1978 between the Civil
Engineering Laboratory and the Jet Propulsica Lzboratery have revealed
many similarities between the requirements of the DOE Small Power
Systems Program and the U.S. Navy requirements for electric power
generation. This commonality of requirements presents the opportunity
for synergism between the two programs.

The Navy program will benefit from JPL expertise in small power
systems. The near-term deployment of a Brayton cycle machine to the
DOE Small Power Systems Program will provide sound operational and
economic data on a small power system option within reach of present
technology. Benefits to the DOE program will include a more rapid
development of commercial power plant applications as military interest
and military markets are developed. A joint U.S. Navy/DOE Military
Application Project has been proposed to design and deploy a small scale
solar electric power generating experimenmt (100 kWe minimum) to meet
Navy requirements. The program will be managed by the Jet Propulsion
Laboratory and funded jointly by the U.S. Navy and the DOE. The
experiment will be known as the Joint DOE/USN Solar Thermal Power
Program., It will be the first of the JPL Engineering Experiment No. 2
Series and is designated EE#2a. In FY 1978 an Interagency Agreement was
signed by the Navy, DOE, and NASA to implement this program.

5. Cost Goals Apalysis

This activity, begun in December 1977, initially analyzed the
Southwest U.S, utility market segment and pumping needs for the
California water aqueduct system.

a. Southwest U.S. Utiliry Cost Goals Study. SPSA requires an
understanding of the cost of electrical generation by conventional
sources in the 1985-2000 period. In order to prepare a basis for
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determining the cost of electricity that small power systems must meet, nine
electric utilities located in high isolation areas of California, Arizona, New
Mexico, and Texas were visited. Each utility was surveyed to determine present
capabilities, plans for future generation and transmission, environmental
constraints, fuel supply, water availability, reserve requirements, costs, and
reliability. This investigation showed that these utilities plam to double
their installed generating capacity by 1995. 1In Arizona and New Mexico the
utilities will rely almost exclusively on new mine-mouth coal plants located in
northern Arizona and New Mexico and a massive 5-unit 6500-MW nuclear power
plant near Phoenix. Transmission lines of from 200 to 600 miles will carry the
power to the load centers,

The two California utilities also plan to double their generation
resources by relying on oil and geothermal sources. They would like to share
in any large coal or nuclear complex in the area. Their transmission lines are
under 100 miles. They are both inter-tied with the bulk power grids in the
southwest.

The energy cost in the southwest from these new systems will depend upon
numerous factors. Several estimates were made based upon a variety of scenarios,
including: investor-owned and municipal utility operation; startup dates of
1986, 1995 and 2000, various fuel prices; various fossil and nuclear technolo-
gies, multi-year delays in construction, plant capacity factors of 0.3 and 0.6;
and fuel escalation rates of 1% and 27 above a 6% inflation rate. Using five
different fuel price forecasts, energy costs in the 1985-2000 period were
computed as 40 to 100 mills/kWhr for baseload plants and 70 to 195 mills/kWhr
for intermediate load plants (1978 dollars).

Factors other than cost will figure heavily in determining the rate at
which small power systems gain acceptance in the national economy. The out-
come of the energy policy debate will stroungly influence the rate of solar
development. Imstitutional factors control the rate at which new coal fields
can he opened, fuel transport systems built, and new plants constructed., Many
of these already have impacted the nine utilities studied.

The utilities represent a potentially large market for small power
systems. However, the utilities may utilize several types of power plants,
including conventional designs for fossil-fired and nuclear systems. By the
end of the century, the utilities also may have a choice of advanced technolo-
gies, such as fluidized bed combustion, geothermal, nuclear reactors, wind,
central receiver solar, and photovoltaics. Thus, the problem for the cost goals
study can be stated in terms of two questions:

(1 What competition do small power systems face among utilities in the
1985-2000 period?

(2) What economic goals must the SPSA Project achieve in order to
compete sucessfully in this environment?

4-27



The approach taken is as follows:

(1) Identify utilities in the southwest that might buy small power
systems during 1985-2000 and beyond. Analyze their publications
for resource plans.

(2) Visit utility planners to obtain their perspectives on solar elec-
tric applications as well as their outlook for conventional power
generation technology growth and costs.

3 Create realistic scenarios for load growth escalation, power plant
technologies, fuel costs, and other economic factors based on the
utility visits.

(4) Compute levelized busbar energy costs under these scenarios for
conventional technologies competing with solar.

{5) Compare these results with findings of other analysts in the litera-
ture.

The first utility market for solar thermal electric systems in the U.S.
consists of firms in the Southwest, an area of high insolation. Because of
many factors like terrain, capital, equipment, service area, management,
regional history, and local government, each utility has a different perspective
and set of priorities. When examined in detail, their variability becomes
apparent. The system developer must have an awareness of the diversity of out-
looks found among these utilities.

1) Energy Cost Analysis. The cost of power from new power plants is
expected to rise rapidly over the next decade. Thus, determining the most
plausible scenario for energy costs is difficult. The objective of this study
was to provide such a scenario. The range of estimated energy costs, based on
the best information available in the first half of 1978, is shown in Figure
4-4, Stated in 1978 dollars, the range varies from 40 mills/kWhr for baseload
plants to 200 mills/kWhr for combustion turbines operating at intermediate load.

In the analysis, the average busbar energy cost was developed for units
coming on line in 1986, 1995, and 2000, using a capacity factor of 0.6 for
baseload and a capacity factor of 0.3 for intermediate to peaking duty units.
This analysis considered plants on order and projected plants and technologies
using estimated future fuel costs. Escalation rates considered were from 0 to
2% above general inflation.

The capital costs, transmission costs, and tax rates shown are typical of
an investor-owned southwestern utility. They are based on data from utility
annual reports and financial prospectuses (Refs. 4-3 to 4-14).

The capital costs of power plants refer to actual nuclear and coal plants.
Palo Verde #3, a 1270 MW light water reactor, is scheduled to be on line in
1986. This unit will be located west of Phoenix near Wintersburg #2 and is
owned by 6 utilities (Public Service of New Mexico, E1l Paso Electric Co.,
Arizona Public Service, Salt River Project, Los Angeles Department of Water and
Power, and Southern California Edison Company, see Reference 4-9). San Juan #4,
a 466 MW mine-mouth coal steam plant, scheduled to be on line in 1981, will be
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located in the Four Corners area of New Mexico. It is owned by Public Service
of New Mexico and Tucson Gas and Electric Company. Data for these plants are
shown below in 1978 dollars.

PV _#3 (S/kW) SJ #4 ($/kW)
Caﬁital Cost : 425 593

Interest during construction 127 178
and escalation (30% of
capital cost)

Transmission ' 158 45

Total 710 816

Other plant capital cost data were obtained from the EPRI Technology
Assessment Guide (Ref 4-1). A 30% charge for interest during construction and
escalation was applied to LMFBR, Fluidized Bed Combustor, and MHD plants.
Transmission line capital costs of $100/kW also were applied. All computations
included amnuval maintenance and operating costs totaling 3% of capital costs.
Energy costs were based on heat rate, capacity factor, and fuel price forecasts.

Table 4-9 summarizes the plant description data common to the cases
examined. Cases run included:

(1) Fuel, capital, and labor costs escalated 1% above inflation.
(2) Fuel, capital, and labor costs escalation 2% above inflation.

(3) Plant construction delays of 5 years, in addition to the typical
lead time for the type of plant.

Figure 4-5 shows the energy cost of baseload systems with fuel escalation
1%Z above inflation, considering capital cost, operations, and maintenance. This
is for initiation of operation im 1986. Tigure 4-6 shows similarly, the costs
of power for intermediate load plants commencing in 1986.

Energy costs of conventional plants are more sensitive to changes in fuel
prices for systems with high heat rates than they are for thermally efficient
systems. Advanced combined cycle plants with heat rates of 7000 Btu/kWhr are
least . sensitive to increases in fuel prices: about 15 mills/kWhr for each
$1/10° Btu change. MHD plants with heat rates of 7400 Btu/kWhr are less sensi-
tive to fuel prices. These plants will not be available until 1995. Coal and
nuclear LWR plants operate approximately at 10,000 Btu/kWhr with sensitivities
of about 20 mills/kWhr for each $1/106 Btu fuel price change.

2) TFuel Price Forecasts, Energy Costs, and Goals. The preceding figures
represent the busbar energy cost in 1978 dollars, as functions of fuel price
and technology. Estimates of fuel costs during the 1986-2000 period also were
tabulated. For this analysis, fuel price forecasts of five independent studies
were used. Kent Anderson (Ref. 4-15), DRI and SRI (Refs. 4-16 and 4-17)
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Table 4-9. Plant Cost Assumptions

Plant Cost Assumptions (1978 Dollars)}

Technology

Coal
Combined-Cycle 0il
¥BC

Gas Turbine
Geothermal

LMFBR>

MHD3

Ruclear-LWR

1986: Year of 1995: Year of 2000: Year of
Commercial Operation Commercial Operation Commercial Gperation
1st Year Cost2 lst Year Cost2 Ist Year Cost2
Heat Rate  Construction Oper Maint Oper Maint - Opex Maint
(Btu/kWhr) Time (Years) §/ _,f_]_- (x 106) §/xil (x 100) g /kWij (x 106)
10,000 g  $8l6 2.4 2.4 $ 888 2.6 2.6 § 991 2.7 2.7
-7,0Q0 . 4 317 .9 .9 344 1.0 1.0- 361 1.1 1.1
9,500 4 737 2.2 2.2 802 2.4 2.4 841 2.5 2.5
14,000 4 ) 227 .5 .5 247 .6 .6 259 .6 .6
29,000 o & | 721 2.1 2,1 785 2,3 . 2.3 823 2.4 2.4
9,000 : 6 1251 3.6 3.6 1311 5.8 3.8
7,400 ) 7 880 2.6 2.6 922 2.7 2,7
10,000 - 11 700 2.1 2.1 733 2.3 2.3 809 2.4 2.4
a

NOTES

1. Value of capital expenditures plus interest during construction; based on 200 MW capacity of most effi-
cient plant size for each techmology. Also, all plants except gas turbine, combined cycle, and geothermal
include the capital cost of transmission. Costs of coal, combined cycle turbines and LWR plants based on
utility survey; others come from Ref. &-1.

2. Taken as 3% of capital cost, divided equally between operations and maintenance.
3. LMFBR and MHD will not be available options until 1995 or later.
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zeported ranges of prices for coal and oil, but none of these show real price
growth between 1985 and 2000. (That is, prices increase only at the general
rate of inflation.)

The SYNFUELS (Ref. 4~18) interagency task force study also estimated a
price range for coal and o0il, and a lZ-above-inflation price growth for these
fuels. The FEA-PIES (Ref. 4-19) study showed no real growth in oil prices but
a 2% annual price increase for coal. Figure 4-7 shows the envelope curves made
up of the lowest and highest prices for coal and oil. Coal ceosts are in the
range of $0.69 to $2.20/10% Btu (1978 dollars). Oil costs are in the range of
$2.50 to $4.84/106 Btu (1978 dollars).

Using Figure 4-7 envelope curves on fuel prices, energy costs were
computed as shown in Figure 4-4. In the baseload case for 0.6 capacity factor
plants - using coal in f£luidized bed combustors and MHD plants, and oil in
combined cycle plants - energy costs vanged from 50 to 97 mills/kWhr (1978
dollars).

Intermediate load plants with 0.3 capacity factor have higher energy
costs. Combustion turbine energy costs may range from 100 to 194 mills/kWhr
(1978 dollars) and combined cycle costs range from 69 to 106 mills/kWhr
(1978 dollars). Both plant types burn petroleum.

3) Capital Cost Forecasts. Other analysts have generated plant cost
scenarios for 1985. A comparison of JPL Cost Goals Analysis results with
results from six other sources is shown in Table 4-10. The values of unit
capital costs all are expressed in 1978 dollars. The upper values in the
ranges for coal plants include precipitators, scrubbers for use with high
sulfur coal, and cooling towers. All values include interest during
construction, except those from SRI.

The capital costs for oil, nuclear, and gas turbines of all these studies
are comparable. The JPL estimate of $816/kW for coal plants is 10% higher than
the next highest value reported by EPRI. The JPL nuclear plant cost estimate
of $710/kW is 20% lower than the EPRI estimated costs. The JPL oil and gas
turbine costs are within the extremes reported by other investigators. The
values for coal plants in the JPL Cost Goals Analysis reflect cost estimates
for coal and nuclear-fired steam plants reported in recent prospectuses and
annual reports of southwestern utilities (Refs. 4-3 to 4-14).

4) Findings, Interviews and Summary of Generation Plans. A summary of
the present electrical generation mix and the planned additions for nine
selected utilities in the sounthwest by 1986 is shown in Table 4-11.

The utilities plan to increase their present generation capacity of
13,400 MW to almost double in 1986 to 24,200 MW. They plan most of the increase
to come from nuclear and coal additions. Loocking at California as a whole,
nuclear generation plays a dominant role in future resource plans in that state.
Sixty—~-four percent of the additions planned between 1985 and 1995 will be
nuclear, 16% coal combined fired, 8% geothermal, 7% combustion turbine, 3%
cycle, and 2% for hydro, fuel cells, wind, and direct solar combined. These
additions total 51,000 MW (Ref. 4-23). (These plans were formulated before the
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Tabhle 4-10. Seven Capital Cost Forecasts
(8/KkW - 1978 dollars)

Gas
Source Coal 0il Nuclear Turbines

JPL Analyses of Utility 816 317 710 227
Data
Joskow & Baughman,
Ref, 4-20 426 368 585 152
Electric Power Research
Institute (EPRI),
Ref. 4-1 739 464 878 a19
Stanford Research
Institute (SRI),
Ref. 4-17 344-438 287 631 140-206
Arthur D, Little Co.
(ADL), Ref, 4-21 368-561 339-376 543-693 -
Atomic Energy Comm.
(AEC), Ref. 4-22 291 362 482 -
National Energy Outlook
(NEO), Ref. 4-19 413-551 356 574-631 161

action of the state enmergy commission, CERCDC disapproving construc-
tion of nuclear power plants within the state boundaries.)

Each utility has a different resource base, finaneial condition,
and geography for managing generation transmission and distribution.
Therefore, the perspectives they shared with us reflect conditions
their individual company anticipates. The differences among utilities
and their outloocks should not be minimized. It is for that reason
that the extensive Appendix I of the JPL report covering this work
provides an in-depth profile of each of the nine utilities. The
remainder of this section, however, presents only highlights of the
differences and similarities found among the companies in this
industry.

The two utilities surveyed in the southern extremity of
California look to geothermal and oil-fired plants for future power
generation. Their transmission distances typically are under 100
miles and they operate under very severe environmental controls by the
state and local governments. Earlier plans called for greater
reliance on nuclear power. They anticipate partnership in any future
major power plant in the southwestern part of the state.

Arizona and New Mexico utilities typically have transmission
distances of 200 to 600 miles from coal mine-mouth plants and nuclear
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Table 4~11.

Selected Southwest Utilities

Present Generation Mix and Planned Additions by 1986

Generation Planncd Toral
Present _Capacity Additions Capaclty

Selected Utilities Ouwnership Generat lon Hy {By 198s6) MW
San Diego Gas & Investor 17 steam 1421 Nuelear 2848
Electrie 1 nuclear (20%)
San Diego, Calif. 20 combust{on turbines
Imperial Ivripgation | Public 1 steam
District Water 1 diesel
Tmpeeial, Calif. District 2 gas turbines

6 hydroeleccrlc {purchase) 391 Geothermal 791
Burbank Water & Municipal 6 ol ~ Steam 251 Coal 384
Power 3 pas combustion turbines Nuclear
Burbank, Calif. purchase hydro Geothermal
EY #as0 Elecerie Ipvestor 8 oll steam 999 Nuclear 18592
£} Pasoe, Texas 3 oil steam Coal

1 combined cycle Combustien Turbine

2 coal (77%) Pumped storage
Publtc Service of Investor 2 coal (177) 893 Coal 1897
New Mexico 5 natural pas steam XNuclear
Albugoerque, NOH. 1 coal (50%) Fumped storage
Svuthwestern Public Investor 1 coal 2559 Coal 4689
Survice 15 natural gas steam
Amarilioe, Texas 4 gas turbine
Tueson Gas o investor 1 diesel 1348 Coal 2104
Eleciric Y oil]l steam
Tucson, Ariecona 7 coal (77=50%)
Arlaona Publiv Investor 3 combined cycle 2561 Coal 5141
Survice Corp. 9 coal Nuclear
Phoenix, Ariz, 7 oil steam

il turbine
Salt River Project Agricultural = hwdroelectric 2444 Coal 4834
Fhovnix, Arizona Improvement 9 steam Nuclear

Pistrice 7 combustion turbine
4 combined cycle
8 cceal

plants to urban load centers.
severe logistical demands on these companies.

Management of this networl imposes
In addition, large

amounts of land must be devoted to surface mining and plant facilities.
Also, water requirements, transmission problems, and environmental

restraints will increase progressively.
included in the power cost of reliability forecasts, but concern about
them will increase in the region.

These factors are not yet

Two utilities, i.e., San Diego Gas and Electric Company and
Tucson Electric Company, have considerable experience operating small

dispersed units - 0il and gas~-fired turbines.

primarily for intermediate and peaking service.
tric systems (e.g., parabolic dish with Rankine, Brayton, or Stirling
engines) would be particularly suitable in these applications.

These units are used
Solar thermal elec-
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b. Energy for California Water System Study. Water pumping on
California Aqueducts represents possible applications of small solar thermal
power systems technology toward the end of the 20th Century., In order to estab-
lish a basis for evaluation, Requirements Definition determined the pumping
requirements, energy sources, and expected energy costs for the years 1985-
2000. Areas for further study that hold potential for early small power system
deployment were suggested.

The brief study presents a preliminary view of the California Aqueducts
System and prospects for small power systems application. The Aqueducts
System uses up to 2,5% of the electrical energy consumed in California. There
are three major aqueducts, all bringing water from areas north of Sacramento,
the Sierras, and the Colorado River to Los Angeles, Orange, and San Diego
Counties. The oldest, the Owens Valley Aqueduct, is operated by the Los
Angeles Department of Water and Power (LADWP). 1t operates by gravity flow
and generates power., The Colorado Aqueduct, owned by the Metropolitan Water
District (MWD), requires pumping power, most of which is hydropower from
Parker, Hoover, and Davis Dams. Since MWD owns portions of Parker and Davis
Dams, this power supply is assured for a long time. MWD purchases supplementary
power from Southern California BEdison Company at almost ten times the cost of
its own hydro-power. MWD also purchases a portion of its water requirements
from the California Department of Water Resources (DWR) for delivery to its
customers, 27 municipalities in 3outhern California.

MWD and LADWP are two of the State Water Project's largest customers.
They want to see DWR obtain an assured energy supply at the lowest possible
cost, so that they can continue to meet their retail commitments. The water
agencies have supported all of the proposed nuclear and coal central power
plants to serve Southern California.

The California Aqueduct is a major component of the State Water Project.
It requires power to move the water uphill enroute to Southern California as
shown in Figure 4-8. Current contracts provide power 2-10 mills/kWhr, but
they expire in 1983. DWR anticipates that its annual power costs will
multiply by 5 after 1983, So far, it has not been 2ble to negotiate a firm,
long-term power supply for the post-1983 period.

The State Department of Water Resources purchases power for pumping on
the California Aqueduct from the Pacific Northwest and from four utilities in
California ~ Southern California Edison Co., Pacific Gas & Electric Co., San
Diego Gas and Electric Co., and the Los Angeles Department of Water and Power
(Figure 4-9). DWR has a favorable contract for power for the state project at
a cost of three mills/kWhr. Thus, the state can deliver water, using off-peak
power, into Southern California for about $10 am acre-foot. When on-peak
pumping occurs, the cost per acre-foot increases. The state will have to
obtain extra capacity in power plants to meet the growing demand for water to
be delivered through the California Agueduct. It is estimated that in 1985 the
state will use 5.5 billion kilowatt hours of purchased energy - equivalent to
8.5 million barrels of oil - and need about 600 to 1000 megawatts of electric
generating ‘capacity for this water pumping application.
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In seeking additiomal power for pumping on the California Aqueduct, DWR
participated in planning and feasibility studies for two new nuclear power
plants — the San Joaquin Nuclear power plant near Wasco in the San Joaquin
Valley and the Sundesert Nuclear Power Plant near Blythe in the eastern
Mojave Desert.

Using the results of the utilities cost goals report, realistic estimates
are that power from new baseload plants coming on line in the 1985-2000 perica
would cost 80-100 mills/kWhr (1978 dollars). The DWR and its water customers
will be needing an assured source of power for the next 50 to 100 years. This
may work to the advantage of solar if the decision makers in the department and
Sacramento take a long-term view of their need to secure adequate power.

The DWR has investigated wind and solar power tower alternate energy source
systems. To date they have not built any plants. As a large consumer of elec-
tric power, the DWR is a potential user of small power systems provided that
solar thermal electric power can help solve their post-1983 power needs and
provide a long-term power source at viable rates.

An additional application possibility lies at the retail end of the
California Water Project. The municipal water utilities, which distribute water
to the end user, have local storage and pumping facilities along the distribution
system, They typically buy power from a local utility. Perhaps some of the
local water companies would be candidates for small power system repowering of
their pumping plants. The power requirements of individual water companies and
their spitability for SPSA would have to be determined in future work. To under-
stand this market, pumping requirements of the local companies would have to be
investigated through direct contracts with them.

In order for the Department of Water Resources to build a plant, solar or
other, it needs to obtain the strong recommendation of the governor. One
scepario might begin with a new technology showing itself economical and
environmentally acceptable. Then the governor would endorse its use for state
power requirements and seek both the legislative approval for implementation
as well as authority to market the bonds. The department by itself is not able
to undertake a large RE&D program or a major capital program without firm state
support.

In conclusion, it is apparent that the State Water Project uses a great
deal of electricity that must be obtained from outside sources. While small
solar power systems may represent a potentially viable alternative in the 1980's,
the likelihood is that these power needs will continue to be served by
conventional baseload plants in the near future.

6. Contract Review Activities

DOE has let contracts te the University. of Oklabhoma to study solar hybrid
repowering of the New Mexico Electric Service Company, Hobbs, New Mexico plant;
to the city of Bridgeport, Texas for a solar electric plant feasibility study;
and to Team, Inc. for an energy systems study of Detroit Lakes, Minnesota.
Various reports from these studies were received by DOE and sent te JPL for
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evaluation. These reports were reviewed by the SPSA Project for engineering
and economic content and comments were tramsmitted to DOE. TIn this way, JPL
screened such reports and compared their content with continuing work in the
small power systems area for consistency and accuracy. Also, JPL is able to
keep DOE informed of Small Power Systems progress.
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SECTION V

SYSTEMS DEFINITION

A. INTRODUCTION

The principal objectives of the Systems Definition task are to
determine technologies and systems designs that meet the needs of
selected applications in the power range of 10 MWe cy less and to char-
acterize these systems in terms of design, performance, and cost. An
additional objective is to determine the best designs by actually con-
structing engineering experiments. The experiments will be designed
based upon application-related requirements and specific selection
criteria.

B. TASK AREA ORGANIZATION

The Systems Definition activities are subdivided into four major
subtask areas: Design Support and Integration, Technology Comparison
Studies, Systems Development, and Systems Analysis, as shown in
Figure 5-1. Management of the contractorxr~developed engineering exper—
iments is the respousibility of the Systems Development subtask. An-
alytical support to the Systemr Development activities is provided by
the Systems Analysis subtask. Studies conducted to determine the
relative ranking of seven selected solar thermal power plant concepts
are performed by the Technology Comparison Studies subtask. Analyti-
cal support that provides subsystem hardware cost, performance data,
and integration of plant designs with user interface requirements, as
well as preparation of engineering experiment RFPs, is a function of
the Design Support and Integration subtask.

c. TECHNICAL APPROACH
1. Technology Comparisons

An overall objectiwve of the SPSA project is to develop and foster
the commercial readiness of solar thermgl power systems of 10 MWe or
less for a variety of applicatiomns. 1In order to identify and define
appropriate systems, an analytical effort was wmounted to 1) identify
the spectrum of solar concepts for collecting and couverting solar
energy to electrical power using thermal conversion technologies,

2) collect and evaluate performance and cost data for each of the sub-
systems necessary to the solar thermal approach, 3) further modify and
develop an existing computer code to simulate more adequately the
generic system concepts to be studiasd, 4) synthesize power plant con-
cepts for converting sunlight into electrical energy in sufficient
detail to determine their system performance and cost, and 5) develop
a rvelative ranking of the concepts studied aad a suitable methodology
teo do so.

e e —— o e ———
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A similar effort was funded by DOE at SERI and BPNL so that three
independent, objective comparison and ranking studies of solar thermal
concepts will assist DOE in developing future courses of action. The
Systems Definition task area assists DOE in the coordination of
the SERI and BPNIL study efforts. To this end, three coordination meet-—
ings were held to develop congistent study ground rules, identify con-
cepts to be studied, share information on existing analyses and computer
programs for systems simulations, and develop a compatible ranking
methodology.

2. Engineering Experiments

To develop cost, performance, and design requirements for solar
thermal power plants in a particulzsr set of upplications, a seriles of
engineering experiments will be designed, fabr.cated, installed, and
implemented at a field test site. The purpose of these experiments is
to gather actual cost and performance data from plants in actual operat-
ing environments.

The first experiment (Engineering Experiment No. 1) will be
designed to meet the needs of a small utility that requires plants in
the 0.5 to 10 MWe power range. Near-term technology will be emphasized
and design concepts appropriate for various start-up times (i.e., 3.5,
4.5, and 6.5 years) will be identified. Currently, three cdimpanies have
been funded for a Phase I system study that is to determine a preferred
system concept, a Phase II subsystem design, development and testing
plan, and a Phase III plant fabrication. It is planned that one or more
of the three study contractors will be funded for Phase II and Phase IIT
efforts. These efforts will be aimed at developing a solar thermal
power plant that will produce electrical energy as early as 1982.

As additional applications for small power systems are developed,
matching engineering experiments will be developed. Although Engineer-
ing Experiment No. 1 (EE No. 1) will emphesize near-term technology,
later experiments (EE Nos. 2 and 3) will incorporate new technology
developed by parallel DOE programs.

D, TECHNICAL ACTIVITIES FOR FY 78

1. Technology Ranking Methodology

a. Background. One of the major responsibilities of the SPSA
Project is to investigate the technical, economic and institutional
feasibility of selected applications and small power system technologies.
In order to provide an objective assessment of the many proposed
approaches for solar thermal power plants, technology comparison studies
involving JPL, SERI, and BPNL were initiated by DOE. The purpose of
these studies is to compare, on a relative basis, seven generic types of
solar thermal power plant comcepts. The types selected for study are:

(L Point-focus distributed receiver systems

(2) Point-focus central receiver systems
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(3) Liné-focus distributed receiver systems

(4) Line;foéus ceﬁtrdl receiver systems

(5) Fixed.mirror distributed~focus‘éystems

(éj ~ Fixed mirrofAiine~focus éysﬁéms |

(7) Low concentration non-tracking systems

A brief description of each generic'concapt follows:

1) Point~Focus Distributed Receiver Systems. Among distributed
systems, the point focus distributed receiver (PFDR) systems are capable

of generating the highest temperatures and are the most optically effi-
cient systems.

A point focus distributed receiver module is shown in Figure 5-2.
Two—axis tracking virtually eliminates the cosine loss sinece the aper-
ture is always normal to the direct beam radiation. The paraboloidal
shape allows for concentration ratios as high as 30,000. The point
focus concentrator can be used to generate steam for conversion to
electricity at a central location or may be used with a heat engine
at the focal point to generate electricity.

2) Point-Focus Central Receiver Systems. The point focus
central receiver (PFCR) system, often called a power tower, is a con-
cept in which reflected sunlight is concentrated omn amn elevated heat
absorbing receiver. This absorbed energy is used to heat a fluid which,
in turn, is used to operate a turbine. Figure 5-3 illustrates the cen-
tral receiver design comcept. The large field of mirrors, or helio-
gstats, provides two-axis solar tracking. Two major design concepts
exist for the placement of the heliostat field. One design places the
tower near a central location in the heliostat field, and the other has
a heliostat field only on the north side of the tower. Several optiomns
also exist in the szelection of the thermodynamie cycle and coolant.
Possibilities are the Brayton cycles, and the conventional steam Rankine
cycle. All of the central receiver design concepts are characterized by
high temperatures. Turbine inlet temperatures in excess of 526°C (980°F)
and pressures of 7 MPa (1,000 psia) are typical design values for steam
Rankine cycles. The open cycle Brayton systems have inlet temperatures of
677°C (1800°F). )

3) Line-Focus Distributed Receiver Systems. The line focus
distributed receivers (LFDR) systems can utilize several major collector
types. The first of these is the parabolic trough which is pictured in
Figure 5-4. The parabolic trough has a linear receiver fixed relative
to the concentrator mirror. This trough tracks around its axis of sym-
metry, but the axis can be oriented in several ways to yield different
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tracking losses., Three common axis orientations are east-west,

north-south, and polar (parallel to the ea .'e¢ a=fs), The second type
of collector in this generic type is rhe 1 v . s disitoibuted receiver
using moveable segmented mirrors. Thi syti: s seown in Figure 5-5.
In this system, rows of mirrors idependently -: -k the swm *0o focus

energy onto the linear receiver. Both svstnard have concentration ratiios
between 30 and 40. The parabolic trough a° the moveable . sgmented mir-
rors are designed for optimum operating tem:eratu-es of appronimat ..l
315°C (600°F).

4) Line-Focus Central Receiver System. The 1ine focus centra.
receiver (LFCR) system is similar to the PFCR concept in that heliostuts
are used tc refle.:. solar energy onto an elevated receliver. 1In 'ais
case, however, the rveceiver is linear and is supported ot a scries of
towers as shown in Figure 5-6. The receiver cavities extend along the
east-west axis of the heliostat field, with the heliostat field flered
at the ends to enhance early morning and late afternoon reception.

Steam design operating temperature and pressure of the linear focus cen-
tral receiver are 495°C (925°F) and 7 x 103 kPa (1,000 psi) respectivelv.

3) Fixed Mirror Distributed-Focus Dish Systems. The [ixed mir-
rorv distributed focus (FMDF) dish is a concept in which the concentrator
remains stationary and the receiver tracks the focused solar energy. A
drawing of this system is shown in Figure 5-7. The large, fixed aper-
ture, hemispherical dish is not as optically efficient as a tracking
paraboloidal dish. The hemispherical dish concentrates reflected energy
along the focal axis and requires a cylindrical receiver. The distrib-
uted Tocus hemispherical dish can have ccncentration ratios of between
200 and 300, depending on the orientation of the focal axis, which var-
ies as a function of declination and time of day. A steam temperaturc
of 570°C (950°F) and pressure of 6 MPa (850 psi) are projected for the
fixed hemispherical dish.

6) Fixed Mirror Line-Focus Systems. The fixed mirror line
focus (FMLF) concept uses a system that fixes the aperture of the con-
centrator, and the receiver tracks the focused solar energy about one
axis as shown in Figure 5-8. As such, it is similar to the line focus
distributed receiver except that the receiver tracks about one axis.
This concept can be designed for optimum operating temperatures as high
as 315°C (600°F). Concentration ratios can be as high as 40,

7) Low Concentration Non-tracking Svyvstems. This generic tvype
includes nontracking concentrators such as the Compound Parabeliz Con-
centrator {CPC) and V-trough. These cor-epts employ a variety of
receiver designs to absorb solar heat and transfer the heat to a sccon-
dary fluid. Optimum operating temperature is approximately 2259C
(437°F) with a concentration ratio of five. A CPC distributed collec-
tor medule is shown in Figure 5-9.
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b. Methodolcgzy. The methodology for ranking the selected
design concepts is discussed in detail in Section IV D4. 1In support
of the ranking activity, relative plant performance and costs are
required. Plant performance is determined according to the behavior
of the various subsystems and and their interactions under varying
insolation and meteorological conditions. The sizes of the different
components will be used to determine plant capital and operational
costs. Once performance and plant costs are evaluated, the energy
costs can be determined.

At this point, very little actual performance and cost data
are available. It is necessary, therefore, to formulate cost/
performance values based on experience with similar types of
equipment in similar applications. In some cases, no prior experi-
ence is available. Estimates then must be based on theoretical
predictions and engineering judgment. Nonetheless, if consistency
is maintained among performance and cost assumptions for the seven
generic types of solar plants, the relative position of the concepts
should remain valid. Thus, while these studies will not necessarily
provide the absolute levelized busbar energy costs (BBEC) for each
plant, the relative position on a scale of BBEC wili result.

Cs Simulation Model Description. The performance of systems
from each of the seven generic system categories was evaluated by means
of a computer simulation model in order to perform the analysis in a
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consistent and comprehensive fashion. The simulation model, known as
the Solar Energy Simulation (SES), consists of three major programs:
the FIFLD program evaluates collector field performance for specific .
insolation and meteorological conditions; the POWER program determines
performance of the fixed-rated power plant under specified comditions
for various collector and storage sizes; and the ECONOMICS program
evaluates the minimum energy cost for the plant. This model, through
a supervisor program, transmits data between the performance and
economics codes, and automatically optimizes the system.

The complete simulation of a solar power plant is accomplished by
consecutive application of the three main programs, which are linked to
operate as one. Even though each one can be executed independently, the
second and third programs (POWER and ECONOMICS) require inputs that
ordinarily are transferred from the first and second programs, respec-—
tively. Thus, POWER requires input from FIELD, and ECONOMICS requires
data from POWER. In the following discussion of the three major pro-
grams, Figure 5-10 illustrates operation of the SES model.

1) Field. In order to calculate solar collector field perfor-
mance, the FIELD program requires input of insolation and meteorological
data pertinent to a specific geographical location, The input generally
is provided to the FIELD program in the form of data tapes. There are
several other parameters that relate either to collector field charac-
teristics or to the use of weather data that are supplied by the user in
what is known as "NAMELIST" inputs. Also, several user generated sub-
routines and functions are required. The characterizing features of
collector field performance, determined by FIELD, are contained in
various modular subroutines and functions. They define the performance
of the collector field subsystems and components. These subroutines
and functions can be defined in various ways: by mathematical formula,
by constants, or by tabular form, depending on the degree of sophisti-
cation required.

2) Power, When linked to operate in sequence, most of the FIELD
program output is used as input to the POWER program. Time, solar inso-
lation, ambient temperature, net energy vutput, and efficiency of the
collector field are transferred from FIELD to POWER. Additionally,
inputs are generated by the user in the NAMELIST form and several user~
supplied functions also are required.

The POWER program is divided into two main parts. One section
evaluates power plant configurations that have one fixed-rate power
output and parametrically varied collector field and storage sizes.
The other part, largely contained in subroutine FTSCONT, determines the
mode of plant operatiomn.

The NAMELIST input consists of two sets of parameters: ENGS -
provides data from which the design point operating efficiency of the
engine is determined. POWER ~ provides data describing the design and
off-design characteristics of the engine, storage system and the power
plant in general.
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K) Fconomics. When linked with the other two programs, much
of the input required by the ECONOMICS program is provided as output
from POWER. As in the case of FIELD and POWER, NAMELIST input is again
required. This program performs three main functions:

(L It determines capital and operating and maintenance costs
for the power plant under study as determined by the user
in POWER.

(2) It determines energy costs for the power plant.

(3) It determines an optimum energy storage size for each
collector area.

Finally, given the geographic location and corresponding insola-
tion and meteorological data, an optimum (lowest enexgy cost at a
specific capacity factor) solar power plant of specified rated output
can be selected from the program output.

4) Sample Results. TFigure 5-11 illustrates a sample graphical
output of the simulation model produced by the ECONOMICS program. The
plot shows levelized busbar energy costs (BBEC) versus capacity factor
as a function of various collector field sizes and energy storage times.
The program calculates the levelized busbar emergy costs and capacity '
factor for each field size and storage time input by the user. In
the example, field sizes of 40,000 to 120,000 m® and storage times
from 0 to 14 hours were used. The program begins by calculating the
BBEC for the first field size and storage time. It next increases the
storage time and again calculates the BBEC. This process is continued
until the BBEC increases. At this point the program steps to the next
field size input by the user. Again the BBEC is calculated for a zero
hour storage time. Storage time is increased for the second field size
until once again BBEC increases. This process is repeated for all field
sizes and storage times input by the user, The envelope of the minimum
BBEC costs, shown by the dotted line, represents the required field
size and storage time as well as the BBEC for a given plant capacity
factor. As shown in Figure 5-11, the optimal plant for a capacity
factor of 0.5 would have a field size of 60,000 m2 and a storage of time
of 6 hours. The levelized busbar energy cost for this plant is 100
mills/kWe-hr.

d. Costing. A major cost element for a solar thermal power
plant is the concentrator and receiver subsystem. Those systems pre-
sently under evaluation axe not in a mass produztion mode as might be
expected if the product were successfully commercialized. Therefore,
it is necessary that a consistent approach be developed and used for
costing the collector/receiver subsystems.

5-15
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Figure 5-~11. Energy Costs versus Capacity Factor for a
Solar Thermal Power Plant

approach taken by JPL for cost estimating addresses the
in detail:

Preparation of parts lists for the system(s) under
consideration.

Manufacturing process to produce the part.

Labor time required per operation for each part and/or
assembly.

Toeling required to produce parts, subassemblies and final
assemblies.

Capital equipment required to manufacture parts.

Raw material costs.
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During FY 78, cost analyses were executed for three different
systems — namely:

(1) Low concentration nontracking compound parabolic concen-
trator (CPC) — Argonne National Laboratory design.

(2) Line focusing central receiver — FMC Corporation design.
(3) Line focusing fixed mirror — General Atomic Company design.

Each part, assembly and/or subassembly was reviewed and cost
estimates were made by determining the raw material or purchased part
cost. Detail parts were costed based on the manufacturing method
selected. The manufacturing methods varied from castings, forgings,
stampings, as well as machining, welding, joining, etec. Each operation
was costed, based on manhour estimates to produce the part. Assembly
costs were also based on manhour estimates to perform the operation.
Data supplied by the aforementioned companies for their particular
design were used in the cost estimates where practical. The balance
of the estimates were provided by potential vendors and JPL estimates.

As an example, a cost breakdown is shown in Table 5-1 for the
Compound Parabolic Concentrator (CPC). Table 5-1 shows that for the
CPC system, the cost per square foot of aperture area is $13.10, of
which raw material and/or purchased parts amount to 85 percent of the
cost, and the labor cost is 15 percemt. These costs were based on a
production rate of 10,000 square meters of aperture area per year.

If it 48 assumed that capital equipment and tooling costs are
$50,000,000.00 and that these costs are amortized over three million
modules, the additional costs would be:

$16.66/module ox,
$0.125/square foot of aperture area or,

$1,345/square meter of aperture area.

Similar cost analyses will be conducted on the collector systems
for the other concepts under study. Not all systems will be defined in
as much detail as the CPC. MNonetheless, based on prior experience in
manufacturing similar components and material cost estimates indicative
of actual costs it should be possible to arrive at reasonable system
costs,

e. BPNL/SERI Coordination. This activity, as mentioned
earlier, consists of an independent study of the potential for comme:
cialization of several generic types of solar-thermal-electric power
plants. The primary objective of the studies is to rank the generic
types in order of their economic potential for small power system
applications.
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Table 5-1. CPC Cost Breakdown
Variable '
ost Per Raw Mac'l Mat'l Cost Labor Cest Hat + Labor Cost
Part ft* Apercure Cost Per Hodule Per Hadule Per Hodule
Refleetor-Parabolic
0,012 Thick Kinglux 2.17 0.60/£c% 202.00 1.50 293.50
Reflector-End Panels 0.16 0.60/£c? 20,40 0,80 21.20
Support~Reflector
14 Reqftiodule 0.18 1.00/1b 22,70 0.8% 23.54
TapefSolder 0.01 - 1.35 - 1.35
angles {4 Req) 0.13 1,00/1b 17.68 - 17.68
Plate 1.02 1.00/1b 136,60 G.40 137.00
Support~Frame End 0.10 0.15/1h li.o8 1.30 13.18
Support-Frame Side 0.17 0.15/1b 22.03 1.30 23.33
Retainer-Glass End ¢.02 1.00/1b 1.41 0.20 1.41
Retainer-Glass Side 0.02 1.C0/1b 2.61 0.20 2.61
Panel Glass 1.06 0.70/¢t2 142,80 - 142,80
Rod=Shape Guide 0,045 $3.00/ea. 6.00 - 6.00
Shade Cover 0.70 0.70/¢c% 94.50 - 94,50
Roal-Shade Retriever 0.U45 53.00/ea. 6.00 - 6.00
Switeh~Thernal Release 0.008 $0.50/en, 1.00 - 1.00
Beam-Frame Cepter ¢.09 $1,00/1b 11,60 0,63 12,25
Insulatien 0.01 1.00 - 1.00
Bracket-Frame Lifting End 0.041 0.25/1b 2.50 3.00 3.50
Bracket-Frame Pivot End 0.041 0.25/1b 2,50 3,00 5.50
Receiver-issy. 3.00 405.00 - 405.00
Tube Fittings 0.27 36.25 - 36.25
Pump Part of Transport System
ltose-Flexible (req)} 0.03 52.50/ea. 3,75 - 3.75
Pipe Part of Transport System
Fitcling Part of Transpert System
Ingulation Part of Tronsport System
Foundation 0.25 50.75/£c> 33.00 - 33.00
Pipe, Support Foundation 0.18 S§1.65/ft 23.92 - 23,92
fAracket 9.075 10.00 - 10,00
Belta/Fire/Ete. 0,045 f,00 - 6.00
Lifring-Pipe 0.28 §1,65/f¢ 37.62 - /.62
Cap-Pipe 0.075 10.00 - 10,00
Bracket-Pulley - 0.008 5.00 - 5.00
Pulley 0.9082 1,00 - 11.00
Cable 0.15 0,50/f¢ 20,00 - 20.00
RBolts/Pins/Etc. 0.09 12,00 - i2.00
Drum-Cable Windup .06 8.00 - 8.00
Winch 0,21 27.54 - 27.54
Tube-Toxque 0.21 SI.GSIEF 21.54 - 27,54
Bracket 0.75 10.04 - 10,00
NHandle-Winch 0.02 2,50 - 2,50
Plu-lLockling 0.02 2.50 - 2.5¢
Collar Assy. 0.18 264.00 - 24,00
Assemble-Each Module
3 hrs at $7.00/hr 0.155 - 21,00 21,00
Assembie-Arcar (on Site)
3 hrs at $7.0u/hv 0.155 - 21.90 2}.00
Structured Support
8 hours at $15,00/hr 0.89 - 120,00 120.00
Site Preparation 4,30 - 40,50 40,50
Collector Mounting 0.30 - 40.50 40,50
TOTALS $13.06 - - $1512.18 $256.,19 $1768.37
cosT/ft2 $13.10 - 11.20 51.90 13,10
COST/mZ $140.95 $120.51 §20.45 5140.95

toals and Capital Equipment = $50,000,000.C0%

Amortize over 3 x i06 Modules = $16.66/module
e $0.125/Ft2

5 51,345/m2
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In assisting DOE in the Technology Comparison Studies, JPL wrote
the program plan, coordinated the technical meetings between the three
agencies, and developed the study ground rules, so as to focus the
study efforts on the critical elements of solar thermal power plants.
A ranking methodology was also developed. The purpose of this effort
was to develop selection criteria and attributes that provide a prac-
tical approach for evaluating and rapking the various technologies.
The approach selected is based on multi-attribute decision analysis
theory. For more details, see the Decision Analysis discussion later
in this report (Section VI).

To assist BPNL and SERI in initiating their efforts, JPL has
supplied listings of background litevature in the field, curreant JPL
reports and copies of the Barstow, CA insolation data selected by JPL
for use in these studies, In addition, Systems Definition has sup-
plied subsystem definitions, performance and cost breakdown struc-
tures (see Table 5-2) as well as an early version of the JPL Solar
Energy Simulation {SES) computer code. The study ground rules were
developed (see Table 5-3) and the ranking methodology iterated to
mutual agreement with BPNL and SERI. Independence of the studies has
been retained with each organization individually developing sub-
system performance and cost data bases, and performing its own ranking
analysis within the framework of the mutually agreed upon ranking
methodology.

Three coordination meetings have been held to date subsequent to
the initial meeting at DOE Headquarters on December 16, 1977. At
these meetings, study ground rules were reviewed, ranking method-
ology details developed, modifications of computer codes for system
simulations discussed, and system design progress compared.

2. Systems Analysis

a. Compound Parabolic Concentrator (CPC). The basic CPC
design evaluated in this report has a concentration ratio of five and
consists of thirty CPC collector units nested in an enclosure 9 ft
wide x 17 ft long and 1 ft thick. Externally, the enclosure looks
like a flat plate collector. The baseline 9 ft x 17 ft module was
shown previously in Figure 5-9.

The CPC module has an evacuated receiver tube with a selectively
coated absorber and a glass cover plate to prevent contaminating
material from falling into the module. The optimum operating temper-
ature of the collector is at a fluid outlet temperature of 225°C
(437°F).
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Table 5-2. Subsystems Definitions and Engineering

Information Summary

Hstlmf_el
Eff{vtency Welphts 1978 SK
Item % b {kg) Components Subtutals

X x 3 x
Collector Subsystem x

1. Site Preparacion/Foundatlen X x

2, Srructural Framework X ®

3. Reflector Surface and Support x 3

4. Drive Mechanlsm and Local Cuntroel % %

5. Recciver and Support % x

6. Plpes, Valves, Fituings, ecc. X x

7, Mipeellancous {(Explain) % ¥

8, Fieid Ingtallation 5 %

9, Field Supervision X X

10, Subsysrem Checkout/Ad justment x X
Power Conversion Subsystem X

i. Heat Engine - x

2, Generator X x

1. Heat Exchanger/Boilers/Condensers X x

4. Control Valves and Local Control LElements X Y

3, Pumps and Fans x %

&, lleat Rejection Equipment X ®

7. Subsystem Bulidings and Facillitles ® i

8, Switeh Gear, Transformers, ete, X X

9. Concept Paculiar (Explain} x x

18, Miscellsneous (Explain) % X

il, Field Installation % X

12, Field Supervislon x X

13, Subsystem Checkout/Adjustment X b
Energy Transport Subsystem % S

Thermal X * X X

1, Piping 3 X x

2. Insulation X % ®

3. Control Valves and local Control Elements H X x

4. Fluid Pumps and Drives X S ®

5. Site "reparation, Foundati.as, and Piping Support Elements % = x

6, Miscellaneons {(Explain) X x %

7. Field Instellacion % X ®

8. Fleld Supervision % x %

2, Subsystem Checkout/Adjustrent ® X x

Electrical X x S x

1. Wiring (Material, Supports, Trenches, cte.) ) E ®

2. Utility Interface Substation x x x

3. Local Control Elements H H *

4, Miscellancous (Explatin) x x x

3. Fleld Installatien X x S

6. Field Supervision X s X

7. Subsystem Checkout/Adjustment x = ®
Energy Storage Subsystem x ®

. Tanks, Insulation, Storzge Medium X X X

2. Heatr Exchangers/Boflers % % *

3, Heat Transfer Fluid X x ¥

4, Pumps, Valves, Piping, etc. x x X

5, lLoeal Control Elewments E x X

6. Site Preparation/Foundatlon H £ X

7. Miscellaneous {Explain) H % ~

8. ¥ield Installacion X % S

9, Fleld Supervisiom b b X

10, Subsystem Checkout/Adjusement X X x
Control Subsystem % ®

1, Control Software x % X

2, Procezsors/Computers X X b

3, System Control Elements for Plant Operation x x ®

4, Subsystem Operation Coptrol Elements x X X

5, Control Lipes to Subsystems and Plant Control Elcments X X %

6, Huildfngs and Facllities to House Equipment X X X

7. Miscellaneous {Explain) x x x

8., Field Inscallation S % X

9. Field Svpervision X x »

10, Subsystem Cheekout/Adjustment % % %
Derall Design x x %
Plant Construction Management *® x &
Special Features ® % x
Related icems X x F

Other (Buildings and Other Urilities to Support Syatem Functions, ece,}

Testing and Evaluation x x x
Total Estimated Cust % X X
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Table 5-3. Ground Rules Used for Systems Analysis

These ground rules are provided so as to limit the scope of studies in specific areas.

This is being done to meost effectively focus on the critical elements of the seclar thermal
plant concepts for a qualitative ranking of the various concepts rather than a complete
series of studies considering all subsystem tradeoffs over the complete range of design
parameters.

1.

The nominal plant power rating to be used in couducting Task 2 of the work statement is 5 MWe.
The plant power ratings to be nsed in the sensitivity analyses of Task 3 are 1.0 HWe and
10 We.

The plant concepts to be studied shall have the capability of delivering rated power from the
collector field only te the utility grid for a direct normal insolation of 800 W/m2 at solar
noon at equinox at the reference plan location.

For these studies, Barstow, CA is the reference plant location (latitude 34.97).

A service life capability of 30 years is assumed for all commercially available items or
near-term technology items other than the collector/receiver combinations {unless a shorter
life capability has already been identified for some items). This will permit the studies
to focus on the technology concepts of the collector/receiver combinations and their proj-
ected life.

Barstow insolation data for 1976 collected by WEST Associates and analyzed by the Aerospace
Corp. will be supplied by JPL at the outset of the studies.

Assume the power output of the plant when operating solely from the energy storage subsystean
to be U.7 of the rating of the plant for both thermal and electrical storage subsystems,

Assume that the electrical energy produced by the plant can be absorbed by the utility grid
at all times without regard to matching the output to the load demand characteristics of the
grid.

Use the following cost assumptions for the economic portiors of the analyses to provide
comparable costs for ranking purposes. (If any of the participating organizations feel
strongly that one or more of these assumptions is not realistic, these assumptions should
be further negotiated prior to use,)

a) Raw Land $5,000 per acre

b) Cost of capital to a “typical k 0.086
utilicy

¢) Rate of pgeneral inflation g 0.060

d) Escalacion rate for capital 8, 0.060
costs

a) Escalation rate for operating gy 0.070
costs '

£} Escalation rate for maintenance I 0.070
costs

g) Capital recovery factor CRFk n 0.0939
(B.6%, 30 yrs) 4

h) Fixed charge rate, annualized FCR 0.1565
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1) Systems Description, A simplified layout of the CPC
conceptual power plant is shown in Figure 5-12, Two fluid loops are
employed: Therminol 66 for the collector field loop and toluene for the
Rankine cycle power conversion loop. Organic fluids are used because of
their relatively high cycle efficiency in comparison with steam cycles
for low temperature operation. The output temperature of the collectors
is set at 223°C (437°F), with a return temperature from the heat
exchanger of 175°C (347°F).

As shnown in Figure 5-12, the collector field modules heat the
Trerminui to 225°C., When the solar insolation is high, any excess heat
is available to charge storage. The storage subsystem is used to
supply heat to the Therminol loop when the collector field cannot
because of low solar flux. The Therminol loop exchanges heat with the
toluene loop in the heat exchanger shown in Figure 5-12.

In this study the effect of the heat exchanger on the engine
performance was considered by correcting the engine efficiency due to
temperature drops during the process of heat exchange. Details will
be discussed in the chapter dealing with the Energy Conversion
Subsystemn.

2) Bubsystems Descriptions. Subsystem performance and costs
and the associated assumptions are described in this section.

a) Collector Subsystem. The 5X CPC collector which was prev-
iously defined, is assumed to operate under quasi-steady state condi-
tions. Energy balances are calculated for hourly interxrvals. Thermal
capacity of the collector module itself and that of the piping grid,
insolation and transport fluid contained are neglected.

Physical properties of the materials and coatings used in the
baseline design are tabulated in Table 5-4., The first column gives
transmittance, absorptance, reflectance and other data used by
Arthur D, Little Inc. (Ref, 5-1). Argonne National Laboratories built
and tested a 5X CPC module having physical properties listed in the
second column (Ref, 5-2)., The third column lists property data used in
the JPL performance evaluation., Advanced collector design parameters
were used in fthese assumptions. WNo dust factor was comnsidered.
Although it is known that there will be a dust effect on the collector
performance on the order of 5 to 10 percent, it was neglected so as to
identify the ideal peyformance of a CPC.

Testing of the CPC module design up te 153°C (325°F) was econducted
by ANL and the correlation of predicted versus test performance was good
as shown in Figure 5-13. ANL extrapolated the test data to 225°C
(437°F). Performance predictions used in this analysis are based on
the properties in column 3 of Table 5-4 and are therefore somewhat
better than thoseof Figure 5-13.
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Table 5-4.

Physical Properties of CPC 5X Design

ANL Study

Units ADL Experiment Values
Transmittance of L° 0.94 0.94 0.94
cover glass, Ty, (anti-
reflective coating)
Mirror Reflectance, L° 0.92 .92 0.92
g, (total, silwver)
Average number of L° 0.9 0.9 0.9
reflections, n
Transmittance of
vacuum tube, T2, (anti-
reflective coating) Le 0.92 0.92 0.92
Absorptance of ) ()
absorber plate, o L® 0.944(a 0.92 0.944
Gap loss between
mirrors and
absorber, ngap Le 0.975 N0.975 0.975
Dust factor, d L° 0.05 0.00 0.00
Optical efficiency,
nopt Le 0.704 0.72 0.74
Emittance, & of
the absorber plate Lo 0.0665(@ (e} g 0g3®I(d) 4 g7g(e)
de o 1.05x1074¢d) 9.9 x 1077
T
Combined conduction/
convection coeffi- 5 1
cient, UL(O) W.m ~.°%%C" 0.180 0.180
Temperature Coeffi~ W.m?.ooc? 7.94 x 1074 7.94 x 10~

cient of U

L? dUL/dT.

a., Per sample submitted by Optical Coatings Laboratory, Inc.

b. Black chrome

c. Does not include back losses from absorber
d. Adjusted for back losses from absorber
e, Includes the effect back losses of absorber

L® Dimensionless
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Figure 5-13. Thermal Efficiency of CPC Collector Versus (T-T,)/I

The selective coating used is the one developed by OCLI (Optical
Coatings Laboratories, Inc.,) and represents the characteristics of the
laboratory sample. There is potential for using the properties of this
coating for a 30-year operation in the field.

b) Optical Efficiency. The CPC optical efficiency is defined
as net useful heat collection if there were no heat losses f£rom the
collector and can be calculated from:

n <
Noptical = T1 x'p X Ty X0 XNy, X (1~ d (1)
The elements of 1 . are defined as follows:
aptical
T = transmissivity of the module cover plate
p = mirror reflectance
= average number of reflections of incoming direct light rays
pn = total reflected rays
Tz = transmittance of vacuum tube
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¢ = absorptance of absorber plate
ngap = gorrection factor for gap between reflector amnd absorber
d = dust factor

The values. for the above parameters used in this study are tabulated in

0.90

n = 0.94 x (0.92) x 0.92 x 0.944 x 0.975 x 1.00 = 0.74

optical

c) Useful Heat. The retained useful heat per unit area for
collector module at average working fluid temperature which iz defined

as: T = (Tin+TDut)/2, can be calculated from:

Q, = Nopt. * S8 - Thermal Losses, (2)

where:

58 = T eam ¥ cOS V) + 1

diffuse/ € 3)
and:

Ibeam = the beam direct radiation soclar flux

V = the angle between the solar beam vector and the normal
to the collector plane (angle of incidence)
liiffuse = the diffuse solar flux X Ltotal = Ibeam x cos (Z)
Z is the angle between the solar beam vector and

the normul to the horizontal plane (zenith angle).

Itotal = the total horizontal insolation (beam + diffuse)

C = the concentration ratio

The thermal lusses {Qj), as modeled in the CPC simulation, include
a combined convective/conductive heat loss plus a radiation term as shown:

QL = Qconv/cond + Qag

Q. = Uy (T - T,) + eo (54 - T:)/C (4)



where Uy, is the convective/conductive heat transfer coefficient. Uy, is
a funection of temperature as given below:

av,
U, = UL(OJ + 37 x AT (5)

T is the absorber plate average temperature, T, is the ambient temp-
erature. AT is the absorber plate temperature minus 20°C (AT = T - 20).
It defines the temperature measured above the reference 20°C which is

used to define UL .
(0)

d) Computer Predictions of Annual Performance, In addition
to the collector description and its physical properties shown in
Table 5-4, ANL supplied JPL with a computer program capable of calculat-
ing the net usefu’ heat per square meter of collector aperture area,
and the collector efficiency with respect to the solar radiation for
every hour of the day and day of the year (Ref. 5-3). The ANL code for
the CPC performance evaluation was modified by JPL to read SOLMET inso-
lation data and was run on the JPL Univac 1108 computer using an
insolation data tape generated by thetAerospace Corporation, for
Barstow, CA for the year 1976,

The annual useful heat and efficiency calculations obtained from
the CPC code run at JPL are shown in Table 5-5 where it is noted that
the yearly average collector module efficiency is 0.4, The efficiency
figure of 0.4 is lower than the data shown in Figure 5-13, which is
the instantaneous efficiency value at 900 W/m2 solar flux. The reasomns
for this dlfference are: the incoming solar flux is usually less
than 200 W/m and not always within the acceptance angle of the
collector.

3) Epergy Transpori Subsystem Performance and Costs., In the
studies of the collector field designs, an analysis was made of the
thermal energy transport system pressure drops, thermal losses and their
impact on costs. The basis of the study is the Thermal Energy Transport
Subsystem computer program, developed by JPL (Ref. 5-4). This program
can be used for any distributed collector field to determine:

(1) Pressure drop for the optimum pipe size
{2) Thermal losses for the optimum insulation thickness

(3) Optimum cost of the transport system in $/kW cn based on
optimum pipe size and insulation thickness.
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Table 5-5,
' 5 MWe Plant

CPC Collector Field Size Calculations for a

Solar Inmput

Yearly Useful Heat: of a Collector
Module

Yearly Awverage Efficiency
Yearly Operation Period

Yearly Average Rating

Predicted Transport Efficiency®
Net Heat at Turbine

Net Electricity Generation
t nengine = 0.20
Collector Area Required for 5 MWe

Numberzof ModuleE Required at
135 ft° (12.55 m“) each)

Field Array Sige

2850 Ly /m? year(H)

1130 kWh, /n® year at 200°¢ (%)
Average

1130/2850 = 0.398

2700 hours

1130/2700 = 0.418 kW, /m”
N = 0.90
Q
p

0.418 x 0.90 = 0.376 kith/m>

l[

[l

0.0752 kile/m?

5000/0.0752 = 66,500 m>

5298

72 x 74
72 rows, each row has 74 modules

(1) Based on the computer code supplied by ANL and 1976 Barstow,

California insolation data.

Collector inlet/outlet temperatures are‘175/225°c, respectively.

Mooy 18 defined at 200°C average temperature

*Consists of 4.6 percent thermal and pumping losses for the piping grid
and 5.4 percent pumping losses internal to the collector module total-
ing to 10 percent energy transport loss. ‘
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Carbon steel piping and calcium silicate insulation were assumed
for the energy transport subsystem materials for the CPC system. Trans-
port fluid (Therwsinol 66) feeder/return temperatures are 232°C (450°F)
and 176°C (350°F) respectively.

Cost data for the pipe material (plus erection costs) were
obtained from Ref. 5-6. The installed costs of the insulaticn was
estimated at $15/ft3 from the insulation cost tables included in
Ref., 5-6. These data were collected from industry in late 1973.
Estimates of 1978 costs are currently being collected by JPL, but ware
not complete enough to be used for this evaluation. The 1978 costs
appear to be substantially higher than the 1973 costs. Figure 5-14
shows the 1973 pipe costs for the basic material and for the installed
cost per lineal foot.

Baseline collector modules which measure 9 £t x 17 £t and have
a net collection area of 125 ft2 (12.55 m2) are laid out in rows 20 £t
apart to minimize shadowing of collectors to each other. Several con-
figurations were evaluated to find the layout which yields the lowest
energy transport cost during the life span of the solar thermal power
plant.
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Figure 5~14. Pipe Cost Breakdown
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Pargllel arrangements offer half of the pressure drop inside the
collector module observed for series arrangement. This however
increases external piping requirements and the energy loss due to the
transport grid is larger. The series configuration shown In Figure 5-15
wa. selected. This configuration was suggested originally by ADL and
agreed upon by ANL and JFPL.

a) Energy Transport Loss Within CPC Modules. The energy
transport loss due to pressure within twe 9 x 17 ft collector modules
in series, where m = 0.123 kg s~1 (0.270 1bm s~1) and total tube length
in two modules being 295 m (970 £t) was considered only, since thermal
losses were considered in collector performance.

The pressure drop, AP, can be determined by means of the equation

AP=4f%c-§
whera,

f = fanning friction factor

x = pipe length

C = tubing inside diameter
g, © gravitational constant

P = fluid density

V¥ = m/pA fluid velocity

Table 5-6 gives results of pressure drop calculations and pumping
power requirements for two modules in series for both 1/2-inch and
1/4=inch tubing.

At nominal design point (200°C) the pressure drop per pair of
modules having (1/2 inch OD) copper tubes imside 1-~1/2 inch OD pyrex
evacuated tubes is at amn acceptable level, i.e., 0.103 kW. For start-up
temperatures (10°C) the viscosity of the Therminol 66 results in very
high pumping power requirements {(3.18 kWe) per module. For the
operating temperature the total plant requires a pump with an average
rating of

5180
2

(0.103 " H) = 0.103 x = 267 kile

2
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Table 5-6.

Collector Module Pressure Drop/Pumping Power Requirements for Twe Modules in Series

Press Theo. ngt.m%g ,_
Density Viscosity Drop, Pump Pump
Temp p -3 M Reynolds Friction AP Power, Power Tube
{AVG) kg . m Pa s Number, Factor kPa kWe ke Size
°C (°F)  (Ibm.ft 2) (Ibm * h) Re f (psi) (HP) (HP) (inches)
53.6 0.299 2.16 x 10°  2.39 3.18 0.5
10(50) 1020 0.255 | (3.14 x 103 (3.49) (4.65)
(63.6)  (617) 107.3 0.149 3.44 x 10° 38.0 50.7 0.25
(4.99 x 10%)  (55.5) (74.0)
3.63 x 10 1.02 x 102 7.93 x 102 0.094 0.126 0.5
100(212) - 945 3.8% 1073 (0.138)  (0.184)
(52.00 (3.1 7.27 x 103 8.56 x 1073 2.13 x 10°  2.52 3.37 0.25
(3.09 x 10%) (3.7) (4.93)
1.65 x 104 6.97 x 1073 595 x 102 0.077 0.103 d.5
200 (392) 863 8.3x107% (86.3) 90.113)  (0.151)
3.9y 2.0) 3.31 x 164 5.86 x 10~ 1.60 x 10" 2.08 2.77 0.25
(2.32 x 103 93.04) (4.05)



whers
N = Number of modules,
This corresponds to a pumping loss of 267/5000 = 5.4 percent.

The piping grid contiguration and 1/2 inch tube design selected
has several problems which should be mentioned.

(1) Fitting two each 1/2 OD copper tubes into 1-1/2 inch OD
pyrex tubes and attaching glass to metal seals may be a
problem.

(2) Start up power requirements are excessive at 10°C:
(3.18 x 10600/2) = 16854 kW for 1/2 ineh tubes.

This will require prcheating the working fluid prior to
pumping as well as starting up at very low flow rates.
Pressure drop through the module pair is also prohibitive
at a level of 3140 psi for cold lines.

(3) Flow control among modules at different rows and lines will
be a problem, Some modules may have reduced/or increased
flow rates, flow may be reversed if pressures are not
balanced.

b) Thermal and Economic Analysis of the Piping Grid. Various
piping transport grids were studied to evaluate the pressure drop,
thermal loss, and system cost associated with 1, 5, and 10 MWe rated
plants of various field sizes.

The optimum configuration for a field was determined by executing
a computer program which varied the pipe size, insulation thickness,
and assumed plant cost. A typical result for an optimized 5 MWe
65,000 m? field is shown in Figure 5-16.

The results of these studies showed that over a collecior field
area ranging from 1600 m? to 180,000 m? the transport cost im §/m2
varied only 13.6 percent, the heat loss in kW/m? vavied 30 percent,
and the efficiency of the transport system piping grid changed from
96 to 95.3 percent for piping grid losses., If the module internal
losses at 5.4 percent are added, the transport efficiency ranges from
91.2 percent to 89.9 percent.
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ADJUSTED TRANSPORT COST, $/kWe

200. | | I ] ]
5 MW PLANT - 45,000 m>
* $3000/kW,, (516, 000/KW, )
800 - ESTIMATED PLANT COST P
-2
700 |- -
$2000/4W, ($10,500/kW )
ESTIMATED PLANT COST
600 - .\'—/' -'
500 |- _
400 |- -
$500/KW,, (52,700/kW )
ESTIMATED PLANT COST
300 - |
200 i
100 |- i
0 | { | | [
0 I 2 3 4 5 5

PIPE INSULATION THICKIMNESS, in.

Figure 5-16. Thermal Energy Transport System (Piping Grid Only)
Adjusted Energy Cost (in $/kWth) versus Insulation
Thickness
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4) Energy Conversion Subsyatem Performance and Costs. Tor low
concentration ratio collector fields developing cutlet temperatures on
the order of 450°F, an energy conversion subsystem utilizing an organic
working fluid in a Rankine cycle offers higher conversion efficiencies
than steam in a similar ecycle. Therefore, for this evaluation, a
turbine-generator combination using toluene as the werking fluid was
selected. Performance data were obtained from Refs. 5-6 and 5-7, and
from personal communications with Sandia and Sundstrand personnel.

Turbine-geuerator combined efficiency as a function of size was
based on the scale effeect experienced with steam turbines and
summarized in Table 5-7.

Conversion efficiencies listed in the second column of Table 5-7
refers to 225°C with no heat exchanger. Adjusted values for the AT
during the transfer of heat in the heat exchanger are tabulated in the
third columm. AT = 15°C is assumed for the example and Rankine effi-
clency in the second column is multiplied by the ratic of Carnot
efficiencies at 210° and 225°C.

Cost information was obtained from Refs. 5-8 and 5-9. Cost
assumed for energy conversiom for a 5 MWe plant is:

C = 367 $/kWe

5) Energy Storage Subsystem Performance and Costs. In this
study, the storage throughput efficiency is assumed to be 0.85 and the
temperature level from storage is assumed to be the same as collector
outlet at 225°C. The cost for thermal storage 1s assumed to be
approximately SlS/kWth—hr. The storage costs are comparable to those
used in Ref. 5-10.

Table 5-7. Organic Rankipe Energy Conversion
Efficiency as a Function of Size

Adjusted for

Conversion Efficiency AT in Heat

MWe Output Percent (No Heat Exchanger) Exchanger
0.1 15 £ 3 14.5 *2.3

1 18 = 3.6 17.0 #£3.4

10 31 % 4,2 20.0 4.0

100 24 £ 4.8 23.0 z4.6
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Sensible heat thermal storage was selected for this study based
on the assessment of thermal storage systems in Ref, 5-10. Thermal stox-—
age interposed between the collector field and energy comversion system
absorbs insolation variations and thereby allows a more uniform level
of energy input to the conversion system. In additien, thermal storage
is required to increase the time duration that energy is available from
the solar plant. By providing collector fields larger thaa that required
tc meet the plants rated output, excess energy is provided to ibcrease
the plant's capacity factor.

6} Results of Analyses. Subsystem performance is shown in
Table 5-8. The capital cost of a 5 MWe CPC sclar plant, based on
1975 constant dollar values, for the year 1985 startup at a capacity
factor of 0.55, is shown in Table 5-9,

The cost of service to the consumer as a function of plant size
and capacity factor is shown in Figure 5-17. Figure 5-18 shows the
variation of BBEC as 2 function of collector cost for capacity factors
0.55.

Table 5-8. Energy Transport Subsystem Performance Summary
for Various Ratings and Field Sizes

Collector Area, m2

Units 1,600 m> 65,000 m®> 136,000 m° |
Normal Rating Mile 0.1 5 10
*Qp kWth 1,040 42,250 88,400
nTransport 0.912 0.897 0.89
Qrypr Kith 948 37,898 79,471
Engine Efficiency 0.145 0.185 0.20
Maximum Outputds kWe . 137 7,011 15,894

*The transport system is sized for the heat transport at maximum out-
put. Performance is based on an insolation level of 1000 W/m?2 and
collector efficiency of 65 percent.

#%Since the engine will be leoaded up to i20 percent of the rating during
peak periods, the excess heat will be stored in the thermal storage or
wasted for those systems with no storage.
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Table 5-9. Tive Megawatt Plant at 0.55
Capacity Factor

Collector cost $7O/m2_ Collector Cost$140/m2

6 Percent 6 Percent

Subsystem Cost x 10 of Total Cost x 10 of Total
Collector 14,3 54 28.6 69.9
Transport 3.5 13.3 3.5 8.5
Engine 2.8 10.7 2.8 6.9
Storage 5.0 18.7 6 13.3
Land 0.4 1.5 0.4 0.9
O&M 0.4 1.5 0.4 0.9

Total Energy Cost 212 wmills/kWhr 305 wmills/kWhr
b. Line Focus Central Receiver. Solar energy can be focused

into a line for conversion of photon energy into molecular (i.e.,
thermal) energy. There are two basic design concepts for implementing
line focusing systems. One design approach is fer each line focusing
heliostat to have its own receiver; the other approach employs many
heliostats, which focus the solar flux onto a single line receiver.
This latter is known as a line focus, central receiver solar
cellector.
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