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LEGAL NOTICE

This report was prepared by the Altas Corporation as an account of work 
sponsored by the Electric Power Research Institute, Inc. (EPRI). Neither 
Epri, members of EPRI, the Altas Corporation, nor any person acting on 
behalf of either: (a) makes any warranty or representation, express or
implied, with respect to the accuracy, completeness, or usefulness of 
the information contained in this report, or that the use of any informa­
tion, apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or (b) assumes any liabilities with respect 
to the use of, or for damages resulting from the use of, any information, 
apparatus, method, or process disclosed in this report.



ABSTRACT

The Electric Power Research Institute has funded 
an extensive program in solar energy R&D in order 
to define and develop those solar energy systems 
which yield the lowest cost, when integrated with 
utility networks, and to define the impact of 
solar energy system interactions with these net­
works. During the week of March 8-12, 1976,
EPRI sponsored the first semiannual Program Re­
view Meeting and Workshop in San Diego, Calif­
ornia. The second meeting was held in Falmouth, 
Massachusetts on October 6-8, 1976.

The proceedings of the first meeting were 
published as report EPRI ER-283-SR Volumes I 
and II. The present report constitutes the 
proceedings of this second meeting. The first 
part is concerned primarily with solar heating 
and cooling and the second part with solar 
electric power and environmental impact of 
various solar plants.
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INTRODUCTION
Many if not most solar energy utilization systems 
being considered at present will have to be con­
nected to the utilities in some way. If solar 
heating and cooling systems of buildings fail to 
provide comfort due to extended bad weather, it 
may be most convenient to use the utilities as a 
backup power supply. If solar energy is used 
to produce electrical power, the electric network 
of the electric power utilities is almost certain 
to be used to distribute solar electric power 
produced in central power plants, or as a backup 
for dispersed local solar electric power systems.

Diurnal and seasonal fluctuations in loads have 
historically been one of the most troublesome 
problems facing the electric utilities. One can 
not invest in a power plant of maximum efficiency 
if the very high capital cost associated with 
such a plant is to be useful only for satisfying 
power peaks existing a small fraction of the 
time. The most efficient power plants are also 
not generally suited for peaking service, since 
they take a long time to bring on line. The 
plants used for peaking are (except for hydro­
electric plants) cheaper to buy but signifi­
cantly more expensive to operate.

If solar energy systems are designed and imple­
mented in such a way as to reduce the power peaks 
in the utility network, they will save more fos­
sil fuel, and be more effective in reducing en­
ergy costs. If on the other hand solar energy 
systems are designed in such a way as to reduce 
the base loads in an electric power network, but 
to impose enormous power peak requirements in 
times of some weather conditions, it is quite 
clear these systems would produce many problems. 
There is a great incentive to encourage solar 
energy systems which are preferred in this re­
gard, and to develop a full awareness of the 
harmful implications of those systems which are 
not preferred. We are faced with the energy 
problems of society: if costs are imposed

through bad design someone will have to pay 
them.

The Electric Power Research Institute has a 
significant research program in solar energy. 
The objectives of the program are as suggested 
above: to define and develop those solar en­
ergy systems which seem most promising when 
examined in the light of total economics, and 
to identify those solar energy systems which 
will impose serious economic problems. Work 
is being sponsored both in the Solar Heating 
and Cooling of Buildings (SHACOB), and in solar 
electric power production. It should be noted 
that many regional questions are involved in 
this program. The climate, the utility cus­
tomers, and the time schedule and magnitude of 
power consumption fluctuations all vary from 
place to place.

The U.S. Government (primarily the Energy Re­
search & Development Administration) has a 
major program in solar energy R&D aimed at a 
somewhat different set of questions. There 
has been a continuing effort to coordinate the 
EPRI program with the work being sponsored by 
ERDA.

The EPRI Solar Energy Program started approxi­
mately two years ago. During the week of 
March 8-12, 1976, EPRI sponsored a review meet­
ing and workshop for the Solar Energy Program 
in San Diego. That was the first semiannual 
meeting, aimed at reviewing current work, plan­
ning future work, and at allowing all the con­
tractors to gain familiarity with and contrib­
ute to the overall EPRI Program. The second 
meeting, of which the present report consti­
tutes the proceedings, was held in Falmouth, 
Massachusetts, October 6-8, 1977.

The contractors were asked to supply camera- 
ready copy of their visual aid material, and
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an accompanying discussion suitable for pre­
paring a set of proceedings of the "landscape" 
type. The coordination of the meeting and the 
editing of the proceedings was done under con­
tract by the Altas Corporation.

Questions regarding the work can be directed to 
the individual authors or to EPRI. Questions 
regarding future meetings should be directed to 
EPRI.
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OPENING STATEMENT AT THE MEETING, By Piet B. Bos, Manager of the Solar Energy Program of EPRI

Good Morning.
It is a pleasure for me to welcome you to this The EPRI solar program objectives are to make
semiannual EPRI Solar Program Review Meeting an independent assessment of solar energy ap­
and Workshop. plications; to make a comparative evaluation

of alternative concepts; to inform the utility
For those of you not familiar with the Electric industry of the potential and credibility of
Power Research Institute, this Institute was solar applications; and to set project priori­
established by the electric utility industry in ties for demonstration of preferred systems
January, 1973, for the purpose of doing electric which have wide geographic applicability. The
energy research and development under the spon­ program thrusts are to establish the preferred
sorship of the nation's utility industry. Its roles of alternative solar applications; to
goal is to develop a broad, coordinated advanced establish system requirements and to evaluate
technology program for improving electric power the impact on the electric utility industry;
production, transmission, distribution and utili­ to conduct selective subsystem and system ex­
zation in an environmentally acceptable manner. periments of preferred systems; and to develop

materials and components performance data nec­
The Electric Power Research Institute budget for essary for reliable and economic operation of
1976 is approximately 130 million dollars with such systems. Furthermore, independent evalua­
funding provided by voluntary contributions from tion of the available insolation is to be
public and private utilities across the nation. assessed by a utility network of measurements;
There are more than 500 member organizations sup­ and finally the program will incorporate a
porting the EPRI program. These utilities ac­ flexible budget to provide for new and innova­
count for more than 80% of the electric power tive approaches that were not previously
generating capacity of the nation. The EPRI re­
search programs are closely coordinated with

identified in the program plan.

parallel efforts of federal agencies such as the Because technical feasibility of many solar
Energy Research and Development Administration, energy systems has been demonstrated one could
NASA and others. raise the question why so much money is ex­

pended on solar energy technology without sig­
The EPRI solar energy program is complementary nificant application in the near term. The
in nature to the ERDA program and emphasizes problem is primarily one of economics and re­
those aspects of solar energy research and liability. Even though solar energy is an in­
development requiring utility interfacing and triguing and promising alternative to supple­
for covering such areas that we feel need addi­ ment the nation's power generating system
tional emphasis. The EPRI Solar program par­ because it is virtually inexhaustible, is wide­
allels the ERDA programs to incorporate research ly distributed and is not expected to introduce
and development in solar heating and cooling of major environmental problems, it has two major
buildings, solar thermal conversion, photo-vol­ drawbacks. The first relates to the diffused
taic energy conversion, wind energy conversion, nature of solar energy, making solar energy
environmental impact assessment, materials and systems capital intensive, requiring long
components testing as well as technical assess­ operating lifetimes (15-30 years) for amorti­
ment of new and innovative approaches. zation. The second problem is related to the

2-1



intermittent nature of solar energy, require- 
ing all solar applications to incorporate energy 
storage. Because of the high cost of energy 
storage, the amount of storage for solar systems 
applications is limited, consequently, solar 
energy systems inherently have a low reliability 
of operation as compared to conventional power 
sources.

Conventional power sources, in addition to sched­
uled outages for maintenance, incur unscheduled 
outages due to component failures on a statisti­
cal basis. Solar energy systems for electric 
power generation have, in addition to component 
failures which occur on a statistically random 
basis, unscheduled outages due to cloud cover 
which have a high correlation from one power 
plant to the next. Consequently, when such solar 
systems are incorporated into a utility grid net­
work, such systems must be backed up by conven­
tional power systems to provide for the same 
overall high reliability characteristic of the 
electric power delivery. This reliability cri­
terion is expressed by a loss of load probability 
(which occurs when the generation capacity is in­
sufficient to meet the electric power demand).
When solar energy systems with a highly correlated 
outage due to cloud cover are incorporated into 
a utility grid network, the amount of solar ca­
pacity is limited to only fifteen to twenty % of 
the total installed capacity in order to maintain 
the same reliability as conventional systems. 
Furthermore, because of the high cost of energy 
storage, such solar power plants are anticipated 
to operate only during the daytime hours (inter­
mediate load applications). In summary, a major 
objective of the EPRI program is thus to develop 
solar power plants that have capacity displace­
ment in addition to energy displacement.

The solar electric power system requirements, 
consequently, are to displace scarce energy re­
sources, such as gas and oil, while incorporating 
sufficient energy storage such that solar power

plants have capacity displacement. As such 
total capital investment is minimized by re­
ducing the requirement for conventional power 
plant backup. Furthermore, because of the 
capital intense nature of solar energy sys­
tems, long operating lifetimes are required 
for capital payback, as well as high relia­
bility of operation characteristic of conven­
tional power plants. A final requirement is 
to minimize the environmental impact due to 
electric power production, by incorporating 
solar energy systems.

These requirements are considered for each of 
the solar energy alternatives for the produc­
tion of electric power. Within this electric 
utility framework a summary of the key issues, 
problems and projected potential for each of 
the four major solar energy alternatives can 
be provided.

The reasons for this semi-annual program re­
view and workshop format are to bring together 
the EPRI contractors, review committees, util­
ity sponsors and invited federal and state 
representatives for the purpose of:
(1) detailed quarterly review of each EPRI 

contractor by the review committee in 
one location to economize on time and 
travel expenses

(2) to communicate to our utility sponsors 
the objectives and accomplishments of 
the EPRI solar program

(3) to inform the federal and state repre­
sentatives regarding the interests and 
concerns of the utility industry regard­
ing the potential of solar programs

(4) to exchange information between the 
various contractors

(5) to meet with the EPRI Solar Program Com­
mittee and the Eastern and Western 
Solar Working Groups.

The format of the meeting is to have formal 
(mostly one hour) briefings by each of the
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EPRI contractors in the morning; and informal 
detailed quarterly project reviews with indi­
vidual contractors in the afternoon (as indi­
cated on a separate program schedule).

The latter review meetings will be restricted 
to the individual project contractor and review 
panel members to keep the meeting small and 
effective.

We are interested in your comments and/or 
suggestions on the meeting, format, location, 
etc. A form has been provided for this pur­
pose .

In addition, to obtain inputs regarding spec­
ific EPRI projects or contracts or the overall 
EPRI solar energy program from those who are

not part of any review or program committee, 
two types of forms have been provided. The 
first form can be given to the project manager 
and the second to the Program Committee Chair­
man, Dr. Val Finlayson.

I hope that you will find this meeting to be 
informative and to achieve the objectives that 
I have set forth, namely:
(1) to communicate the information derived 

from the various EPRI solar projects and 
contracts

(2) to effectively interface with our counter­
parts in the federal and state programs

as well as
(3) to conduct effective quarterly review 

with our contractors.
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SECTION 3

EPRI CONTRACT RP 553

SOLAR HEATING AND COOLING OF BUILDINGS 
REQUIREMENTS DEFINITION AND IMPACT ANALYSIS

THE AEROSPACE CORPORATION
Energy and Transportation Division 

El Segundo, California 90245

PROGRAM MANAGER
WALT MELTON 

(213) 648-6193

OCTOBER 1976
EPRI SOLAR REVIEW MEETING #2



SHACOB Introduction

n REGIONS

PREFERRED SYSTEMS"
TO MINIMIZE 

TOTAL NATIONAL COST

"PREFERRED SYSTEMS"
• SHACOB CONCEPTS
• PERFORMANCE OBJECTIVES
• ADMINISTRATIVE POLICIES

REQUIREMENTS DEFINITION

• LOAD CHANGES
• UTILITY ECONOMICS

• SALES
• CAPACITY REQUIREMENTS
• PRODUCTION COSTS

• INDIVIDUAL ECONOMICS
• NATIONAL ECONOMICS

IMPACT ANALYSIS

OVERVIEW

There are two main thrusts to this SHACOB study: 
(1) Defining the preferred SHACOB concepts and 
their operating performance objectives and nomi­
nal design parameter values (a workable concept 
can have a reverse effect if poorly designed) 
and (2) analyzing the economic and technical 
impact on the utilities in particular and the 
nation in general. The two parts are coupled 
together, of course. The impact analysis will

lead to modifications of the definition of pre­
ferred systems. The impact analysis, especially 
regarding the utility impact, will be done for 
each region of the country, and is to be pre­
dicted out to the years 2000+. There are many 
fold criteria for the "preferred" systems but 
the single paramount criterion is that the 
impact must be minimized in terms of total 
national cost.

3-1



SHACOB 
Study Approach

Introduction

DETAILED ANALYSES - 8 SPECIFIC SERVICE AREAS

DIFFERENTIAL DEMAND 
DUE TO SHACOB

WEATHER IMPACT |
ANALYSIS A$ OPERATING

WITH
SHACOBINSOLATION A$ CAPITAL

WITHOUT
SHACOB RESERVE

ANALYSIS

COST-OF-
PRODUCTION
SIMULATION

SHACOB SIMULATIONS

9 CLASSES OF BUILDINGS 
3 TYPES OF SHACOB SYSTEMS 
2 TYPES OF CONVENTIONAL SYS

DEMAND FORECASTS

HOURLY DATA
STATISTICAL TRENDS IDENTIFIED 
1990. 2000

t I ♦ I t I ♦ I
SUPPLEMENTARY ANALYSES - ALL REGIONS OF (48) UNITED STATES

• INSOLATION - WEATHER CORRELATIONS
. DAILY BASIS
. TEMPERATURE. WIND. HUMIDITY

• UTILITY DEMAND CHARACTERISTICS

The analysis of the impact of SHAC systems on 
generating capacity requires detailed calcula­
tions on an hourly basis. The changes that 
occur in the hourly demand due to SHAC systems 
must first be determined, followed by an analy­
sis of changes in production costs and reserve 
capacity requirements.

Detailed calculations for at least eight geo­
graphic locations around the country are being 
undertaken for nine basic building types (single 
family, multiple family, retail store, etc.) 
three types of SHAC systems (direct solar heat­
ing, solar assisted heat pumps, and solar

absorption cooling) and both electric resistance 
and heat pump conventional systems. Subse­
quently demand forecasting, simulation of dis­
patching operations, reserve analysis and eco­
nomic impact analysis will be performed for a 
specific utility at each geographic location 
selected.

In addition to these detailed hourly analyses, 
other parallel analyses of insolation, weather, 
and demand characteristics are also to be per­
formed to aid in the extrapolation and exten­
sion of the detailed analyses to other regions.
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SHACOB Introduction

THIS BRIEFING
DATA BASE 

DEVELOPMENT

METHODOLOGY
DEVELOPMENT

r— 31 DEC 1977

REQUIREMENTS DEFINITION 
AND IMPACT ANALYSIS

1 OCT 1975

The study is technically phased in three sections 
which overlap somewhat in time: (1) Data Base
Development, (2) Methodology Development, and 
(3) the analysis phase, "Requirements Definition 
and Impact Analysis," which is the eventual objec­
tive of the study as defined on an earlier chart.

These three phases are interrelated, of course. 
For example, the data base must to some extent 
reflect the methodology that is developed. The 
remainder of this report addresses the plans and 
progress that have been made in the data base 
development and methodology development areas.
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SHACOB Reference Systems

AYRES & HAYAKAWA ENERGY MANAGEMENT 
(AHEM)

AYRES & HAYAKAWA. CONSULTING ENGINEERS 
(AH)

• LOS ANGELES. CA • LOS ANGELES, SAN FRANCISCO, ST LOUIS
• SPECIALIZED ENGINEERING SERVICES =(affiliate)=!> • SERVICE TO THE BUILDING INDUSTRY

. ENERGY CONSERVATION STUDIES . 20 YEARS EXPERIENCE

. COMPUTERIZED ENERGY ANALYSIS . DESIGN OF BUILDING SERVICE SYSTEMS

. DESIGN OF SOLAR HEATING AND . MULTI-FAMILY HOUSING TO FIFTY
COOLING SYSTEMS STORY OFFICE BUILDINGS

AHEM CONSULTING PROJECTS

/fr . _- - - - - - - - - - - - -
[if

^ " =-- - - - - -= -^jf|

'll
ASHRAE STANDARD

90-75 ERDA 6301 j|i
SOLAR HEATING/COOLINGENERGY CONSERVATION

J|

IN NEW BUILDING 
DESIGN

DESIGN CRITERIA HANDBOOK 1

The computation of the change in diurnal load 
patterns (as a function of geographic region 
and season) requires the analytic definition of 
a variety of building types and SHACOB system 
types in enough detail to produce reasonable 
accuracy. The definition of the set of build­
ings in terms of their HVAC parameters, and the 
nominal selection and definition of their sup­
porting SHACOB and conventional systems will be 
based on reference systems defined by Ayres and 
Hayakawa Energy Management under subcontract to 
the Aerospace Corporation.

Ayres & Hayakawa Energy Management (AHEM) is an 
affiliate company of Ayres & Hayakawa (AH), a 
nationally prominent consulting engineering 
firm specializing in the design of mechanical

and electrical building service systems. AHEM 
was organized as a separate California Corpora­
tion in 1974 to offer specialized engineering 
services in computerized building energy stud­
ies, solar heating and cooling of buildings, 
and the implementation of advanced energy man­
agement techniques to conserve management tech­
niques to conserve energy usage in buildings.
J. Marx Ayres, President of AHEM, has served as 
a member and section head of various ASHRAE 
Research and Technical Committees. Mr. Ayres 
was also on the panel responsible for the devel­
opment of the ASHRAE Standard 90-75. Currently, 
AHEM is a consultant in the preparation of the 
ERDA 6301 Solar Heating/Cooling Design Criteria 
Handbook governing the design of ERDA facilities.
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SHACOB
AHEM Solar Design Projects

Reference
Systems

• SOLAR ENERGY 
COLLECTION & 
CONVERSION SYSTEM

(Banco Industrial de 
Cataluna-Barcelona, Spain)

• REHABILITATION & 
TESTING OF SKYTHERM 
HOUSE

(ERDA-Atascadero. Ca)

AHEM has participated in a number of major 
solar design projects in varying levels project 
responsibility. Representative solar design 
projects are described below.

The National Security and Resources Study Cen­
ter is a three story 66,000 sq. ft. building 
that will serve as a technical library and con­
ference center for the Los Alamos Scientific 
Laboratory. The solar augmented HVAC system 
with an 8,000 sq. ft. south facing 35° eleva­
tion solar collector, integrated into the roof 
structure of the building, will provide 87 per­
cent of its annual heating and cooling needs. 
The AHEM/AH team designed the mechanical 
electrical systems for the building, and pre­
pared a detailed study of the required

instrumentation/data acquisition systems for 
the project. The fully instrumented project is 
90 percent complete and will serve as an ERDA 
demonstration project on the use of solar 
energy in large commercial buildings.

AHEM is engineer-architect for the rehabilita­
tion and testing of the Skytherm house in 
Atascadero, California. This requires the 
preparation of construction documents and direc­
tion of the repair and rehabilitation of this 
innovative "passive" solar heating and cooling 
system. The project also includes the conduct 
of a performance monitoring test to gather data 
from the instrumented house for comparison 
with computer models that predict thermal 
performance.
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AHEM designed a solar heating and cooling sys­
tem to serve as an experimental demonstration 
project incorporated into the new nine-story 
office building for the Banco Industrial de 
Catalina in Barcelona, Spain. The resulting 
design utilized 3,000 sq. ft. of collector area 
placed on the southern exposure of the sloping 
wall areas on the ninth floor of the building. 
All of the systems are designed to function 
independently for experimental purposes or aug­

ment the main building heating and chilled 
water plant. A computerized data acquisition 
system is provided to gather, verify, and 
record data.

AHEM is also solar systems consultant for the 
design of the solar heating and cooling system 
in a 15,000 sq. ft. U.S. Forest Service labora­
tory in Fresno, California, and a 60,000 sq. ft. 
labor training complex in Hemet, California.
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SHACOB Reference Systems

• SCOPE

IDENTIFY AND QUANTIFY A COMPREHENSIVE MIX OF BUILDINGS AND HVAC* SYSTEMS REPRESENTATIVE 
OF THE 1990-2000 AD TIME FRAME FOR THE PURPOSE OF ASSESSING THE AGGREGATE UTILITY DEMAND IMPACT

• TASKS

TASK 2
TASK 1

TASK 5
DOCUMENTATION 

- DEC 1976 -

TASK 3

HVAC SYSTEMS 
NUMERICAL 
DESCRIPTION 
- OCT 1976 -

HVAC SYSTEMS 
SELECTION 

- SEP 1976 -

IDENTIFICATION 
OF REPRESENTATIVE 
BUILDING TYPES 

- JUL 1976 -

BUILDING TYPES 
NUMERICAL 
DESCRIPTION 
- AUG 1976 -

DEFINE TRNSYS 
INPUT PARAMETERS 
FOR SIMULATING 
HVAC* SYSTEMS 
PERFORMANCE 

- OCT 1976 -

DEFINE TRNSYS 
INPUT PARAMETERS 
FOR SIMULATING 
THERMAL LOADS 

- SEP 1976 -

TASK 4
* Solar and conventional

The AHEM study addresses the following tasks:

Task 1: A span of building design types
encompassing the nine basic cate­
gories will be identified and 
supported with narrative rationale. 

Task 2: Baseline numerical values for the
building design parameters will be 
developed for each building type and 
climatological region. The span of 
likely parameter variations about the 
discrete values selected will also be 
determined. The parameters defined 
will be consistent with the input 
requirements for the simulation of 
thermal loads using the TRNSYS 
program.
For each of the building types identi­
fied above reasonably applicable

SHACOB systems will be selected. Hot 
water systems will be included. 
Appropriate conventional systems will 
also be selected.

Task 4: Baseline numerical values will be
developed for the SHACOB system 
designs associated with each baseline 
building design in each climatologi­
cal region. The span of likely 
parameters variations about the dis­
crete values selected will be deter­
mined. The parameters defined will be 
consistent with the input requirements 
for the TRNSYS simulation of heating 
and cooling systems performance.

Task 5: Presentation, explanation and discus-

Task 3:

3-7
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SHACOB Reference Systems

• ASHRAE 90-75

• ENERGY CONSERVATION DESIGN CRITERIA FOR NEW BUILDINGS

• PRESCRIPTIVE AND PERFORMANCE REQUIREMENTS
• SPECIFIES MAXIMUM THERMAL TRANSMITTANCE VALUE FOR HEATING

FOR EXTERIOR WALLS. ROOFS. SLABS & FLOORS

. FOR NON-RES IDENTIAL BUILDINGS SPECIFIES OVERALL THERMAL 
TRANSFER VALUE FOR COOLING

ASHRAE Standard 90-75, "Energy Conservation in 
New Building Design" was produced after over 
two years of formulation and review effort, by 
a multi-disipline panel representing the 
building construction industry. ASHRAE 90-75 
is currently being implemented as an ANSI 
National Standard. Several Federal governmen­
tal agencies have incorporated ASHRAE 90-75 in

their new construction specifications as a 
minimum requirement. Both prescriptive and 
performance requirements are included in 
ASHRAE 90-75. Over 30 states have already 
utilized ASHRAE 90-75 as a guideline for the 
formulation of building energy conservation 
regulations for new construction.
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SHACOB Reference
Key Assumptions for Selecting and S',stems 

Defining Reference Buildings

• BUILDING TYPES AND CHARACTERISTICS

• NEW CONSTRUCTION WILL CONFORM TO ASHRAE 90-75

• SHACOB RETROFIT IMPACT ON 1990-2000 AD BUILDING
INVENTORY WILL NOT BE SIGNIFICANT

• SPECTRUM OF AVERAGE BUILDING TYPES WILL BE DETERMINED
FOR RESIDENTIAL STRUCTURES

• AVERAGE BUILDING CONCEPT NOT APPROPRIATE FOR THE HIGHLY
DIVERSE TYPES OF NON-RES I DENTIAL STRUCTURES

• REGIONALIZATION

• BY ANNUAL HEATING DEGREE DAYS FOR ASHRAE 90-75
APPLICATION

• BY CENSUS AREAS FOR CONSTRUCTION STATISTICS
• IMPACT ON RESIDENTIAL BUILDING DESIGN WILL BE INCLUDED

The building occupancy categories to be 
considered include:

conform with ASHEAE Standard 90-75. Next, an 
implicit assumption, that the retrofit of exist­
ing buildings for space heating and cooling 
will not have a significant impact on the 1980- 
2000 building inventory, was made based upon 
the projected high initial costs associated 
with retrofit application. However, retrofit 
application of solar domestic water heating 
was assumed to be significant during the next 
15-25 years.

• Residential

Single Family: Detached 
Single Family: Attached 
Multi-Family: Low Rise
Multi-Family: High Rise

• Non-Residential

Office
Retail Store 
Shopping Center 
Schools 
Hospitals 
Motel
Light Industrial

new construction is available from census tabu­
lations to define a spectrum of average resi­
dential buildings. However, a comparable data 
base does not exist for the diverse types of 
non-residential buildings. Thus, the average

Sufficient statistical data for residential

Certain basic assumptions were made to define a 
set of reference buildings representative of

building concept was deemed not appropriate 
for the non-residential sector and a single 
representative building was defined for each 
of the non-residential categories.

the various building categories: First, based 
upon the general acceptance of ASHRAE Standard 
90-75, all new construction was assumed to
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SHACOB
Regionalization

Reference
Systems

• ANNUAL HEATING DEGREE DAYS

(“FI DEGREE-DAY RANGE

£223 > 6500 
CZI 4500-6500 
^ 2500-4500 
EZZ3 < 2500

• CONSTRUCTION STATISTICS

IEAST

• REPRESENTATIVE VALUES FOR 90-75 • COMPOSITE

(“FI DEGREE DAYS

------ 7200
------  5400
------  3600
....... 1800

Since the building insulation requirements of 
ASHRAE 90-75 are presented as a function of 
annual heating degree-day value, a degree-day 
regionalization of the United States was made, 
based on this parameter, which would also be 
consistent with the geographic census regions 
which are used to categorize construction sta­
tistics. The U.S. was divided into four annual 
heating degree-day regions and an average rep­
resentative value was selected for each degree 
day region. The following heating degree-day 
values were used to define (using ASHRAE 90-75

the overall thermal conductance of the refer­
ence buildings within each geographic region:

NORTHEAST: 5400, 7200°F degree-day
(3000, 4000°C degree-day)

NORTH CENTRAL: 5400, 7200°F degree-day
(3000, 4000°C degree-day)

SOUTH: 1800, 3600°F degree-day
(1000, 2000°C degree-day)

WEST: 1800, 3600, 5400, 7200°F
degree day (1000, 2000, 
3000, 4000°C degree-day)
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SHACOB
Representative Residential Buildings Reference

Systems

• SINGLE FAMILY DETACHED • SINGLE FAMILY AHACHED

. ONE STORY, TOO STORY AND
SPLIT LEVEL

• FOUNDATIONS: HEATED BASEMENT, 
UNHEATED BASEMENT, SLAB, 
CRAWL SPACE

• FLOOR AREA: 1200, 1600, 2000,
2400 ft2

• TOO STORY TOWN HOUSE
. 4 AND 8 UNIT CONFIGURATIONS
• UNIT FLOOR AREAS: 1300,

1500 ft2

• MULTI-FAMILY LOW RISE • MULTI-FAMILY HIGH RISE

• TOO AND THREE STORY 
APARTMENTS

• BASIC APARTMENT LAYOUT (one 
exposed wall per unit)

• UNIT FLOOR AREA: 900, 1100 ft2

• FOUR STORY APARTMENT BUILDING
• 17,000 GROSS ft2
• 13 UNITS
• UNIT FLOOR AREA: 1100 ft2

From available construction statistics and 
other published reference data, a set of single 
family detached dwellings and multi-family low- 
rise buildings were defined within each geo­
graphic census region. Each set of buildings 
was selected to represent the general distribu­
tion of story height, foundation type, and 
floor area within the census region. No sta­
tistics are available giving the distribution 
and construction characteristics for single

family attached, or multi-family high-rise, 
buildings over a wide geographic region. In 
the absence of such data, a town house config­
uration was selected as representative of the 
single family, attached category and a four- 
story apartment building was selected as repre­
sentative of the multi-family, high rise cate­
gory. (It should be noted that residential 
high rise construction is defined as construc­
tion greater than three stories in height).
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Reference SystemsSHACOB
Residential Buildings Definition

• THERMAL PARAMETERS EXAMPLE - NORTHEAST REGIQnI
BUILDING

TYPE
FLOOR AREA 

(ft*)
NUMBER OF 

STORIES FOUNDATION
UA (Btu/hr°F) VOLUME

(ft3)5400 DEG DAY REGION 7200 DEG DAY REGION.
(1) (2) (1) (2)

1 1240 1 BASEMENT 429 372 381 338 9,920
2 1640 1 BASEMENT 517 450 460 410 13,120
3 1640 1 SLAB 447 - 394 - 13,120
4 2040 1 BASEMENT 584 519 521 475 16,320
5 1800 2 611 550 537 489 15,300
6 2200 2 681 618 600 551 18,700
7 2600 2 815 689 680 614 22,100
8 2440 1 649 586 580 538 19,250

(1) Heated Basements (2) Unheated Basements
• SUMMARY OF REPRESENTATIVE BUILDINGS

DEGREE DAY REGION
BUILDING TYPE 1800 3600 5400 7200 TOTAL(W, S) (W,S) (W, NC, NE) (W, NC, NE)

SINGLE FAMILY DETACHED 21 21 40 40 122
SINGLE FAMILY ATTACHED 4 4 4 4 16
MULTI-FAMILY «3 stories) 12 12 26 26 76
MULTI-FAMILY 03 stories) 1 1 1 1 4

218

An example of the set of single family-detached 
reference buildings defined for the Northeast 
region is presented in the accompanying table. 
Floor areas were selected by the distribution 
of the average floor area +400, +800 sq. ft., 
while the number of stories and foundation was 
selected to represent the dominant types within 
the region. The story height for single story 
dwellings was assumed to be 8 ft. while two- 
story dwellings were assumed to be 17 ft. in 
height. Given these descriptive data, the

overall thermal conductance UA (a required 
TFNSYS input parameter) was computed using the 
ASHRAE 90-75 requirements for allowable heat 
transmission through walls, roof, and floor.
In the absence of pertinent data, 50 percent 
of the basements were assumed to be heated 
while 50 percent were assumed to be unheated.

A summary of the representative building set 
defined for the residential sector is presented 
in the accompanying table.
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SHACOB
Thermal Conductance Sensitivity

Reference
Systems

SINGLE FAMILY DETACHED 
5400 DEGREE-DAY 

REGION

500 1000 1500 2000 2500 3000

FLOOR AREA, ft2

With floor area as the independent variable, 
the thermal conductance, value of each single 
family, detached, dwelling was plotted using 
all dwellings defined with the same representa­
tive value of heating degree-day. As can be

noted from the accompanying figure, an average 
trend can be identified along with a scatter 
band which represents the variance of founda­
tion and story height within the geographic 
regions represented.
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SHACOB
Residential Thermal Loads

Reference
Systems

DEMAND
CONSUMPTION

THERMAL LOAD

TOTAL

WATER HEATER

OCCUPANT ACTIVITY SCHEDULES

DOMESTIC WATER SCHEDULE

BUILDING THERMAL PARAMETERS

WEATHER DATA

BUILDING THERMAL 
MODEL

(steady-state heat 
balance)

THERMAL LOADS MODEL

(UA) AT + Q INFILTRATION + QSOLAR
(glass)

+ Q + Q + QiBASEMENT LATENT INTERNAL = Q.TOTAL

The residential building thermal model for 
simulation of time-varying building thermal 
loads in the steady-state heat balance option 
of the TRNSYS program. In this option, the 
thermal inertia of the structure is assumed to 
be small, the major portion of the building 
load is computed simply as a function of tem­
perature difference between an assessed con­

stant room temperature and the instantaneous 
value of the outside air. The total heat flow 
through the building shell is determined by the 
thermal conductance, glass solard heat gain and 
the infiltration rate of outside air including 
both latent and sensible heat. Internal heat 
gains are determined from scheduled occupancy 
and electric baseload.
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SHACOB
Non-Residential Buildings Definition

Reference
Systems

• NON-RESIDENTIAL BUILDINGS ARE EXTREMELY DIVERSE

• STRUCTURE • GLASS AREA
• SIZE • SECONDARY SYSTEMS

• ONE REPRESENTATIVE NON-RESIDENTIAL BUILDING OF EACH 
TYPE WILL BE DEFINED FOR EACH DEGREE DAY REGION

Due to the wide variance of non-residential 
building cost allocations and the conceptual 
interactions between the architect and building 
owner during the building design process, a 
wide variance of building structure, size, 
glass area, and HVAC systems characterize

buildings within each of the non-residential 
categories. Therefore, a single representative 
building was defined within degree-day region. 
Other buildings in that category will be 
assumed to have loads scaling with floor area.
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SHACOB
Representative Non-Residential Buildings

Reference
Systems

• OFFICE BUILDINGS • RETAIL STORE

• 3 STORY: 40,500 ft2 (90 ft x 150 ft)
• 10 STORY: 14,400 ft2 PER FLOOR

• 1 STORY: 40,000 ft2 (100 ft x 400 ft)

• SCHOOLS

• SHOPPING CENTER • 1 STORY: 20,000 ft2 (elementary,
360 students)

• 2 STORY: 40,000 ft2 (high school,
950 students)

• 390,000 ft2, 60% LARGE STORES,
30% SMALL STORES, 10% MALL,
10% GLASS

• HOSPITAL • MOTEL

• 4 STORY, 60,000 ft2 (120 beds) . 2 STORY: 13,500 ft2 (32 units)

• LIGHT INDUSTRIAL

• 142,200 ft2 (88% factory, 12% mach 
room)

Outline specifications for each of the basic 
non-residential building types defined are 
given in the accompanying chart. Wall, roof, 
and floor construction for each of these build­

ings differ within each degree day region. 
Selection of secondary HVAC systems, occupant 
schedules, and electric baseload schedules will 
complete the building definition.
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SHACOB
Non-Residential Thermal Loads

Reference
Systems

NON-RESIDENTIAL HVAC SYSTEMS ZONE LOAD COMPONENTS

AIR COOLING 
WASHER COILS

SHELL ^VENTILATION

*SOLAR + ^SOLAR 
(glass) (wall)

*SOLAR + ^LATENT + ^INTERNAL 
(roof)

SUPPLY COOLING
FAN_____ COILS

SPACE ZONES SECONDARY SYSTEM PRIMARY SYSTEM

THERMAL LOADS MODEL

COOLING DEMAND

DEMANDCOOLING

HEATING DEMAND
CONSUMPTION

WEATHER DATA

SCHEDULES

WATER SCHEDULE

BUILDING THERMAL 
MODEL PARAMETERS

HVAC
PRIMARY
SYSTEM
MODEL
COOLING
(CHILLER)
HEATING
(BOILER)__
HOT WATER 
HEATER

BUILDING THERMAL 
MODEL (DYNAMIC 
HEAT BALANCE)

INTERIOR
ZONE

PERIMETER
ZONE

HVAC
SECONDARY 
SYSTEM MODEL

PERIMETER
ZONE

INTERIOR
ZONE

The determination of building thermal loads for 
non-residential buildings is complicated by 
secondary HVAC distribution systems and the 
various control strategies employed. Due to 
heavier construction, the effects of thermal 
inertia and solar radiation heat transfer can­
not be ignored. Also, the size of the struc­
tures create perimeter zones which respond to

weather conditions and interior zones which 
are subject to internal heat gain only. Sec­
ondary HVAC systems require additional energy 
for fans and zone control. Thus the secondary 
HVAC must be properly simulated if time varying 
electrical demand loads are to be accurately 
determined.
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SHACOB
Solar Heating and Cooling Systems

f Reference's 
y Systems J

DIRECT SOLAR HEATING SYSTEMS (LIQUID)

HEAT PUMP/SOLAR SYSTEMS (HEATING)

DIRECT SOLAR HEATING SYSTEMS (AIR)

SOLAR ABSORPTION COOLING SYSTEMS

The basic solar heating and cooling system 
configurations selected for consideration in 
the impact assessment are shown in the accom­
panying figure. Variations of these four con­
figurations are distinguished by the location 
of the auxiliary input within the system.
Since solar systems cannot economically be 
designed to supply 100% of the heating or cool­

ing requirements of a building, a back-up 
auxiliary is required. The time variance of 
electrical demand is dependent upon the point 
of placement of the auxiliary input within the 
system. For example, auxiliary input into the 
storage element allows for use of off-peak 
power for load management.
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SHACOB
SHAG System Selection and Definition

Reference
Systems

• WORK IN PROGRESS

• SHAG SYSTEMS SELECTION

• REGIONAL FACTORS
• COMPATIBILITY WITH BUILDING TYPE
• ENGINEERING AND CONTROL COMPLEXITY

• SHAC SYSTEMS NUMERICAL DESCRIPTION

• COLLECTOR/STORAGE SIZING PROCEDURES
• AVERAGE SYSTEM OPERATING TEMPERATURE
• HEAT EXCHANGER EFFECTIVENESS

• FINAL REPORT DUE 1 DEC, 1976

The definition of a solar heating (and cooling) 
system for a specific building depends on the 
local climatic conditions, peak building ther­
mal load, compatibility with building type, 
and the engineering/control complexity required 
to achieve system performance.

important item in a SHAC system definition. 
Several simplified sizing procedures have been 
proposed which are currently being reviewed. 
Average system operating temperature, is 
another critical parameter affecting collector 
(and system) performance. The individual 
parameters which specify the performance of 
components such as heat exchangers must be 
reviewed and the range of possible values 
defined.

The input parameters required for TRNSYS simu­
lation of SHAC systems are usually normalized 
functions of collector area, thus making the 
collector sizing procedure the single most



SHACOB
Simulation Analysis Flow Diagram Simulation

Analysis

SHAC
SYSTEMS

CONVEN­
TIONAL
HVAC
SYSTEMS

BUILDING
CLASSES STORE

BUILDING
TYPES

BUILDING TYPE 
DISTRIBUTION STORE

PENETRATION
PARAMETERS

r TRNSYS 
SIMULATION

STORETRNSYS
SIMULATION

LOAD^S, 
MANAGEMENT 
v. OPTION s'

y LOAD \ 
MANAGEMENT 
\PPTI0N^

AVERAGE 
BUILDING 
DEMAND 
PER UNIT

AVERAGE 
BUILDING 
DEMAND 
PER UNIT

SHAC-
CONVENTIONAL 
DEMAND PER 
UNIT

SHAC-CONVENTIONAL 
DEMAND FOR 

UTILITY ANALYSIS

STORE

The overall flow of the demand impact simulation 
analysis is displayed in the accompanying chart. 
The building classes and types and the SHAC and 
conventional HVAC systems are outputs of the 
AHEM analysis. After a decision is made on 
whether or not load management is to be exer­
cised in a given case, the TRNSYS program will 
determine the resulting demand for both SHAC 
and conventionally equipped residences. The 
demands for the various building types within a 
class are then apportioned according to con­
struction statistics. An analytic diversity 
model accounts for the non-coincidence of

energy usage patterns. The resulting average 
demand per unit is then stored to provide a 
basis for fossil fuel alternative analysis, if 
required. For the main analysis, in which only 
electrical backup auxiliary or primary are con­
sidered, the SHAC minus conventional demand can 
be readily computed. When the appropriate 
penetration parameters are supplied the total 
SHAC minus conventional demand can then be 
added to the total projected utility demand 
without SHAC to get the total utility demand 
with SHAC.
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SHACOB
Reference Building/SHAC System Configurations

Simulation
Analysis

BUILDING CLASS

HVAC SYSTEM APPLICABILITY ( I I I % of variations)

VARIA­
TIONS*

CONVEN­
TIONAL

RESISTIVE

HEAT
PUMP

SAHP
(single
source)

SAHP
(multiple
source)

DIRECT
LIQUID

DIRECT
AIR

SINGLE FAMILY (detached) 
SINGLE FAMILY (attached) 
MULTI-FAMILY (low rise) 
MULTI-FAMILY (high rise) 
OFFICE BUILDING (low rise) 
OFFICE BUILDING (high rise) 
RETAIL STORE 
SHOPPING CENTER 
SCHOOL 
HOSPITAL 
MOTEL
LIGHT INDUSTRY

122
16
76
4
4
4
4
4
8
4
4
4

254

^2^

'////////

ABSORP­
TION

COOLING

223

*
Not including load management options, fenestration, or 

living style variations.

The total number of buildings defined by AHEM 
comes to 254. Conventional resistance heating, 
heat pumps, solar assisted heat pumps (SAHP) 
with single and multiple sources and direct 
liquid systems can conceivably be applied in 
all the defined structures. Direct air systems 
are not likely candidates for buildings in

which the volume and weight of rock storage are 
constraining or there are distribution system 
limitations. Because of the high initial costs 
associated with absorption cooling it would 
only be likely to penetrate in geographic areas 
Where the cooling load dominates and sunshine 
is abundant.
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SHACOB
Truncated Building/SHAC System Simulations

Simulation
Analysis

BUILDING CLASS VARIATIONS* CONVENTIONAL
RESISTIVE

HEAT
PUMP

SAHP
(single
source)

DIRECT
LIQUID TOTAL

SINGLE FAMILY (detached) 128 • • • •

SINGLE FAMILY (attached) 64 • • • •

MULTI-FAMILY (low rise) 32 • • • •

OFFICE BUILDING (low rise) 16 • • • •

RETAIL STORE 16 • • • •

TOTAL 256 256 256 256 256 1024

Two collector areas per building class/SHAC system configuration 
• Eight utilities

When collector area, load management option, 
fenestration area and living style patterns are 
introduced as parameters, the number of cases 
defined is on the order of tens of thousands 
for each location analyzed. To bring this down 
to a tractable number, a number of analysis 
assumptions will be employed. The resulting 
truncated matrix represents those cases where 
extensive analysis is required. Other viable 
systems will be included through one of the 
following assumptions:

(1) performance is similar to a system 
already analyzed (air SHAC system 
performance from liquid system 
analysis)

(2) performance can be assessed by pertur­
bation or sensitivity studies, (dual 
source heat pump performance from 
single source heat pump analysis)

or
(3) penetration is not expected to be large 

enough to require extensive analysis 
(e.g., absorption cooling)

As an example of determining the number of cases 
to be analyzed, consider single family detached 
dwellings and conventional resistive heating. 
Four basic house sizes with two energy usage 
levels (including fenestration) and at minimum, 
two collector areas for each of eight utilities 
results in 128 cases.
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SHACOB
SHAC Simulation Computer Program

Simulation
Analysis

• SHAC SIMULATION PROGRAM REQUIREMENTS

• STUDY REQUIREMENT: PREDICT AGGREGATE HOURLY DEMAND
• LARGE NUMBER OF SHACOB SIMULATIONS REQUIRED
• UNCERTAINTY IN INDIVIDUAL SHACOB DEMAND

• SHAC EQUIPMENT TYPE, FUNCTION, SIZE AND PERFORMANCE 
. USAGE PATTERNS 
. MARKET PENETRATION

• APPROACH:
(1) FAST-RUNNING SIMULATION
(2) SACRIFICE SOME ACCURACY

THERMAL LOADS AND SHAC SIMULATION CODE COMPARISONS

CODE THERMAL
LOADS

CONVENTIONAL
DEMAND

SHAC
DEMAND

RELATIVE
ACCURACY

RELATIVE RUN 
TIME/YR COMMENTS

NBSLD YES RESIDENTIAL ONLY NO VERY HIGH SLOW RESEARCH TOOL
NECAP YES YES (limited) HIGH MODERATE LIMITED USAGE
AXCESS YES YES NO HIGH FAST DESIGN LOADS INPUT
ECUBE YES SIMPLIFIED NO MODERATE FAST DESIGN LOADS INPUT
SOLSYS YES RESIDENTIAL ONLY YES MODERATE!?) FASTI?) NOT YET AVAILABLE
TRNSYS YES RESIDENTIAL ONLY YES MODERATE FAST IN WIDE USE

The nature of the present study requires the 
performance analysis of at least a thousand and 
probably several thousand seasonal simulations 
to predict the aggregate hourly demand. Fur­
thermore, the inherent uncertainties in pre­
dicting aggregate demand removes the require­
ment for an extremely accurate modeling of a 
given building/SHAC system combination. It is 
therefore appropriate to select a fast running 
simulation program even at the expense of some 
modeling accuracy.

In selecting the SHAC simulation computer pro­
gram, relevant available codes were reviewed. 
These range from sophisticated, very accurate 
and very slow running programs (with little or 
no SHAC simulation capability) such as NBSLD 
and NECAP through the AXCESS and ECUBE programs 
which are reasonably fast running but do not 
have any SHAC capability to SOLSYS and TRNSYS 
which are designed for SHAC simulations although 
primarily for residential applications. TRNSYS 
being in the most wide usage was therefore 
selected.
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SHACOB
TRNSYS

Analysis
Simulation

COMPONENT MODELS SIMULATION

SHAC SYSTEM

1 COLLECTOR RADIATION PROCESSOR
SIMULTANEOUS, ITERATIVE 
SOLUTION OF ALGEBRAIC 
AND DIFFERENTIAL EQUATIONS 
AT SPECIFIED TIME STEPS

| STORAGE TANK | ROCK STORAGE

| HEAT PUMP

| HEAT EXCHANGER| AUXILIARY HEATER

| CONTROLLER INTEGRATION

| THERMOSTAT FLOW DIVERTER

EULER METHOD PREDICTION 
TRAPEZOIDAL CORRECTION| PRESSURE RELIEF

LOADS

LOSS COEFFICIENT

ABSORPTION AIC

UNIFORM BUILDING

. USER 
SPECIFIED 

. PRINT 

. PLOT

OUTPUT

DATA
INSOLATION
TEMPERATURE
HUMIDITY
WINDS

SHAC
WIRING DIAGRAM 
SUBSYSTEM 
PARAMETERS 

OPERATING 
INSTRUCTIONS

PARAMETERS
BUILDING

INPUT

TRNSYS (Transient System simulation) is a 
computer code for simulating the dynamic ther­
mal behavior of solar energy heating and cool­
ing systems. It is based on a modular approach 
which enables users to readily simulate a wide 
variety of systems. The analyst selects the

components and design parameters and specifies 
the way in which the components are inter­
connected. When the appropriate insolation and 
weather data are supplied the time history of 
system performance is obtained by solving the 
appropriate algebraic and differential equations.
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SHACOB
TRNSYS Modifications

Simulation
Analysis

RESIDENTIAL LOADS NON-RESIDENTIAL LOADS

% MODIFICATIONS 
REQUIRED

INTERNAL
HEAT

GAINS

' SOUR > 
RADIATION 
THROUGH 

.WINDOWS.
SENSIBLE

LOADINSOLATION

H OUTSIDE\ 
[ WALL ' 
uEMPERATUREj

TEMPERATURE

INFILTRATION! 
I (sensible) \

UTENT
LOAD

HUMIDITY

* MODIFICATIONS 
REQUIRED

INTERNAL
HEAT

GAINS

' SOLAR > 
RADIATION 
THROUGH 
WINDOWS j

SENSIBLE
LOAD

INSOUTION

EFFECTIVE
SINGLE
WALL

TEMPERATURE
DISTRIBUTION 
SYSTEM LOAD/INFILTRA^S

r TION AND 
VENTILATION 
\jsensiblelJ

/INFILTRA-^ 
TION AND 

[VENTILATION 
\^(latent) J

HUMDITY

Certain modifications to TRNSYS were required 
in order to account for all major heat gains 
and losses. These include the heat gain from 
solar radiation through the windows, the effect 
of solar radiation on the outside wall tempera­
ture, the determination of sensible heat gains 
or losses through infiltration and the addi­

tional cooling requirements arising from the 
latent heat gain in infiltrating air. For the 
non-residential modeling additional modifica­
tions were required to approximate the effects 
of solar energy penetrating the walls, ventila­
tion effects and the losses in the distribution 
system.

3-25



SHACOB
Load Distribution

Simulation
Analysis

• NEW CONSTRUCTION STATISTICS FOR 
SINGLE FAMILY HOMES (1971)

% GREATER 
THAN GIVEN 
FLOOR AREA

The distribution of residential sites in terms 
of floor area will be taken from currently 
available regional census data similar to that 
shown (for 1971). The current trend has been 
toward larger house sizes. However, there will 
probably be a counter-trend arising from energy 
conservation awareness and building codes in 
the future. Therefore, it will be assumed that 
the distribution for 1990-2000 will be essen­
tially the same as the current distribution. 
Available data for specific utility areas can

always be substituted for the regional 
distribution.

The AHEM results have shown that the thermal 
conductance (UA) of a residence is essentially 
a smooth function of the floor area. It should 
then be sufficient to select three or four 
representative values and the corresponding 
UA1s for simulation analysis. The resulting 
demand profiles can then be summed in propor­
tion to the appropriate distribution factors.
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SHACOB
Demand Diversity

Simulation
Analysis

• MODEL: D = a Ds + [l-a(t) ] Ds

• DEFINITIONS: D = AGGREGATE DEMAND
DS = SIMULATED DEMAND
a = 24 hr PERIODIC USAGE FUNCTION
( ) = 24 hr AVERAGE OF ( )

• CONSTRAINT: SELECTED FORM FOR a(t) MUST AGREE WITH AVAILABLE AEIC
AND UTILITY SPECIFIC DATA

Demand diversity arising from the non­
coincidence of individual demand profiles 
results in a significant lowering of peaks and 
raising of valleys relative to a typical single 
profile. Models for this phenomena or exten­
sive data for developing such models are not 
currently available. However, data does exist 
giving yearly and monthly diversity factors for 
peak demand for a number of utilities. For a 
few utilities, the diversity demand from a 
group of homes has been tabulated or plotted as 
a function of time of day and ambient tempera­
ture. Even with this data it is difficult to 
determine relative diversification for simulated 
cases except where the diversification arises 
from building or SHAC system parameters as

opposed to usage patterns. It is proposed to 
use the linear model shown to relate simulated 
demand to diversified demand. Note that this 
form yields a daily average diversified demand 
equal to the daily average simulated demand - 
i.e., the model accounts for different usage 
patterns but not differing energy consumptions 
which are accounted for in the simulation 
models.

The usage function ct (t) which is bounded by 
(1) no diversification and (2) flat demand pro­
file, will be based on available AEIC or utility 
data when available. At minimum, the form 
assumed will yield the appropriate coincidence 
factor at time of peak demand.
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INTRODUCTION

The total EPRI Individual Load Center, Solar Heating 
and Cooling Project is planned for implementation in the 
following three phases, spanning a period of approximately 
four years:

FIRST PHASE — System definition study to determine 
systems for residential solar/load management, space con­
ditioning and domestic hot water system in the Northeast 
and Southwest regions of the United States. Two utility 
partners were identified by EPRI to represent the two 
regions — the Long Island Lighting Company (LILCO) for 
the Northeast and the Public Service Company of New 
Mexico (PNM) for the Southwest.

SECOND PHASE — Detailed design of, and preparation 
of specifications for, ten residential experiments — five for 
the service area of PNM and five for the service area of 
LILCO.

THIRD PHASE — Construction, installations, test and 
evaluation of the ten experiments.

The overall objective of the EPRI project is to provide 
the electric power industry, through system definition 
studies and experiments, with a quantitative basis for eval­
uating the potential impact of residential solar/load man­
agement systems on utility load factors, revenues, oper­
ating costs and capacity requirements. The impacts can be 
positive or negative depending upon the characteristics of 
the particular utility and the design of the particular heat­
ing, ventilating and air conditioning (HVAC) system in the 
single family all-electric residence.

This presentation gives an overview of the Phase 1 
system definition study, which was completed August 1, 
1976, and a status report of Phase 2, which was initiated at 
that time and which has a planned duration of 11 months.

An important element of the system definition study 
was the development of a methodology which relates the 
performance of various residential HVAC systems to a 
utility’s characteristics in a specific service area (load pro­
file, fuel costs, etc.). With this methodology, it is possible 
to define HVAC systems that are compatible with utility 
operations and that minimize the total cost of meeting the 
energy needs for an application — investment in generation 
capacity at the power plant, fuel costs, and investment at 
the point of use for energy conservation and HVAC equip­
ment.

A crucial aspect of the system definition approach is the 
determination of the generic system class — conventional, 
conventional with addition of load management, solar aug­
mentation or solar with load management — that is most 
favorable in a given service area for various HVAC func­
tions, viz., (1) hot water, (2) hot water and space heating, 
and (3) hot water with space heating and cooling. Refer­
ence systems were defined, with either heat pumps or 
electric resistance elements for space heating, from a com­
prehensive survey of system concepts and screening exer­
cises (addressed in the ADL presentation at the first EPRI 
Solar Workshop Meeting).

The experimental systems addressed in the Phase 2 
effort are designed to:

• Maximize experimental content
• Utilize comprehensive instrumentation for data 

reduction
• Provide credible system integration in the local 

residence market
• Implement cost-effective energy conservation.
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FIGURE 1
PREFERRED HVAC SYSTEM

DEFINITION

MINIMIZES TOTAL LIFE-CYCLE COST OF 
MEETING HOMEOWNERS' ENERGY NEEDS

CONSIDERING: INVESTMENT IN GENERATING CAPACITY 
FUEL COSTS
MAINTENANCE, INSURANCE, TAXES, ETC. 
HVAC EQUIPMENT AT RESIDENCE 
OPERATIONAL REQUIREMENTS

DESIGN APPROACH

APPROACHES TO PREFERRED SYSTEM

Building Energy CONSERVATION 

Electrical Demand SHI FTS 

Energy Resource DISPLACEMENT

A preferred system, in the context of this work, is one 
that minimizes the total cost of meeting the energy needs 
for an application; that is, the cost takes into account all 
the ingredients, such as investment in generating capacity 
at the power plant, fuel costs, investment made at the 
point of use for energy conservation and HVAC equipment 
and other related costs.

The first step in the design process should be to evaluate 
cost effective energy conservation measures, applied both 
in the building structure and in the HVAC equipment. Not 
only can the energy requirements be reduced at the point 
of application, but energy conservation can also: (1) re­
duce peak demand, thereby reducing installed capacity 
requirements at the utility, and (2) potentially reduce the 
required capacity of HVAC equipment in a new building.

The next most important step is control of electrical 
demand by load management techniques, which improve

the utilization of existing baseload generation capacity by 
shifting demand from peak periods. Effective thermal stor­
age and control at the user’s site can reduce capacity 
requirements at the power plant, and thereby provide a 
“capacity credit” to offset the capital cost associated with 
the necessary additional load management equipment. In 
addition, it can also permit a shift from scarce oil and gas 
to baseload nuclear or coal.

A third option open to the designer is the installation of 
a solar system for space conditioning. The primary benefit 
to the user is a net reduction in his energy inputs. How­
ever, since the solar system’s performance depends on the 
transient weather conditions, it cannot lead to a depend­
able savings in generating capacity requirements and could 
worsen the utility load factor by requiring full backup 
capacity.
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FIGURE 2

PREFERRED SYSTEM DETERMINATION
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Preferred systems cannot be reliably selected on the 
basis of existing or historical rate structures for backup 
electricity. First, some current rate structures do not have 
allocations for peak load costs experienced by utilities; 
therefore, they may not be consistent with the actual cost 
of supply furnished conventionally or as backup for the 
solar system. Second, the utility may not yet have suf­
ficient performance data to determine the appropriate rate 
structure for providing backup electricity to solar systems.

One approach to defining preferred systems from an 
economic standpoint is shown schematically on the left 
side of the figure, where the total cost is shown as the 
combination of electrical energy costs (assuming that the 
utility cost of supply is passed on to the user) plus the 
costs associated with purchase, installation and mainte­
nance of the HVAC equipment at the residence (including 
solar components, if applicable). This approach can be 
used to define systems that minimize the actual total costs 
of meeting the energy needs at the residence.

As illustrated, the price signals inherent in rates to the 
user will define systems which appear to be preferred in the 
marketplace. The rate structures that will actually apply to 
a given service area will depend upon performance data 
and information available to utilities, regulatory pro­
cedures, and other costs that may be associated with 
implementing certain rate structures, such as special meter­
ing and billing costs.

Although utility rate structures are not meaningful at 
this time as the sole determinant of preferred systems, 
they are appropriate for parametric study and comparison 
of potential revenues and supply costs. If rates in a service 
area were consistent with the costs of supply, the preferred 
system determined from price signals would be the same as 
that defined by the cost-of-supply analysis. On the other 
hand, if rates were implemented which did not reflect the 
utility’s cost of supply or peak load costs, the preferred 
system defined on the basis of the price signals would not 
necessarily represent the most efficient utilization of en­
ergy resources and capacity.
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FIGURES
UTILITY INFLUENCES ON PREFERRED SYSTEMS
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It is useful to define four generic HVAC system options 
for single family, all-electric residences:

• Conventional System — Draws electric energy on 
demand to satisfy hot water and space conditioning 
needs. This system would be commonly used in the 
absence of load management or solar supplement.

• Load Management System — Electrical demand is 
controlled in a manner favorable to utility operation.

• Solar System — System displaces energy resources but 
auxiliary electrical energy is drawn on demand.

• Solar and Load Management System — System dis­
places energy resources, and shifts usage of electrical 
energy.

Figure 3 summarizes some of the utility influences on 
preferred systems under bounded or limiting situations. 
For illustration, the four generic system options are con­

ceptually shown only for the single function of domestic 
water heating. The cost of electrical supply is indicative of 
the energy cost component for a specific utility, while the 
cost variation with time is representative of the temporal 
use of generation capacity and energy resources. If a util­
ity’s cost of supply is low and its cost variation with time 
is also small, it will be difficult to justify any departures 
from a conventional system. A high average cost of supply 
combined with a small cost variation with time could 
justify consideration of a solar system, but there would be 
little incentive for a load management function. A low cost 
of supply, but a large temporal cost variation would favor 
consideration of a load management function, but not a 
solar system. Finally, the combination of high cost of 
supply and large variation in cost with time would justify 
consideration of systems with both solar and load manage­
ment features.
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With the cost of supply model and specific utility- 
related inputs provided by the utility participants, com­
puter simulations were carried out for the reference HVAC 
systems and single family residences. The computer model 
determined the hourly electrical demand of the residence 
to meet its domestic hot water, heating or cooling loads 
and calculated the utility cost of supply to meet the 
electrical demand. The simulations were carried out over 
an entire year of operation and determined the annual 
costs to the utility to provide the required electrical en­
ergy.

The calculations were made on an hour-by-hour basis, 
by solving appropriate energy balance equations, over the 
simulated period of performance (normally one year). The 
computer program computes hourly transient tempera­
tures for each of the elements in the system — including 
solar/load management system components, as well as the

building space whose temperature is being controlled. An­
alytical models were developed for various system com­
ponents, e.g., the solar collector, thermal storage sub­
system (including auxiliary storage for off-peak energy), 
heat actuated air conditioning and the system control 
logic. In addition, the model accounted for the operation 
of pumps and the dependence of heat exchanger effective­
ness on temperature. The model contained control algo­
rithms for actuating the HVAC heating and cooling com­
ponents including the solar components. The building 
space conditioning controls were based on thermostat set 
points (two stage) for both heating and cooling functions.

Actual weather data was used as input to the computer 
program, including hourly values for dry bulb temperature, 
wet bulb temperature, wind velocity, humidity ratio, solar 
vector components, direct and diffuse components, solar 
flux and the ground reflected flux.
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FIGURE 5
CONCEPTUAL ELEMENTS OF COST OF SUPPLY
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In discussing the cost of supply for an electric utility, it 
is convenient to address the following categories:

• Energy Related Costs — Associated with fuel and 
operation of generating equipment;

• Demand Related Costs — Associated with the capital 
requirements for generation capacity, transmission, 
distribution and other equipment to meet temporal 
power demands; and

• Fixed Costs — Other costs not directly dependent on 
energy usage or demand patterns.

Energy-related costs derive mainly from the cost of 
expended fuel. They vary with efficiencies of the gener­
ating units used and will usually rise with increasing sys­
tem-wide load. (The actual energy cost variation with 
system-wide load may be complex since generating units 
called to meet the load come in discrete sizes.) System 
peaks cause the average (as well as incremental) energy- 
related cost of supply to increase.

Demand-related costs are associated with the capital 
costs of generation capacity and of transmission and distri­
bution equipment. The demand-related costs are a major

component ot the total cost of supply, particularly in a 
utility with a low annual load factor* and with growth in 
demand during the peaking hours. A demand growth 
during peaking hours will require large capital expenditures 
for new peaking equipment with only a minor increase in 
revenues.

Opinions vary as to the appropriate basis for expressing 
the cost of supply. One approach would select an incre­
mental basis and consider the cost associated with putting 
a unit on line to meet the demand added to the existing 
system total. Another would choose an average basis and 
consider all generating units on line at a given time to meet 
the system-wide demand level. This latter method would 
permit a more meaningful comparison between actual cost 
of supply and rates since the rate schedules usually reflect 
average costs for the customer aggregate. On the other 
hand, evaluating costs on an incremental basis would pro­
vide a truer picture of a utility’s cost impact when sup­
plying the energy needs of a new customer.

* Defined as a ratio of the annual average system-wide load to peak 
annual system-wide load.
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FIGURE 6

TEST OF METHODOLOGY
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The computer methodology for incorporating utility 
cost of supply data in system analyses was developed with 
the primary intent of being compatible with the require­
ments and preferences of the two utility partners — LILCO 
and PNM. However, an attempt was made to provide 
flexibility in the cost accounting procedures so it could be 
used by other utilities as well.

To test the generality of the methodology and obtain 
feedback on improvements that could be made, ADL con­
ducted an exercise with 14 additional utilities that repre­
sent a diverse mix of geography, generation mix, climate 
and total generation capacity. Each utility furnished cost- 
of-supply data for its service area according to the estab­
lished input formats. Computer runs were made for each 
utility for each of 15 baseline or reference HVAC systems 
(considering the generic system classes of conventional;

load management; solar; and solar with load management; 
plus the system functions of domestic hot water, domestic 
hot water and space heating and domestic hot water, space 
heating and cooling).

The review of the results with the utility participants 
showed that the methodology contained all the major 
elements required for a cost analysis, but more options 
were required to allow them to conveniently allocate peak 
costs according to their specific needs and preferences. It 
was also found that it is very important to have clear 
definitions for cost of supply elements because items with 
the same apparent title can have different meanings among 
utilities. A separate effort is being sponsored by EPRI to 
make the methodology more flexible to meet the needs of 
utilities and develop a simpler methodology which can be 
used by organizations outside the utility industry.
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FIGURE?
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The overall experimental program has elements in all 
three phases of the EPRI Individual Load Center Solar 
Heating and Cooling Residential Project.

A prime objective of the first phase is to establish 
criteria for the experiments, as well as initiate design and 
integration of the experimental systems and instrumenta­
tion.

The second phase will include further detailed design 
efforts, culminating in action plans that define the roles of 
the various participants, such as: builder developers, utili­
ties, and equipment suppliers. Details, specifications, and 
recommendations will be drawn up for the procurement of 
the various equipment subsystems, and a test plan defining

the experimental configuration and sequence of testing 
will be developed. Also in the second phase, weather 
stations will be deployed and historical weather data ana­
lyzed, utilizing data and equipment available from utilities 
insofar as it is practicable.

The third phase — which will begin soon after the 
completion of the second phase — will cover construction, 
installation, test and evaluation of the ten experiments. 
The building construction, equipment procurement, instal­
lation, and checkout of equipment is expected to be com­
pleted within six months from the start of this phase. The 
duration of the test period is currently planned to be 
about two years.
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FIGURE 8
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Several guidelines have been followed in selecting the 
residences and solar/load management systems to be used 
in the third phase of this program. A common element in 
these guidelines is a desire to fulfill the experimental 
demands of this residential project and yet do this with 
credible housing and HVAC equipment. Four principal 
criteria have been invoked in this selection process.

Obtaining maximum information content from the ex­
periments will require that each system operate in several 
different modes. In one of these modes the system will 
function as the candidate preferred system; other modes 
will permit operation in alternative system configurations 
so that comparisons of the various systems may be made. 
Major equipment types (e.g., air vs. liquid collectors) as 
well as variations due to life style and energy conservation 
measures may be evaluated by making comparisons among 
the ten installations. Comprehensive, well-conceived instru­
mentation and data reduction methods will be essential to 
extracting the maximum useful information from system 
operation. If the appropriate information is obtained from 
the system under test, then the performance not only of 
that system, but of conventional and/or simpler systems 
may be inferred for similar building energy demands and 
climatic conditions. This capability allows solar load man­
agement and conventional systems to be compared under 
identical conditions and avoid the uncertainties associated 
with variations in life style which would arise if the sys­

tems were compared in different buildings or at different 
times.

The experimental systems should demonstrate hardware 
that can become practical in the near-term (5 to 7 years), 
serving insofar as possible as a guide for prospective equip­
ment developers and suppliers. The solar load management 
systems should be integrated with the building construc­
tion in such a manner as to minimize adverse aesthetic 
impact and space requirements for tankage, valves, con­
trols, etc. In particular, they should not present novel 
architectural features, but rather those which can be adap­
ted with minimum impact to existing styles and living 
conditions. Satisfying the requirements for credible inte­
gration as well as maximum experimental content will 
involve some trade-offs and possible solutions may include 
slanting some installations in the direction of high flexi­
bility and others in the direction of being more nearly 
prototypical of near-term hardware.

The system installations should be characterized by a 
high degree of energy conservation. Insofar as is practical 
and compatible with current state-of-the-art installation 
methods, energy conservation should be brought to the 
point where further incremental improvements in energy 
conservation would have paybacks roughly comparable to 
those of the solar load management systems which are the 
prime subject of the experimental program.
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FIGURE 9
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Preliminary designs, instrumentation and test plans were 
developed for five experiments in Albuquerque and five in 
Long Island.

One of the more extensive experiments is shown 
above — a combined heating, cooling and hot water system 
with load management applied to all three functions and 
with solar supplement for hot water and space heat. Sepa­
rate tanks are shown for solar storage and heating and 
cooling load management storage. An integrated solar load 
management tank could be simulated experimentally 
either by providing a flow connection between the tanks

or by incorporating an extra electric heating element in the 
tanks shown for solar storage.

The heat pump system shown here is a very general 
experimental configuration. It can operate in an air-to-air 
mode for demand, or in conjunction with either the load 
management tank, or the solar storage.

This installation can be considered a very general modu­
lar representation of a system from which functions or 
equipment modes may be eliminated if simpler systems are 
desired. As was indicated earlier, a system of this configu­
ration can produce data for a large number of separate 
systems when operated with proper instrumentation.

4-10



FIGURE 10
EXPERIMENTAL CONTENT
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The experimental installations have been designed to 
allow a wide range of variables to be investigated. The 
variables fall in four classes:

• Different system arrangements simulated simul­
taneously with a single installation,

• Different system arrangements achieved in a single 
installation by relatively minor equipment changes,

• Differences in equipment choices, and
• Differences in building energy conservation features 

and life style.
The figure above illustrates the variety of possible sys­

tems which are inherent in Installation No. 1, a combined 
heating, cooling and domestic hot water system with a 
multi-mode heat pump. For the purpose of this illustra­
tion, the installation is considered to have four primary 

modes of operation:

1) A baseline version,

2) Alternative modes with a solar-assisted heat pump 
and separate solar and load management storage,

3) Alternative modes with a solar-assisted heat pump 
and integrated storage, and

4) Alternative modes with a parallel heat pump for heat­
ing and integrated storage.

As shown, the baseline arrangement can produce data 
on 18 baseline systems. Data on 10 of these baseline 
systems can be derived from data on the parent system 
without any physical modification to the system. Three 
alternative system modes can be simulated with the solar- 
assisted heat pump and dual thermal storage arrangement. 
By integrating the two thermal storages with an intercon­
necting pump loop, it is possible to simulate another six 
system types, two with and four without the solar-assisted 
heat pump.
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FIGURE 11
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The illustration above shows the technique of deriving 
information from more than one system from a single set 
of operating data. For clarity, the technique is illustrated 
with a simple subsystem, where the instantaneous heating 
demand is supplied by thermal storage heated at off-peak 
hours, or with supplementary demand heat as necessary.

For this load management system, the actual electrical 
demand profile is the sum of the electrical demand profiles 
for the off-peak heater, the circulating pump, and the 
demand heater (plus any other ancillary equipment, such 
as controls). For a conventional system, such as resistance

heat on demand, the electrical demand profile which 
would result from meeting the same building load can be 
derived solely from the heat added at the air duct. That 
demand is simply the product of the air flow rate, specific 
heat and temperature rise across the heating coils.

Over a period of time, the total energy required by both 
the load-managed system and the conventional, demand­
heating system will be nearly the same, except for storage, 
stand-by heat loss and power supplied to both pumps and 
ancillary equipment. However, the load-managed system 
will have a considerably reduced demand during on-peak 
periods.

4-12



FIGURE 12
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Our goal in this project is to adapt as much as possible 
to the construction process normally used by builder/ 
developers. It is common for builder/developers to have 
access to architectural design capabilities and a purchasing 
staff, and to coordinate the installation of equipment 
provided by other participants, such as heating and plumb­
ing contractors.

We currently have two builder/developer organizations 
working on our team as consultants — one for the Albu­
querque area and one for Long Island. To meet experi­

mental objectives, there will be some unconventional 
equipment such as solar collectors, advanced heat pumps 
and sophisticated instrumentation systems which will be 
new to the established industry participants. Equipment 
specifications and interface requirements will provide the 
basis for incorporating equipment in a residence. This can 
be done by a manufacturer, a local contractor or the 
builder/developer, as appropriate. In addition to his re­
sponsibilities for modifying the house designs, the builder/ 
developer will serve as general contractor.
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FIGURE 13
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Conversations with manufacturers and with consultants 
serve as the basis upon which specifications are being 
developed for three major subsystems:

• Heat pump subsystems
• Solar subsystem
• Instrumentation subsystem
The approach to be followed in preparing specifications 

will be to place a high degree of responsibility on the 
subcontractors for the design and integration of these 
subsystems, including maintenance support during start­
up.

Performance requirements rather than configuration de­
tails will be stressed as a means of encouraging vendor 
innovation consistent with the requirements for credible 
near term hardware design.

In planning for allocations of responsibility and co­
ordination for the overall effort, the subsystem manufac­
turer will be required to provide installation and start-up 
support in close coordination with the builder/developer. 
The service contract will be a part of the bid document 
that vendors will respond to.
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FIGURE 14

HOUSE ARCHITECTURE AND 
EQUIPMENT INTEGRATION - 
ALBUQUERQUE EXPERIMENTS

REAR VIEW

Designs for the five solar/load management experiments 
have been integrated into home styles being developed by 
Mossman-Gladden, Inc., our building consultant for the 
Albuquerque area.

The front-view figure above presents the architectural 
features of a typical experimental installation while the 
rear-view figure presents technical features. The archi­
tectural features illustration is a perspective rendering of 
the home, as would be seen from the street servicing the 
residence. Because the solar collectors have been carefully 
integrated into the original roof architecture, the street 
view of the home appears little different than that of a

conventional Albuquerque home. More will be said on this 
on the following pages.

All of the house designs planned for the Albuquerque 
experiments are flat roofed, single-story homes built on 
slab foundations. This is the most popular house style in 
PNM’s service area.

In each installation, plans for standard homes being 
developed have been modified to include a small HVAC 
equipment room. This room will house all thermal storage 
tanks, with the exception of load-management storage 
tanks, which may be too large for inclusion within the 
house. These will be buried in the backyard.
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FIGURE 15

INTEGRATION OF SOLAR COLLECTORS INTO CLEARSTORY 
ARCHITECTURE - ALBUQUERQUE EXPERIMENTS
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The above house design (same model as shown in Fig­
ure 14) was chosen for two of the five experimental installa­
tions in Albuquerque. This house has approximately 1,800 
square feet of living space.

Integration of solar collector panels into the roof archi­
tecture was facilitated by modifying a clearstory which 
already existed over the living and dining room areas. A 
clearstory is a partially raised roof which contains win­

dows. Skylights in the north face of the clearstory permit 
diffuse sunlight to filter down into living spaces below, and 
the raised ceiling provides an open expansive atmosphere.

As shown by the lower illustration, skylights still will be 
built into the north wall of the clearstory, with the solar 
collector panels mounted in the south wall. A false ceiling 
is an effective way of hiding the solar plumbing and 
backside of the collector panels.
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FIGURE 16

HOUSE ARCHITECTURE AND 
EQUIPMENT INTEGRATION - 
LONG ISLAND EXPERIMENTS

The builder/developer consultant for LILCO’s five 
demonstration homes will be selected in several weeks, 
based on the performances of two candidate consultants 
presently participating in a preliminary design exercise. As 
a result, the illustrations above represent typical designs 
for Long Island rather than specific house designs from 
any particular builder’s catalog of homes. After exploring 
the range of potential house designs popular in the Long 
Island area, a means of equipment integration was defined 
for two of the more popular styles: the “Cape” and “Long 
Island Colonial.” The colonial is shown above. The cape 
and colonial house designs provide general vehicles for 
illustrating methods of integrating solar collector panels 
into a pitched room structure and of placing thermal 
storage tanks in the building itself.

The Long Island Colonial house design has about 1,800 
square feet of living space, a basement and a two-car 
garage. The solar collector panels have been integrated into 
a low roof which is part of the garage structure. To obtain 
the required roof pitch for collecting solar energy, the 
peak of this low roof was carried back beyond where it 
would normally be for equal front and rear roof pitch 
angles.

Because most Long Island homes normally have base­
ments, it may not be necessary to add on an extra equip­
ment room for housing solar/load management storage 
tanks. Accordingly, these tanks, plus the indoor unit of a 
multimode heat pump, have been shown in the basement.
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FIGURE 17
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Because of the energy conserving potential and the 
possibilities for integration with solar and load manage­
ment tanks, great attention was given to heat pump subsys­
tems. The most general type of experimental configuration 
is shown above, illustrating a heat pump having the capa­
bility for direct air-to-air operation, as well as operating in 
conjunction with either a load management or solar tank. 
In the direct air-to-air mode, the heat pump will produce 
heating or cooling on demand. In conjunction with the 
load management tank, the heat pump can be used either 
to charge or discharge the load management tank in either 
the heating or cooling mode — the most promising use in 
conjunction with the load management tank being that of 
off-peak cooling. Lastly, in conjunction with the solar 
tank, the heat pump can operate in the solar-assisted 
mode, resulting in possibilities for somewhat greater effi­
ciency and operational reliability than if operating in the 
air-to-air mode.

A preliminary briefing package has been sent to heat 
pump suppliers to obtain their inputs on the type of 
equipment that can be supplied.

Multimode capability would be very valuable to the 
experimental program if such equipment is currently avail­
able in a reliable form. If multimode heat pumps are not 
available, per se, the multimode effect might be achieved, 
at least in part, with two heat pumps.

Consistent with the availability of equipment, high per­
formance heat pumps are of great interest, both in terms 
of high efficiency and of relatively high capacity at low 
ambient temperatures.

The prime focus of this project is not heat pump devel­
opment. Therefore, selections will be made from equip­
ment which is available or which the manufacturer is 
willing to develop within the time allowed by the program.
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INSTRUMENTATION SYSTEM DESIGN ELEMENTS

FIGURE 18
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A major objective in the project is the maximization of 
experimental information. This objective can only be met 
with complete, well-documented and operationally flexible 
data records. The experimental systems thus require a 
substantial number of measurements. Intermediate trans­
lations of these measurements into their correct physical 
units will allow summary calculations of subsystem perfor­
mance to be made.

Manufacturers are being sought who can supply com­
plete, packaged (“turn-key”) instrumentation subsystems. 
Procurement would include the manufacture and/or assem­
bly of all necessary hardware, installation, start-up and 
checkout responsibility and a service and maintenance 
contract agreement. The hardware would include the 
measurement sensors, data loggers (with signal con­
ditioning, computational, visual display, printout and data 
storage equipment) and possibly communications proces­
sors.
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FIGURE 19

DATA HANDLING OPTIONS

SENSORS

GAUGES & 
STRIP CHARTS SITE DATA 

PROCESSOR

TELEPHONE
TRANSMISSIONMANUAL

TRANSMISSION

CENTRAL
PROCESSOR

DATA
EVALUATION

Many options exist for selecting instrumentation equip­
ment and for acquiring, handling, storing, and reducing 
experimental information. These options are presently 
being addressed as part of detailed design efforts. System 
evaluations will include assessments of equipment versa­
tility, cost-effectiveness, reliability and operational infor­
mation available from similar demonstration projects.

Signals generated by parameter sensors will, in general, 
first experience sampling and signal conditioning to insure 
compatibility with a data logger or processor. It may, 
however, be desirable to acquire some raw data in strip 
chart form for later diagnostic purposes.

The site data processor can have several configurations. 
In the simplest arrangement, the site processor could be a 
data logger which only collects and transmits information.

The other end of the spectrum is a site data processor 
which performs summary calculations such as averages, 
total energy consumption or maximum electrical demand 
within a finite period of time.

Experimental data emanating from the site data proces­
sor can be treated in many ways. It can be read out at the 
site in the form of a paper printout or visual display and/or 
stored on magnetic tape. The information then can be 
transmitted to a remote computer facility where the final 
detailed data reduction and analysis would be accom­
plished.

The data acquisition system may also involve provisions 
by which a computer terminal operator can query the 
instrumentation system to retrieve particularly important 
pieces of information needed prior to a full computer 
analysis of the data.

4-20



FIGURE 20

DATA TRANSMISSION OPTIONS

AUTOMATED TRANSMISSION OF DATA RECORDS TO REMOTE COMPUTER CENTER

There are two major modes being considered for trans­
mitting experimental data from the site data processors in 
the homes to a central data reception facility: 1) auto­
matic data transmission via a telephone line coupling and 
2) manual pickup of data tapes at each residence. Auto­
matic data transmission has the obvious advantages of fast 
and convenient data retrievals without infringing on the 
living patterns of house occupants. There can, however, be 
problems with the quality and reliability of telephone 
equipment when used for automatic data transmission, and 
there is, of course, the need to guarantee that the com­

munications processing equipment at the receiving end is 
properly staffed and maintained. However, with so much 
information from banks, airlines and car rental firms (as 
several of many possible examples) being sent over tele­
phone lines, control of transmission quality is clearly man­
ageable. Instrumentation subsystem vendors offering fully 
automatic data transmission systems are being asked to 
specify the precautions they plan to take to insure the 
fidelity of transmitted data, and to guarantee that data is 
not lost if a retransmission is required.
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FIGURE 21

TYPICAL MEASUREMENT POINTS

HEAT
PUMP

This figure illustrates typical measurement points super­
imposed on a reference experimental system. The measure­
ments include electrical power consumption, power on- 
time, temperature, temperature differential and flow. Al­
though not indicated, insolation and other weather mea­
surements will be required.

Typical locations where input electrical power will need 
to be measured include the:

• Auxiliary space-heating element,
• Load management storage heating element,
• Demand and off-peak water heater resistance 

elements,
• Heat pump compressor motor,
• Air duct fan motor, and
• Circulating pump motors.

We have a special interest in the cycling characteristics 
of the heat pump compressor motor so the total time 
period of operation of this motor will be measured.

Measurements will be made of storage tank tempera­
tures (and stratification), solar collector temperatures, in­
let domestic water temperature, heat exchanger inlet tem­
peratures and inlet room temperatures. Some measure­
ments, such as storage tank temperatures, will have a prime 
part in data reduction and energy balances; others such as 
solar collector temperatures may be required for diagnostic 
purposes.

Flow and temperature difference measurements are also 
required to determine energy exchange in various heat 
transfer loops. [Heat flow = (fluid flow) x (specific heat) x 
(temperature difference).]
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INTRODUCTION

The National Environmental Policy Act (NEPA) 
of 1969 established new obligations affecting 
Federal projects. NEPA requires that for any 
major Federal action significantly affecting 
the quality of the human environment, a 
detailed statement of the impacts associated 
with that action must be prepared. The 
significance of this requirement has emerged 
over the last 6 years to yield the Environ­
mental Impact Statement process that exists 
today.

• Anticipate environmental problems 
which could be associated with 
solar energy systems, particularly 
problems with major lead times or 
monetary implications.

The following five solar energy concepts are 
being considered.

• Solar Thermal
• Photovoltaic
• Wind
• Ocean Thermal
• Photoproduction

Construction of central station solar energy 
power plants may involve major Federal actions 
requiring preparation of an Environmental 
Impact Statement. In addition, many states 
have adopted legislation imposing require­
ments similar to the NEPA requirements upon 
state agencies and individuals.

In the light of these anticipated require­
ments, it is appropriate to examine solar 
energy power plants in relation to the National 
Environmental Policy Act. That is the 
objective of this Program.

The work 
10 major 

1.0 
2.0
3.0
4.0
5.0
6.0
7.0
8.0 
9.0

10.0

is organized around the following 
technical tasks.
Methodology Development 
Reference System Plant Designs 
Reference System Plant Site Selection 
Environmental Data Base 
Environmental Impact Assessments 
Impact Assessment Generalization 
Industrial Implications 
Cost Effectiveness Comparisons 
Basis for "Alternatives" Statement 
Solar Power Plant EIS Framework

The specific objectives of the Program are as 
follows.

• Develop a basis for assessment of 
solar energy alternatives in 
relation to other types of power 
plants as required by the National 
Environmental Policy Act (NEPA) of 
1969.

This report will address the following four 
topics.

• Reference Plant Designs
• Reference Site Selection
• Solar Thermal Environmental 

Assessment
• Cost-Effectiveness Analysis
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REFERENCE PLANT DESIGNS

SOLAR THERMAL REFERENCE SYSTEMS

• 50 MWe AND 200 MWe

• AIR COOLED (BRAYTON CYCLE)

• WATER/STEAM (RANKINE CYCLE)

• SOUTHWESTERN

• NORTHERN PLAINS

Water cooled (wet) heat rejection systems are 
being considered at the site in the Northern 
Plains siting region. Air-cooled (dry) heat 
rejection systems are being considered at the 
site in the Southwestern States siting region

Figure 1 Solar thermal reference systems 
under consideration have 50 MWe and 200 MWe 
rated capacities. The prime movers in the 
plants will be either an air-cooled open cycle 
gas turbine (Brayton cycle) or a conventional 
water/steam turbine system (Rankine cycle).
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CONCEPTUAL VIEW OF CENTRAL RECEIVER SOLAR ELECTRIC GENERATING FACILITY

Figure 2 All of the solar thermal reference 
plant designs are based upon the central 
receiver concept.
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50 MWe SOLAR THERMAL PLANTS

STEAM GAS

TURBINE TURBINE

NUMBER OF HELIOSTATS 16,000 6,200

MIRROR AREA - KM2 0.58 0.23

GROUND AREA - KM2 1.42 0.42

AVERAGE GROUND COVER RATIO 0.42 0.56

MAXIMUM FIELD RADIUS - M 1,040 460

TOWER/RECEIVER HEIGHT - M 323 198

GENERATOR GROSS - MWe

MAKEUP WATER - L/DAY

59 51

WET TOWERS 3,450,000 -

DRY TOWERS - -

HEAT REJECTION - MWt - 86

WET TOWERS 116 -

DRY TOWERS 125 -

ENERGY STORAGE - MWHt 1,020 UNLIMITED

OVERALL CONVERSION EFFICIENCY - % 14 17

Figure 3 The solar thermal reference plants 50 MWe modules. Each reference plant
are based upon 50 MWe modules. The 200 MWe includes thermal energy storage for at
plants are comprised of four of the modules. least 6 hours operation.
This table summarizes characteristics of the

PHOTOVOLTAIC REFERENCE SYSTEMS

• 50 MWe AND 200 MWe

• SILICON

• CADMIUM SULFIDE

• GALLIUM ARSENIDE

• SOUTHWESTERN

• EASTERN

Figure 4 Photovoltaic reference systems under
consideration have rated capacities of 50 MWe 
and 200 MWe. Three types of cells with

5-4

efficiencies ranging from 5 to 20 per cent 
are being considered as are two siting regions.



ELECTRICAL NETWORK

2500 VOLT DIRECT CURRENT BUS 

34 KV DISTRIBUTION 

34 KV/230 KV SWITCHYARD 

230 KV TRANSMISSION LINE

Figure 5 The electrical network of the 2500 VDC and ultimately delivered to the grid
photovoltaic plants is similar for all three at 230 kVAC.
cell types. Array output is collected at

POWER CONDITIONING AND STORAGE

2.0 MW POWER CONDITIONING MODULES

AC/DC INVERTER

REGULATOR

BATTERIES

Figure 6 Power conditioning modules are 
distributed throughout the field. Lithium/ 
sulfur batteries are being considered for 
energy storage.



■Z30 KV TRANSMISSION■3it KV DISTRIBUTION (TYP)

□□□□□□
•indivioual

ARRAYS
(TYP)□ □ □

□□□□□□

a on a

200 MW PHOTOVOLTAIC STANDARD PLANT

Figure 7 The photovoltaic reference plants 
have a square arrangement. The physical 
size of the plant will depend upon cell 
efficiency but the basic arrangement remains 
the same.

This figure illustrates a 200 MWe arrangement 
The 50 MWe plants are equivalent to one 
quadrant of this plant.
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200 MWe PHOTOVOLTAIC PLANTS

EASTERN SOUTHWESTERN

LOCATION LOCATION

CELL MATERIAL CdS CdS Si Si CdS CdS Si Si Si GaAs

CELL MODULE EFFICIENCY - % 5 10 10 20 5 10 10 20 15/20 20

PLANT EFFICIENCY - % 3.9 7.9 7.9 15.8 3.9 7.9 7.9 15.8 10.0 13.3

CONCENTRATION - - - - - - - - 20 500

SOLAR ARRAY AREA - KM2 11.1 5.6 5.6 2.8 10.9 5.4 5.4 2.7 0.2 0.006

PLANT APERTURE - KM2 11.1 5.6 5.6 2.8 10.9 5.4 5.4 2.7 4.0 3.0

PLANT AREA - KM2 27.8 13.9 13.9 6.9 27.2 13.6 13.6 6.8 20.0 14.8

Figure 8 This table summarizes characteristics 
of 200 MWe photovoltaic reference systems under 
consideration. These plants include the

additional array area necessary to provide 
energy storage for 6 hours operation at rated 
capacity.

WIND ENERGY REFERENCE SYSTEMS

• 20 MWe AND 100 MWe

• HORIZONTAL AXIS 2.0 MWe MACHINES

• GREAT PLAINS

• GREAT LAKES

• NORTHEASTERN

Figure 9 Wind energy reference systems under 
consideration have rated capacities of 20 MWe 
and 100 MWe, consisting of groups of 2.0 MWe 
standard wind turbine units. These reference

systems will be sited in regions identified as 
the Great Plains, Great Lakes, and Northeastern 
States.
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Figure 10

STANDARD 2.0 MWe WIND TURBINE

• ROTOR DIAMETER 67 M

• CUT-IN VELOCITY 6.2 M/S

• RATED VELOCITY 13.4 M/S

• ROTOR SPEED 32 RPM

• GEARBOX RATIO 56: 1

• GENERATOR 4200 V

3 PHASE

60 HERTZ

1800 RPM

• TOWER 52 M

• OVERALL EFFICIENCY - 38.5%

The characteristics of the standard
2.0 MWe wind turbine units are summarized in 
this table.



I .8 KM 
'( I . I Ml )'

I .3 KM 
(0.6 Ml)

J

20 MWe PLANT

3. it KM 
(2.1 Ml)

100 MWe PLANT

5.9 KM 
(3.6 Ml)

WIND ENERGY PLANT LAYOUTS

Figure 11 The 20 MWe and 100 MWe wind energy 
reference systems consist of 18 and 108 stand­
ard wind turbine units, respectively. The 
gross area containing these systems is 
approximately 2.3 and 20.0 square kilometers.

although, assuming joint land use, the net land 
requirements for the wind turbine units is 
about 0.2 and 0.9 square kilometers. Each wind 
energy reference plant includes electrical 
energy storage for 6 hours operation at rated 
capacity.

OCEAN THERMAL REFERENCE SYSTEMS

100 MW AND 400 MW 

FLORIDA

Figure 12 Ocean thermal reference systems 
under consideration have rated capacities of 
120 MWe and 480 MWe. These systems are sited 
off the eastern coast of Florida.
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OCEAN THERMAL REFERENCE PLANTS

480 MW 
PLANT

POWER MODULES 30 MWe (GROSS)
NUMBER PER REFERENCE PLANT 

HULL CONFIGURATION 
GEOMETRY 
LENGTH - M 
WIDTH - M 
DEPTH - M 
DRAFT - M 
MATERIAL TYPE 
MATERIAL VOLUME - M3 

MOORING
MOORING LINE TYPE 
ANCHOR WEIGHT - TONS 

TRANSMISSION 
VOLTAGE
SUBMARINE CABLE 

TYPE
CONDUCTOR SIZE - MCM 
NUMBER CONDUCTORS PER PHASE 

* MAXIMUM CONDUCTOR LENGTH - Ml 
EVAPORATORS

SHELL MATERIAL 
TUBE MATERIAL 
TUBE SIZE

DIAMETER - CM 
WALL THICKNESS - CM 
LENGTH - M 

NUMBER TUBES 
WORKING FLUID 
THERMAL LOAD - MW 

TURBINE GENERATORS
NUMBER PER PLANT 
RATED CAPACITY - KVA 

CONDENSORS
SHELL MATERIAL 
TUBE MATERIAL 
TUBE SIZE

DIAMETER - CM 
WALL THICKNESS - CM 
LENGTH - M 

NUMBER TUBES 
THERMAL LOAD

120 MW 
PLANT

4 16

241
46
20
18

49,400

- RECTANGULAR -
268
183

38
24

- CONCRETE -
198,000

- LINKED CYLINDRICAL SHELLS - 
1,130 2,160

- 138 KV-AC -
- ALUMINUM, LEAD SHEATH, OIL-PAPER 

INSULATION, STEEL WIRE ARMOR - 
1,500 1,500

1 2
20 16

-CARBON STEEL - 
- TITANIUM -

- 3.8-
- 0.94 - 
-13.1-

303,600 1,214,400
-AMMONIA -

3,984 15,936

4 16
141,200 564,800

- CARBON STEEL - 
- TITANIUM-

-3.8- 
- 0.81 - 
- 13.1 -

261,600 1,046,000
3.868 15,472

«DC-AC BREAKEVEN DISTANCE

Figure 13 This table summarizes the character­
istics of the ocean thermal reference plants.
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Figure 14 
conversion

ocQ,

COLD WATER EXHAUST

COLD WATER PIPE

WARM WATER EXHAUST

1
l
\
\

\

\
\
\
\
\
\ SIHGLE MOORING LINE
\
\
\
\
\

CONCEPTUAL VIEW OF OCEAN THERMAL ENERGY 
CONVERSION FACILITY

Conceptual view of the ocean thermal 
reference system.
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PHOTOPRODUCTION REFERENCE SYSTEMS

• 100 MWe AND 500 MWe

• TREES

• SORGHUM

• SOUTHWESTERN

• SOUTHEASTERN

Figure 15 Two photoproduction reference 
systems are under consideration. These systems 
are power plants with a rated capacity of 
100 MWe on a site in the Southeastern States

utilizing trees for fuel and on a site in the 
Southwestern States utilizing a sorghum for 
fuel.

100 MWe PHOTOPRODUCTION PLANTS

TREE

PRODUCTION

SORGHUM

PRODUCTION

FUEL SPECIES

HEATING VALUE - BTU/LB

MOISTURE (AS FIRED) - %

PRODUCTION YIELD - TONS/AC-YR

HARVESTED FORM

HARVESTING FREQUENCY - PER YR

METHOD OF DRYING

ANNUAL FUEL REQUIREMENTS - TONS

MINIMUM LAND REQUIREMENT - Ml2

NET PLANT HEAT RATE - BTU/KWH

ASH GENERATION - TONS/YR

FLUE GAS TREATMENT

HEAT REJECTION METHOD

PLANT WATER REQUIREMENTS - AC-FT/YR

SORGHUM/SUDAN GRASS 

6,800 

20 
24

CHOPPED 

3

FIELD

700.000 

50

13,600

14.000

MULTITUBE CYCLONE COLLECTOR PLUS LOW 

ENERGY IMPINGEMENT SCRUBBER 

WET COOLING TOWERS 

1,900 1,850

SYCAMORE

4.000 

50

8
WOOD CHIPS 

0.5

ROTARY DRYER

1.200.000 

250 

13,600 

24,000

Figure 16 The characteristics of the 100 MWe 
photoproduction reference plants are summarized 
in this table.
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REFERENCE SITE SELECTION

Figure 17 Solar Thermal siting regions.

S. OAK.

*. HEX.

Figure 18 Photovoltaic siting regions. 5-13



Figure 19

Figure 20

M, OAK.

S. OAK.

Wind Energy Siting regions.

MONT.

S. DAK.

COLO.

Photoproduction siting region.
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S. DAK.

COLO.

ASIZ.

». HEX.

Figure 21 Ocean Thermal siting region.

SITE SELECTION CRITERIA

• GENERAL EXCLUSION CRITERIA

• DETAILED EXCLUSION CRITERIA

• DETAILED SELECTION CRITERIA

• DETAILED EVALUATION CRITERIA

Figure 22 Selection of Reference Sites within 
the siting regions was accomplished by appli­
cation of four levels of criteria.

General Exclusion Criteria delineate Candidate 
Counties within the Siting Region.

Detailed Exclusion Criteria delineate candidate 
areas within Candidate Counties.

Detailed Selection Criteria delineate Candidate 
Sites.

Detailed Evaluation Criteria enable Reference 
Site selection.
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SITING REGION WITH COUNTIES 1-6
1 2 3

N 5 6

6EWEBAL EXCLUSION CRITERIA X

V
CANDIDATE COUNTIES 2,4,6

COUNTIES 1,3,5 EXCLUDED

| DETAILED EXCLUSION CRITERIA X ^ nrV
CANDIDATE COUNTIES 2,4,6 
LESS AREAS A,B,C,D

£3

[*7 n\
0

AREAS A,B,C,D EXCLUDED

ZHj

DETAILED SELECTION CRITERIA

CANDIDATE SITES 1-4
Ed? 5-?

| DETAILED EVALUATION CRITERIA

REFERENCE SITE 3
*3 P

Figure 23 Illustrates the site selection 
process.
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REFERENCE SITE,

CALIFORNIA

Figure 24 The solar thermal Reference Site in 
the Southwestern States Siting Region is in 
Kern County, California. This site is also 
the Photovoltaic Reference Site in this Siting 
Region.
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1—4’
REFERENCE SITE, 
MARION COUNTY, 
KANSAS

Figure 25 The solar thermal Reference Site in 
the Northern Plains Region is in Marion County, 
Kansas.
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Figure 26 The photovoltaic Reference Site in 
the Eastern States Siting Region is in Salem 
County, New Jersey.
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REFERENCE SITE 
CARSON COUNTY. 
TEXAS -- - - - - - - - - -

V. WEM

Figure 27 The wind energy Reference Site in 
the Great Plains Siting Region is in Carson 
County, Texas.
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REFERENCE SITE, 
ALLEGAN COUNTY, 
MICHIGAN

Figure 28 The wind energy Reference Site in 
the Great Lakes Siting Region is in Allegan 
County, Michigan,
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REFERENCE SITE, 
PLYMOUTH COUNTY, 
MASSACHUSETTS

OFFSHORE REFERENCE 
SITE, BARNSTABLE 
COUNTY, MASSACHUSETTS

Figure 29 The wind energy Reference Site in Reference Site is off the coast of Barnstable
the Northeastern States Siting Region is in County, Massachusetts.
Plymouth County, Massachusetts. The offshore
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REFERENCE SITE , 
OFFSHORE DADE 
COUNTY, FLORIDA

Figure 30 The ocean thermal Reference Site is 
off the coast of Dade County, Florida.
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Figure 31 The photoproduction Reference Site 
in the Southwestern States Siting Region is 
in Milam and Robertson Counties, Texas.
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REFERENCE SITE, 
SCREVEN COUNTY, 
GEORGIA

Figure 32 The photoproduction Reference Site 
in the Southeastern States Region is in Screven 
County, Georgia.
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ENVIRONMENTAL ASSESSMENT

ENVIRONMENTAL ASSESSMENT 

METHODOLOGY

INCORPORATES FEDERAL AGENCY ASSESSMENT PROCEDURES 

FOR CONVENTIONAL POWER PLANTS BASED ON NATIONAL 

ENVIRONMENTAL POLICY ACT OF 1969

• PLANT DESCRIPTION

• SITE AND REGION DESCRIPTION

• CONSTRUCTION IMPACT ASSESSMENT

• OPERATION IMPACT ASSESSMENT

Figure 33 The environmental assessments for 
solar energy power plants are based upon the 
methodology for preparation of Environmental

Impact Statements for coal and nuclear fueled 
power plants as a consequence of the National 
Environmental Policy Act.

ENVIRONMENTAL ASSESSMENT 

SCOPE

• EACH REFERENCE SYSTEM

• CONSTRUCTION AND OPERATION

• PRIMARY AND SECONDARY EFFECTS

• BENEFICIAL AND ADVERSE EFFECTS

• MITIGATIVE MEASURES

• REGIONAL GENERALIZATIONS OF EFFECTS

Figure 34 The assessments for solar energy 
power plants have the scope shown in this 
figure.
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ENVIRONMENTAL ASSESSMENT

GENERAL PROCEDURE

STEP 1 - PERFORM GENERIC ASSESSMENT

STEP 2 - PREPARE REFERENCE SITE AND REGIONAL DESCRIPTIONS

STEP 3 - PERFORM REFERENCE SITE ASSESSMENT

STEP 4 - PERFORM REGIONAL GENERALIZATION ASSESSMENT

Figure 35 Four general logical steps are 
associated with the performance of an environ­
mental assessment for each reference system.

STEP 1 - PERFORM GENERIC ASSESSMENT

• IDENTIFY POSSIBLE SOURCES AND TYPES OF EFFECTS AND 

WHETHER THEY ARE UNIQUE, SIMILAR OR SUBSTANTIALLY 

DIFFERENT FROM THOSE OF CONVENTIONAL POWER 

PLANTS

• CHARACTERIZE SOURCES, AFFECTED ENVIRONMENTAL 

ELEMENTS, AND OTHER FACTORS DETERMINING 

INTERACTIONS

• CONSIDER THE POTENTIAL RANGE IN FREQUENCY, 

MAGNITUDE AND SIGNIFICANCE OF EFFECTS

• IDENTIFY AND EVALUATE MITIGATIVE MEASURES

Figure 36 The generic assessment considers 
the potential range of environmental impacts 
from a very broad point of view including

identification of impacts of minor signifi­
cance or improbable occurrence.
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• SITE CLEARING AND EARTHWORK

• FUGITIVE DUST

• NOISE

• ACCIDENTAL CHEMICAL RELEASES

• SOLID WASTE DISPOSAL

• CHEMICAL AND SANITARY WASTE DISPOSAL

• WATER APPROPRIATION

• CONSTRUCTION WORKFORCE

• EMPLOYMENT

• TRAFFIC

• LOCAL EXPENDITURES

• DEMAND FOR HOUSING AND SERVICES

• TAX AND OTHER PAYMENTS TO GOVERNMENT

SOLAR THERMAL CONSTRUCTION

SOURCES OF EFFECTS

Figure 37 These examples illustrate sources 
of effects during construction.

SOLAR THERMAL ENVIRONMENTAL ASSESSMENT 
GENERIC ASSESSMENT EXAMPLE

• SOURCE - SITE CLEARING AND EARTHWORK
• EFFECTS

• DISPLACEMENT OF EXISTING SITE LAND USES
• DESTRUCTION OF HISTORIC OR CULTURAL FEATURES
• DESTRUCTION OF TERRESTRIAL OR AQUATIC ECOSYSTEMS
• EROSION
• SILTATION AND SEDIMENTATION OF SURFACE WATER

• UNIQUENESS
• EFFECTS ARE SIMILAR TO CONVENTIONAL POWER PLANTS

Figure 38 Considering the first source noted 
in Figure 37, these are examples of potential 
effects.



SOLAR THERMAL ENVIRONMENTAL ASSESSMENT
GENERIC ASSESSMENT EXAMPLE (Continued)

DISPLACEMENT OF EXISTING SITE LAND USE
• SOURCE CHARACTERISTICS

• LAND AREA ACQUIRED/DISTURBED
200 MWe STEAM TURBINE PLANT - 2560/1400 ACRES 
200 MWe GAS TURBINE PLANT - 640/400 ACRES 

ENVIRONMENTAL ELEMENT CHARACTERISTICS
• SITE LAND USE

RESIDENTIAL
AGRICULTURAL
TRANSPORTATION
OTHER

Figure 39 Considering further the generic 
assessment and the first effect noted in 
Figure 38, the source characteristics and the

characteristics of the affected environmental 
elements are shown in this figure.

SOLAR THERMAL ENVIRONMENTAL ASSESSMENT 
GENERIC ASSESSMENT EXAMPLE (Continued)

• DISPLACEMENT OF EXISTING SITE LAND USE
• FREQUENCY OF EFFECT

• MINIMUM - PLANT OPERATING LIFE
• MAGNITUDE OF EFFECT

• RESIDENTIAL - RESIDENTS AFFECTED
• AGRICULTURAL - ACREAGE AFFECTED
• TRANSPORTATION - MILES AFFECTED

• MITIGATIVE MEASURES
• SITE SELECTION CRITERIA

Figure 40 The frequency and magnitude of the 
displacement of existing land use can be 
described. The effects could be mitigated by 
site selection.
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STEP 2 - PREPARE REFERENCE SITE AND REGIONAL DESCRIPTIONS

• DEMOGRAPHY AND LAND USE

• HISTORIC, CULTURAL AND NATURAL FEATURES

• LANDFORMS, SOILS AND MINERALS

• METEOROLOGY

• HYDROLOGY AND WATER USE

• ECOLOGY

Figure 41 Regional and reference site descrip­
tions summarize the characteristics of the site 
and region. These descriptions are based upon

government publications and the technical 
literature.

STEP 3 - PERFORM REFERENCE SITE ASSESSMENT

• IDENTIFY SPECIFIC SOURCES AND TYPES OF 

EFFECTS ON REFERENCE SITE AND ENVIRONS

• ESTIMATE THE FREQUENCY, MAGNITUDE AND 

SIGNIFICANCE OF POTENTIAL EFFECTS

• DETERMINE THE APPLICABILITY AND 

EFFECTIVENESS OF MITIGATIVE MEASURES

Figure 42 The reference site assessment is impacts, identified generally by the generic
designed to determine the qualitative or assessment, at a specific site,
quantitative significance of the potential
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SOLAR THERMAL ENVIRONMENTAL ASSESSMENT 
REFERENCE SITE ASSESSMENT - EXAMPLE 

200 MWe STEAM TURBINE PLANT 
MARION COUNTY, KANSAS

• SOURCE - SITE CLEARING AND EARTHWORK
• EFFECT - DISPLACEMENT OF EXISTING SITE LAND USE
• FREQUENCY

• MINIMUM - 30 YEARS
• MAGNITUDE

• RESIDENTIAL
23 RESIDENTS DISPLACED

• AGRICULTURAL
2500 ACRES OF CROPLAND ELIMINATED WHAT AND SORGHUM

• TRANSPORTATION
6 MILES OF COUNTY ROAD ELIMINATED

STEP 4 - PERFORM REGIONAL GENERALIZATION ASSESSMENT

• IDENTIFY THE RANGE OF SOURCES AND TYPES 
OF EFFECTS EXPECTED FROM REFERENCE PLANT 
SITING AT VARIOUS SUITABLE LOCATIONS IN 
REGION

• ESTIMATE THE RANGE IN FREQUENCY, MAGNITUDE 
AND SIGNIFICANCE OF EFFECTS THROUGHOUT THE 
REGION

• DETERMINE THE APPLICABILITY AND RANGE IN 
EFFECTIVENESS OF MITIGATIVE MEASURES

Figure 43 Considering the specific Marion 
County, Kansas solar thermal reference site 
the generic assessment of site clearing and

earthwork summarized in Figure 40 yields the 
reference site assessment summarized in this
figure.

Figure 44 The regional generalization expresses information summarized in the regional descrip-
the range of effects throughout the region 
where candidate sites were identified utilizing

tion.
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SOLAR THERMAL ENVIRONMENTAL ASSESSMENT 
REGIONAL GENERALIZATION ASSESSMENT - EXAMPLE 

200 MWe STEAM TURBINE PLANT 
NORTHERN PLAINS SITING REGION

• SOURCE - SITE CLEARING AND EARTHWORK
• EFFECT - DISPLACEMENT OF EXISTING LAND USE
• FREQUENCY

• THE MINIMUM 30 YEAR DISPLACEMENT FREQUENCY 
WOULD OCCUR AT ANY LOCATION WITHIN THE REGION

• MAGNITUDE
• RESIDENTIAL

• 6 TO 50 RESIDENTS DISPLACED
• AGRICULTURAL

• 2500 ACRES ELIMINATED
• CROPLAND OR PASTURELAND

• TRANSPORTATION
• 4 TO 6 MILES OF ROAD ELIMINATED

Figure 45 Generalization of the reference 
site assessment summarized in Figure 43 through 
the range of candidate sites in the Northern

Plains solar thermal siting region yields 
range of potential effects summarized in 
this figure.
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SOLAR THERMAL OPERATION 

SOURCES OF EFFECTS

• COLLECTOR/CONCENTRATOR SUBSYSTEM

• HELIOSTAT FIELD SURFACE TREATMENT

• HELIOSTAT REFLECTIONS

• HELIOSTAT SHADING

• HELIOSTAT AIR FLOW DEFLECTIONS

• HELIOSTAT PRECIPITATION INTERCEPTION

• HELIOSTAT CLEANING WASTES

• RECEIVER/HEAT TRANSFER SUBSYSTEM

• TOWER AIRSPACE OBSTRUCTION

• TOWER EXTERIOR FEATURES

• TOWER SHIELDING AND RECEIVER HOT SURFACES

• SOLAR RADIATION FLUX NEAR RECEIVER

• HEAT TRANSFER TUBING CLEANING WASTES

• ELECTRIC POWER GENERATION SUBSYSTEM

• TURBINE AND GENERATOR NOISE

• STEAM CYCLE BLOWDOWN WASTEWATER

• STEAM CYCLE MAKEUP WATER

• HOT AIR/COMBUSTION GAS RELEASES

• HEAT REJECTION SUBSYSTEM (COOLING TOWER)

• NOISE

• HEAT RELEASES

• WATER VAPOR RELEASES

• DRIFT

• BLOWDOWN WASTEWATER

• MAKEUP WATER APPROPRIATION

Figure 46 A generic assessment of solar 
thermal power plant operation yields these 
examples of sources of effects.
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• SOURCE - COLLECTOR/CONCENTRATOR SUBSYSTEM
• HELIOSTAT REFLECTIONS

• EFFECTS
• MATERIAL DAMAGE AND FIRE HAZARD
• VEGETATION FIRE HAZARD
• WILDLIFE BURN HAZARD
• HUMAN SKIN BURN HAZARD
• HUMAN CORNEA BURN HAZARD
• HUMAN RETINA BURN HAZARD

• UNIQUENESS
• EFFECTS ARE UNIQUE TO SOLAR THERMAL PLANTS

SOLAR THERMAL ENVIRONMENT ASSESSMENT
GENERIC ASSESSMENT EXAMPLE

Figure 47 Considering as an example 
heliostat reflections, potential effects are 
noted in this figure.

SOLAR THERMAL ENVIRONMENTAL ASSESSMENT 
GENERIC ASSESSMENT EXAMPLE (Continued)

• SKIN BURN HAZARD
• SOURCE CHARACTERISTICS

• HELIOSTAT MIRROR AREA - 37 M2
• MIRROR REFLECTIVITY - 0.85
• HELIOSTAT FOCAL LENGTH

210 M TO 500 M IN GAS TURBINE PLANT 
305 M to 1,050 M IN STEAM TURBINE PLANT

• HELIOSTAT AIMING AND MOVEMENT
• NUMBER OF COINCIDENT REFLECTIONS

• ENVIRONMENTAL ELEMENT CHARACTERISTICS
• PERSON'S POSITION WITH RESPECT TO HELIOSTATS
• BURN THRESHOLD INTENSITY AND DURATION
• BEHAVIORAL RESPONSES TO EXPOSURE

• OTHER FACTORS
• SUN POSITION
• SOLAR RADIATION INTENSITY
• OBSTACLES BLOCKING REFLECTIONS

Figure 48 Pursuing the generic assessment 
example, the skin burn hazard can be charac­
terized as shown in this figure.
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• SKIN BURN HAZARD - SIMPLEST CASE

• HELIOSTAT WITH SHORTEST FOCAL LENGTH (210 M)

• HELIOSTAT IS AIMED AT PERSON

• PERSON IS AT FOCUS, FACING HELIOSTAT

• SOLAR RADIATION ANGLE OF INCIDENCE SMALL (O DEG)

• SOLAR RADIATION INTENSITY IS MAXIMUM (1 KW/M2)

• FOCAL RADIATION INTENSITY ON SKIN IS 8KW/M2

• FOCAL SPOT WIDTH IS ABOUT 2M

SOLAR THERMAL ENVIRONMENTAL ASSESSMENT

GENERIC ASSESSMENT EXAMPLE (CONT'D)

Figure 49 The simplest case of the skin burn 
hazard occurs under these conditions. Refer­
ring to the burn threshold characteristics

shown in Figure 50, it can be concluded that 
an exposure of 15 to 35 seconds is required 
for a first degree burn to occur.
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• SKIN BURN HAZARD - SIMPLEST CASE (CONT'D)

• SKIN BURN THRESHOLD IRRADIANCE - DURATION

• FIRST-DEGREE SKIN BURN THRESHOLD

EXPOSURE DURATION IS BETWEEN 15 AND 35 SECONDS

• SECOND-DEGREE SKIN BURN THRESHOLD 

EXPOSURE DURATION IS BETWEEN 30 AND 70 SECONDS 

FOR SKIN IRRADIANCE OF 8 KW/M2

• CONCLUSION

• NO FIRST-DEGREE SKIN BURN WOULD BE 

ANTICIPATED UNLESS NORMAL AVOIDANCE 

RESPONSE DOES NOT OCCUR OR RESPONSE 

TIME IS 3 TO 7 TIMES SLOWER THAN NORMAL

SOLAR THERMAL ENVIRONMENTAL ASSESSMENT

GENERIC ASSESSMENT EXAMPLE (CONT'D)

Figure 51 Recognizing a normal response time 
of about 5 seconds, a conclusion can be drawn 
concerning the skin burn hazard.
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COST-EFFECTIVENESS ANALYSIS

COST-EFFECTIVENESS ANALYSIS FEATURES

• CAPITAL COSTS

• OPERATING COSTS

• MAINTENANCE COSTS

• LEVELIZED BUS BAR ENERGY COSTS

• MID-1975 COST LEVELS

• ELECTRIC UTILITY PRACTICES

Figure 52 The cost effectiveness analysis 
is designed to consider all of the costs of 
construction, ownership, and operation for the 
life of each reference system. This cost

analysis is designed to reflect normal utility 
accounting practices. All of these costs are 
stated in terms of cost per kilowatt hour of
energy.
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COST-EFFECTIVENESS ANALYSIS 

REFERENCE PLANT 

ESTIMATED CAPITAL COSTS 

1975 DOLLARS 

SUBSYSTEM X

BEST

PESSIMISTIC GUESS OPTIMISTIC

$1000 $1000 $1000

COMPONENT NO. 1* 10,000 5,000 1,000

COMPONENT NO. 2 1,000 1,000 1,000

COMPONENT NO. 3 1,000 1,000 1,000

COMPONENT NO. 4 1,000 1,000 1,000

COMPONENT NO. 5 1,000 1,000 1,000

TOTAL SUBSYSTEM X 14,000 9,000 5,000

* HIGH LEVERAGE COST COMPONENT - 

DESIGN FEATURES UNCERTAIN

Figure 53 For each reference plant, costs are 
being estimated for component categories.

The high cost components are being identified

and, where there are uncertainties concerning 
these high cost components, ranges of cost 
are being estimated.
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COST-EFFECTIVENESS ANALYSIS

100 MWe REFERENCE PLANT 

SUMMARY OF ESTIMATED CAPITAL COSTS 

(1975 DOLLARS)

PESSIMISTIC
BEST
GUESS OPTIMISTIC

$1,000 $1,000 $1,000

SUBSYSTEM X* 14,000 9,000 5,000

SUBSYSTEM Y 500 500 500

SUBSYSTEM Z 500 500 500

15,000 10,000 6,000

SPARE PARTS - 2% 300 200 120

CONTINGENCY - 10% 1,500 1,000 600

TOTAL DIRECT COST 16,800 11,200 6,720

INDIRECT COST - 20% 3,360 2,240 1,344

TOTAL COST 20,160 13,440 8,064

* INCLUDES HIGH LEVERAGE COST COMPONENT

Figure 54 Subsystem costs are aggregated to 
determine total costs. Spare parts, contin­
gency, and indirect costs are added as normal 
utility system burdens on capital expenses.

The result of this approach is a uniform proce­
dure for development of capital costs for each 
reference plant.
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ECONOMIC FACTORS

NOMINAL

VALUE

SYSTEM OPERATING LIFETIME 30 YEARS

ANNUAL OTHER TAXES 0.02

ANNUAL INSURANCE PREMIUMS 0.0025

EFFECTIVE INCOME TAX RATE 0.40

RATIO OF DEBT TO TOTAL CAPITALIZATION 0.50

RATIO OF COMMON STOCK TO TOTAL CAPITALIZATION 0.40

RATIO OF PREFERRED STOCK TO TOTAL CAPITALIZATION 0.10

ANNUAL RATE OF RETURN ON DEBT 0.08

ANNUAL RATE OF RETURN ON COMMON STOCK 0.12

ANNUAL RATE OF RETURN ON PREFERRED STOCK 0.08

RATE OF GENERAL INFLATION 0.05

ESCALATION RATE FOR CAPITAL COSTS 0.05

ESCALATION RATE FOR OPERATING COSTS 0.06

ESCALATION RATE FOR MAINTENANCE COSTS 0.06

BASE YEAR FOR CONSTANT DOLLARS 1975

COST OF CAPITAL TO A TYPICAL UTILITY 0.08

CAPITAL RECOVERY FACTOR (8%, 30 YEARS) 0.0888

TYPICAL ANNUALIZED FIXED CHARGE RATE 0.1483

Figure 55 The method used to develop the Systems, A Required Revenue Methodology
levelized cost per kilowatt hour for energy for ERDA/EPRI Evaluations, Jet Propulsion
from each reference system is The Cost of
Energy From Utility-Owned Solar Electric

Laboratory, June 1976. The economic factors 
listed in this figure are part of that 
methodology.
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Woodward-Clyde Consultants was awarded a 
19-month contract to develop a generic method­
ology for environmental impact assessment and 
to show an application of the methodology for 
solar power plants. The basis for this method­
ology is decision analysis, which provides a 
framework for quantifying and comparing environ­
mental impacts.

The project is divided into five tasks.
The first four deal with developing the meth­

odology, applying it to selected sites for 
solar power plants, and generalizing the re­
sults for different site and plant character­
istics. The last task is an independent as­
sessment of the state of the art and the prob­
able degree of market penetration in various 
regions of the nation for certain solar sys­
tems.
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ENVIRONMENTAL ASSESSMENT OF SOLAR ENERGY 
POWER PLANTS: OUTLINE OF OBJECTIVES

1. METHODOLOGY

2. DATA BASE

3. ENVIRONMENTAL IMPACT ASSESSMENT

4. IMPACT GENERALIZATION

5. BASIS FOR ALTERNATIVES

Figure 1 Shows the five task elements of the 
project. Task 1 develops an innovative meth­
odology for environmental impact assessment. 
Task 2 develops an environmental data base for 
solar thermal and wind-powered sites selected 
by EPRI. Task 3 illustrates the methodology 
through impact assessments of the selected 
sites. Task 4 generalizes the assessment as a 
function of plant and site characteristics.

Task 5 develops an independent assessment of 
the state of the art and the probable degree of 
market penetration for solar thermal and wind- 
powered systems. This presentation focuses on 
Tasks 2 and 3. The previous review meeting of 
March 1976 focused on Task 1 and part of Task 
2. The Task 1 methodology is illustrated in 
this presentation when the environmental assess­
ment is described.
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ENVIRONMENTAL DATA BASE

• CLASSIFICATION CATEGORIES

• LITERATURE SEARCH

• ANALYSIS FOR ANNOTATION OF LITERATURE

• EXTRACTION OF DATA FOR ENVIRONMENTAL 
IMPACT ASSESSMENT

Figure 2 Outlines the procedure followed in 
Task 2 of the project to an environmental data 
base for solar-thermal and wind-powered sites 
selected by EPRI. Data for each site is col­
lected and organized in a manner which allows

it to be used effectively within the environ­
mental impact assessment methodology. The 
figures which follow illustrate the type of 
information available in the data base.
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DATA BASE SITES

KERN COUNTY, CALIFORNIA (solar thermal) 

MARION COUNTY, KANSAS (solar thermal) 

CARSON COUNTY, TEXAS (wind)

Figure 3 States the three areas selected as 
data base sites. The Kern County, California, 
site is located in the Mojave Desert near the 
towns of Inyokern and Ridgecrest. The Marion 
County, Kansas, site is in an area of agri­

cultural use and tail-grass prairie approxi­
mately 50 miles north of Wichita. The Carson 
County, Texas, site is in an area of agricul­
tural use and short-grass prairie approximately 
30 miles east of Amarillo.

DATA BASE SUBJECT MATTER

MAJOR DISCIPLINE CATEGORIES

ECOLOGY, SOCIOECONOMICS, METEOROLOGY, 
WATER QUALITY, etc.

SUBDIVISIONS FOR MAJOR CATEGORIES (examples)
I. ECOLOGY

A. TERRESTRIAL
1. WILDLIFE

a. BIG GAME
b. SMALL MAMMALS

2. VEGETATION
a. SHRUBS
b. GRASSES

Figure 4 Illustrates the classification cate- base. These categories provide identifying
keywords which can be used to help retrieve 
specific kinds of data.

gories which form the organizational structure 
and indicate the subject matter of the data
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DATA SOURCES

LITERATURE SEARCH

COMPUTERIZED DATA BASES - (e.g., SCISEARCH) 
ABSTRACTING JOURNALS - (e.g., SCIENCE CITATION INDEX) 
OTHER VALUABLE LITERATURE

DATA PREVIOUSLY COLLECTED NEAR SITE (examples)

BLM PLANNING UNITS 
GAS PIPELINE STUDIES 
TRANSMISSION LINE STUDIES

LIMITED SITE RECONNAISSANCE

Figure 5 Mentions some of the data sources 
used in developing the data base. These in­
cluded various types of literature, previous 
environmental impact studies, and brief site 
visits by a team of ecologists.
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INFORMATION INCLUDED WITH EACH CITATION

AUTHOR, TITLE, DATE, PUBLISHER, JOURNAL

KEY IDENTIFYING WORDS (e.g.. Species Name, Subdivision Topic)

ABSTRACT (if available)

IMPACT OR ATTRIBUTE INFORMATION (QUANTITATIVE)

Figure 6 Notes the information involved in 
annotating the literature citations. The im­
portant aspect of an environmental data base 
geared to a decision analysis approach is the 
organization of data into meaningful measures 
which can be used by the decision maker in 
evaluating alternatives. To this end, quanti­
tative information found in the literature 
(e.g., lists of species in the area of the

site, etc.) is organized into measures called 
attributes (e.g., species diversity, number of 
a rare or protected species, etc.) which can 
be used in subsequent analyses. In this way, 
the data is processed and summarized in a use­
ful form. This makes it possible to avoid 
reams and reams of environmental detail which 
must be handled a second time by anyone eval­
uating the site.
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ORGANIZATION AND USE OF DATA BASE

I. EACH CITATION GIVEN A DOCUMENT NUMBER

II. RETRIEVAL OF INFORMATION THROUGH AUTHOR OR KEYWORD 

SPECIFICATION MATCHING TO DOCUMENT NUMBERS

III. CHOICE OF RETRIEVAL SYSTEMS

A. MANUAL
1. AUTHOR CATALOG FILE
2. KEYWORD CATALOG FILE

B. COMPUTER

Figure 7 Outlines how the data base can be 
used to extract information for environmental

card file indicating the documents containing 
the appropriate information. These documents 
may be on file or in libraries. The retrieval 
system can also be computer implemented. The 
next few figures will illustrate some computer 
data base retrieval methods.

impact assessment. Particular information is 
retrieved by describing the desired subject 
matter using keywords, authors, and document 
numbers. The retrieval system can be a manual
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USE OF COMPUTER DATA BASE RETRIEVAL

1. BIBLIOGRAPHIC INFORMATION
FORM OF INFORMATION?
>document numbers, titles 
SPECIFICATIONS?
>keywords='tortoise, desert','unique areas'

DOCUMENT
NUMBER TITLE OF PUBLICATION

19 SOME VERTEBRATE POPULATIONS OF THE MOJAVE 
DESERT: THE DESERT TORTOISE (GOPHERUS
AGASSIZII).

31 STUDIES OF THE DESERT TORTOISE, GOPHERUS
AGASSIZII.

Figure 8 Shows an example of one kind of in­
formation retrieval from the data base. Sup­
pose one wants to see the document numbers and 
titles available for references dealing with 
both "desert tortoises" and "unique areas."

in, the computer prints out the relevant infor­
mation. Thus, very specific documents can be 
selected for further inquiry. In this way, 
extracting the desired information from the 
correct documents is made more efficient.

When the appropriate specifications are typed
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USE OF COMPUTER DATA BASE RETRIEVAL

2. NUMERICAL INFORMATION
FORM OF INFORMATION?
>gn'd point number 
SPECIFICATIONS?

horn sheep ge 40.0 and desert tortoise le

GRID POINT BIG HORN DESERT
NUMBER SHEEP TORTOISE
17.0 125.0 0.0
26.0 40.0 1.0
37.0 40.0 4.0
47.0 50.0 1.0

Figure 9 Shows an example of retrieving and 
processing quantitative information. If the 
study area has been divided into a number of 
grid points, the computer can select those 
points satisfying certain criteria, such as the 
number of bighorn sheep greater than or equal 
to 40 and the number of desert tortoises less

than or equal to 50. Thus, the data base can 
be used as a screening tool to select grid 
points that satisfy various criteria. An im­
portant element of such a capability is to have 
measures defined which are appropriate for 
organizing data. The decision analysis meth­
odology is geared to providing such measures.
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USE OF COMPUTER DATA BASE RETRIEVAL

3. NUMERICAL INFORMATION
FORM OF INFORMATION?
>means, standard devation
'DEVATION' NOT FOUND POSSIBLE MISS-SPElLlNG?
deviation
SPECIFICATION?
>big horn sheep, desert tortoise, plant diversity

STANDARD 
MEAN DEVIATION

BIG HORN SHEEP 
DESERT TORTOISE 
PLANT DIVERSITY

19.9 31.265 
1.5 1.806 
6.8 3.236

Figure 10 Shows another example of how numer­
ical information about a study area can be 
processed. The computer-user dialogue illus­
trates how simply such a system can be used 
even when errors in typing are made. (In this

case, neither the computer nor the ecologist 
could spell properly.) The example shows how 
some global quantitative information could be 
acquired about a study area which may be made 
up of several data points.

SOME GENERAL SITE CHARACTERISTICS

INYOKERN , 
TOPIC CALIFORNIA

MARION, CARSON,
KANSAS TEXAS

TOPOGRAPHY FLAT FLAT FLAT

LAND USE GRAZING 3/4 AGRICULTURE 3/4 AGRICULTURE
1/4 GRAZING 1/4 GRAZING

VEGETATION CREOSOTE BUSH 
DESERT

TALL-GRASS
PRAIRIE

SHORT-GRASS
PRAIRIE

DOMINANT RODENTS;
WILDLIFE SMALL BIRDS

RODENTS, RABBITS; RODENTS; 
SMALL BIRDS; SMALL BIRDS
UPLAND GAME 
BIRDS

Figure 11 Lists some summary characteristics 
of the three data base sites. In the subse­
quent figures, data base information for two of

these sites will be used in an illustration of 
the environmental impact assessment method­
ology.
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APPLICATION OF DECISION ANALYSIS 
METHODOLOGY TO SPECIFIC SITES

INYOKERN, CALIFORNIA 
VS.

MARION COUNTY, KANSAS

Figure 12 Introduces the application of the 
decision analysis methodology to an environ­
mental impact assessment problem. The appli­
cation chosen is a comparison of two sites for 
a 100-MW central solar thermal facility. The 
problem is to decide, on the basis of environ­
mental impact (in this example, cost of the

system is not considered), which site is pre­
ferred. Many environmental impact assessments 
consist of choosing between alternatives. 
Sometimes, it is the "build" versus "no-build" 
situation. Here, we are defining a problem 
involving a choice between sites.

SOME ISSUES IN ENVIRONMENTAL IMPACT ASSESSMENT

• SUBJECTIVE IMPACTS

• MULTIPLE OBJECTIVES REQUIRING VALUE 
TRADEOFFS

• UNCERTAINTY

• MANY IMPACTED GROUPS

Figure 13 Is a reminder of some issues which 
make environmental impact assessment a diffi­
cult task. It provides the motivation for a 
formal analysis of the problem. The issues

of multiple objectives and uncertainty make an 
informal analysis very difficult both in terms 
of making a rational choice and of explaining 
the choice to others.
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EIA METHODOLOGY

1. STRUCTURING THE PROBLEM

2. ASSESSING IMPACTS

3. DETERMINING PREFERENCES FOR IMPACTS

4. EVALUATING ALTERNATIVES

Figure 14 Outlines the environmental impact 
assessment methodology as a series of four 
steps. These steps represent the common-sense 
way of choosing between the alternatives.

They correspond directly to the basic questions 
of what the impacts will be and what the pref­
erences for these impacts will be.

• DEVELOPMENT OF QUANTITATIVE MEASURES 
FOR VARIOUS ENVIRONMENTAL IMPACTS

• DEVELOPMENT OF PREFERENCE FUNCTIONS 
FOR THE MEASURES

Figure 15 Notes the distinguishing features of 
the decision analysis approach that make it a 
theoretically sound and systematic way of tack­
ling the problem. Environmental impacts are

quantified using measures and probabilities, 
while preferences are quantified using models 
called utility functions. These formal mecha­
nisms will be discussed in subsequent figures.
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STRUCTURING THE PROBLEM

• DEFINING PROBLEM SCOPE

• ESTABLISHING OBJECTIVES AND MEASURES OF 
EFFECTIVENESS

• IDENTIFYING DECISION MAKERS AND AFFECTED 
PARTIES

Figure 16 Begins to explore in more detail the 
first step of the approach, which is structur­
ing the problem. The key formal element of 
this step is defining explicit quantitative 
measures for environmental impacts that can 
measure how well environmental objectives are 
being met. The problem scope has already been 
limited to choosing between alternative sites.

The decision makers for this example will be a 
team of ecologists who will make recommenda­
tions on the basis of their preferences. Es­
tablishing objectives and measures requires a 
comprehensive overview of possible impacts.
We must then focus on those which are of im­
portance in choosing between sites.

SOME AREAS OF ENVIRONMENTAL IMPACT

HEALTH AND SAFETY SOCIO CULTURAL BIOLOGICAL

POLLUTION EFFECTS
(AIR, WATER, 
THERMAL, NOISE, 
CHEMICAL) 

ACCIDENT EFFECTS

AESTHETICS 
SOCIOECONOMICS 
LAND USE 
WATER RESOURCES 
WEATHER

MODIFICATION

EFFECTS ON 
FLORA AND 
FAUNA

THREATENED
SPECIES

Figure 17 Shows some areas which are expected 
to be affected by the building and operation of 
a solar thermal power plant. Some of the po­
tential impacts will be negligible or identical 
for both alternatives. This application con­

centrates on two areas which are expected to 
show significant differences in impact depending 
on the site chosen. These areas are socio­
economic impact and terrestrial biotic impact.
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TERRESTRIAL BIOTIC IMPACT CONSIDERATIONS

ISSUE CONSIDERATIONS MEASURES

IMPACT ON 
FLORA AND 
FAUNA DUE 
TO LAND 
REQUIRE­
MENTS

• HABITAT AFFECTED • ACRES OF TALL-GRASS
PRAIRIE

• ACRES OF CREOSOTE BUSH 
SCRUB DESERT

• ACRES OF AGRICULTURAL 
LAND

• RARE ANIMALS • NUMBER OF ANIMALS 
LOST

Figure 18 Shows how a general issue can be 
subdivided into more specific considerations. 
The considerations are terrestrial biotic im­
pacts. For each concern, a measure or attri­
bute quantitatively describing the impact is 
shown. These measures can be "objective," such 
as number of acres of a particular kind of

habitat. They may also be subjective, as will 
be illustrated shortly. The quantitative meas­
ure serves to make the description as explicit 
as possible. The methodology allows for ob­
jective and subjective measures. The latter 
are often necessary and quite appropriate in 
assessing environmental impacts.
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SOCIOECONOMIC IMPACT CONSIDERATIONS

ISSUE

IMPACT ON TOWN 
DUE TO SUDDEN 
DEMAND FOR 
SERVICE 
FACILITIES

CONSIDERATIONS

DEGRADATION OF 
SERVICE AND 
FISCAL IMPAIRMENT 
DUE TO NEW 
DEMAND

MEASURES

• PERCENT INCREASE IN 
POPULATION BEYOND 
PLANNING OF
THE TOWN

• NUMBER OF 
PEOPLE 
IMPACTED

Figure 19 Is a second illustration of the proc­
ess for developing quantitative measures. In 
this figure, two measures are -needed to de­
scribe the degree of socioeconomic impact due 
to the influx of construction workers on near­
by towns. The first measure uses a scale which 
requires some subjective judgment in analyzing 
impacts. What constitutes an increase in popu­
lation beyond a town's1 planning capability is 
difficult to measure. The socioeconomic impact 
is quite complex, involving effects such as 
overcrowding in schools, pressure on housing

availability, competition for goods (which 
forces up prices), and many others. A town can 
cope well with these effects if it has good 
planning and adequate resources. The measure 
is meant to enable a knowledgeable person to 
express and utilize his judgments about the 
socioeconomic impact in a quantitative manner. 
The second measure needs to be used in conjunc­
tion with the first. This is because the num­
ber of people affected is important as well as 
the effect per capita reflected in the first 
measure.
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DEFINITION OF MEASURES (ATTRIBUTES)

ATTRIBUTE BEST IMPACT WORST IMPACT

x1a ' ACRES CREOSOTE BUSH 0 1,000

x1b - AVERAGE NUMBER OF
DESERT TORTOISES 0 100

x2 - ACRES TALL-GRASS PRAIRIE 0 1,000

x3 - ACRES AGRICULTURE 0 1,000

x4a * PERCENT INCREASE IN 
POPULATION 0 50%

x4b " NUMBER OF PEOPLE
AFFECTED 0 40,000

Figure 20 Shows the final step in defining 
quantitative measures or attributes. For each 
attribute, a range is defined within which im­
pacts are expected to fall. The best impact 
values for the biological attributes are those 
which reflect little or no impact. This occurs 
when there are few acres of habitat for natural 
flora or fauna in the affected land area. The 
worst impact values are those which show a lot 
of habitat and/or protected animals in the af­
fected area. Similar considerations apply to 
the socioeconomic impact. The methodology re­

quires explicit and specific definitions of 
measures. This requirement gives the pro­
cedure the capability for being systematic and 
consistent. Each measure is given a symbolic 
notation or variable to facilitate its use in 
analytical expressions which will come later. 
Variables x, and x,, are so labeled because 
they are connected in characterizing desert
habitat. Variables x„ and x., are connected 4a 4b
(as was mentioned in Figure 19) in character­
izing the socioeconomic impact.
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SUMMARY OF ASSESSMENT

I. STRUCTURING THE PROBLEM

Alternatives: INYOKERN VS. MARION

Measures: ENVIRONMENTAL ATTRIBUTES X,, X2,

Advisors: TEAM OF ECOLOGISTS

Figure 21 Summarizes the first step in the de­
cision analysis methodology. The key element 
has been the formulation of attributes that 
can measure in an explicit and specific manner 
how well environmental objectives (i.e., mini­
mizing specific adverse impacts) are being met.
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ESTIMATING CONSEQUENCES AND LIKELIHOODS

ANALYTICAL MODELS

SOCIOECONOMICS : WORKER ALLOCATIONS AMONG NEARBY TOWNS 

DATA

SITE VISITS : BIOLOGICAL SAMPLING 

SUBJECTIVE JUDGMENT

DEGREE OF UNCERTAINTY IN SOCIOECONOMIC MODELS 
ABSORPTIVE CAPACITY OF COMMUNITIES

Figure 22 Introduces the second step of the 
procedure, which is estimating the impacts 
that will occur at the different sites. The 
framework for assessing these impacts is the 
set of quantitative measures developed in the 
first step. Figure 22 shows techniques which 
are available for evaluating the magnitude and 
likelihood of particular consequences. With

new technologies, the judgment of professionals 
is often the only basis available for estimat­
ing consequences. Decision analysis can incor­
porate subjective judgments in the form of 
probability distributions. The end result is 
the specification of the magnitude and likeli­
hood of impacts.
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SPECIFYING ALTERNATIVES (POINT ESTIMATES)

INYOKERN MARION

*1 a 715 ACRES OF CREOSOTE BUSH X1 0

x1b = 50 AVERAGE NUMBER OF TORTOISES x2 = 0

x2 0 ACRES OF PRAIRIE x3 = 179

x3 = 0 ACRES OF AGRICULTURE x4 = 536

x4a = 20% PERCENT INCREASE IN POPULATION x5 = 10%

x4b = 20,000 NUMBER OF PEOPLE AFFECTED x6 = 30,000

Figure 23 Shows how each alternative can be 
characterized by values assigned to each attri­
bute variable. In the figure, point estimates 
have been made for each of the attributes. 
Building at Inyokern, in this instance, in­
volves blading and clearing 715 acres of creo­
sote bush habitat, eliminating fifty protected

desert tortoises, and causing a 20% increase 
beyond the normal planning capability of the 
nearby towns, affecting a local population of 
20,000. For this problem, the alternatives 
have thus been concisely characterized in terms 
of the relevant decision-making variables.
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PROBABILITY DISTRIBUTIONS

INYOKERN MARION

UNCERTAINTY IN THE ESTIMATES OF SOCIOECONOMIC IMPACT

Figure 24 Shows that what often really exists 
is an uncertain (non-deterministic or non­
point) estimate of impacts for particular al­
ternatives. For instance, the socioeconomic 
impact at Inyokern has a higher likelihood of 
being near 20% than 5%, which is depicted by

the likelihood function f(x, ). But there is4a
some chance that it will be as low as 5% or as 
high as 35%. The probability distribution en­
ables an expert to be candid about the uncer­
tainty of his estimate. This uncertainty is 
formally assessed and used in the analysis.
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SUMMARY OF ASSESSMENT

I. STRUCTURING THE PROBLEM 

Alternatives: INYOKERN VS. MARION

Measures: ENVIRONMENTAL ATTRIBUTES X,, X2, . . .

Advisors: TEAM OF ECOLOGISTS

II. DETERMINING CONSEQUENCES

INYOKERN: X, = INCLUDES

MARION: X UNCERTAINTY

Figure 25 Summarizes the first two steps of 
the environmental impact assessment method­
ology. The problem has been structured in 
terms of specific quantitative measures, and

the alternatives have been described using 
these measures and probability distributions 
that capture the real uncertainty which exists 
in estimating impacts.
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• PREFERENCES FOR INDIVIDUAL IMPACTS

• TRADEOFFS BETWEEN INDIVIDUAL IMPACTS

• PREFERENCE OVER MANY IMPACTS

Figure 26 Introduces the third step of deci­
sion analysis — determining the preferences for 
different consequences. Because of the com­
plexity of the issues, what is needed is a 
methodology which breaks the problem into sim­
pler parts that can be handled and put toge­
ther again in a logical fashion to address the 
overall problem. Decision analysis employs

formal preference models to accomplish this.
As the figure illustrates, the methodology ex­
amines preferences for individual impacts and 
tradeoffs between impacts. This preference 
information is then logically synthesized to 
provide a preference ordering for consequences 
involving many measures and uncertainty.

DEVELOPMENT OF MULTIATTRIBUTE UTILITY FUNCTIONS

• Development of single-attribute utility functions

• Assessment of tradeoff constants

• Specifying the multiattribute utility function

Figure 27 Outlines the way decision analysis 
breaks the preference question down into sim­
pler parts. Preferences for individual mea­
sures are first assessed by calibrating single­
attribute utility functions. Tradeoffs be­
tween only two attributes at a time are then 
considered. These reveal how much one is will­
ing to give up of one to gain on another. This 
information is quantified via tradeoff con­
stants. In this way, the issue of competing 
objectives is addressed. Decision analysis 
supplies a preference model called a multi­
attribute utility function. This function puts

together the tradeoffs and preferences assessed 
previously in a rational manner when certain 
reasonable assumptions are satisfied. The re­
sult is a function which evaluates any conse­
quence by assigning to it a number called the 
utility of that consequence. The consequences 
can be ranked in order of utility. Those with 
higher utilities are preferred to those with 
lower utilities. The function is designed to 
evaluate consequences under uncertainty and 
provide a rational preference scale for com­
parison on the basis of expected utility.
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"SURE THING VS. 50-50 LOTTERY

PREFERENCE

30

50

0

100

40

u (40) = 0.5 u (0) + 0.5 u (100) 
u (40) = 0.5 u (1.0) + 0.5 (0.0) 
u (40) = 0.5

Utility Assesment for Continuous Scale

Figure 28 Illustrates the assessment tech­
niques for obtaining preferences for individual 
attributes. A hypothetical lottery or uncer­
tain situation on the right is compared to a 
certain impact on the left. The idea is to 
specify a certain impact such that the right 
and left sides are equally preferred. The 
measure in this case is average number of tor­
toises eliminated. The result indicates that 
a particular biologist would be indifferent be­
tween eliminating 40 tortoises for certain and

taking a 50-50 gamble of destroying 100 or 0 
tortoises. If his choice had been between the 
certain loss of 50 tortoises and the lottery, 
he would have taken the gamble. If it were 
between 30 and the lottery, he would have pre­
ferred the "safer” sure thing. The methodology 
of decision analysis takes this result and 
calibrates a scale over the range of 100 to 0 
in terms of expected utility. The end points 
of the range are assigned numbers of 0 and 1 
respectively as a scaling convention.
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UTILITY FUNCTION FOR x1b

x1b (Average Number of Tortoises)

0.7839 (e0 008 I’OOxib’ -1)

Figure 29 Shows a single-attribute utility 
function scale for average number of tortoises 
eliminated. The points on the curve are those 
assessed by asking questions similar to those 
shown in Figure 28. That is, 40 has a utility 
of 0.5, 65 has a utility of 0.25, and so on. A 
smooth curve is faired through these points, 
and a mathematical function is fit to the

curve. This curve reflects the biologist's 
preferences for impacts on the desert tortoise 
under conditions of uncertainty. It, of 
course, does so for situations where no uncer­
tainty is present, as well. Similar curves and 
functions are obtained for each of the measures 
in the problem.
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ASSESSMENT OF TRADEOFFS

a>
im.

3
i,<
</)0)
b<

1000

(850, 1000)

1000 0 
x2 (Acres of Tail-Grass Prairie)

(1000,0) INDIFFERENT

Figure 30 Shows the tradeoff assessment proc­
ess. Considering only two measures at a time, 
it is determined that building on a site that 
requires the clearing of 1000 acres of tail- 
grass prairie and no acres of agriculture is 
equally preferred to building where 850 acres 
of tail-grass prairie and 1000 acres of agri­
culture will be cleared. The tradeoff was done 
on an ecological basis by a biologist who in­
dicated that tail-grass prairie habitat was 
ecologically much more valuable than agricul­
tural habitat in his view. He was willing to

see 1000 acres of agriculture cleared to move 
from 1000 to only 850 acres of tail-grass 
prairie cleared. (No land costs or crop costs 
were considered in this tradeoff. Such con­
siderations would be embodied in a cost attri­
bute) . In this way, the relative preferences 
for impacts on agriculture and tail-grass 
prairie are determined. Similar tradeoff 
questions for other attributes complete the 
assessment of the overall multiattribute util­
ity function.

6-25



OVERALL PREFERENCE FUNCTION MODEL

u = k1 u1 + k2 u2 + k3 u3 + k4 u4 

SUBMODELS

U1 = k1a u1a + k1b u1b + k1 u1a u1b (DESERT HABITAT)

u4 = k4a u4a + k4b u4b + k4 u4a u4b (SOCIOECONOMICS)

kj = SCALING CONSTANTS REFLECTING TRADEOFFS

u, = FUNCTIONS REFLECTING PREFERENCES OVER SINGLE 
VARIABLES AND ATTITUDES TOWARDS RISK

Figure 31 Indicates the mathematical repre­
sentation of the preferences concerning the 
attributes. The functions represent a quanti­
fication of the previous preference information. 
They are consistent and will validate the 
tradeoffs already assessed. They will also 
evaluate more complicated alternatives in a 
manner consistent with the assessed tradeoffs.

The submodels feature the methodology's ability 
to handle certain "dependencies" which arise in 
problems. They recognize that tradeoffs be­
tween habitat lost and socioeconomic impact per 
capita, for example, depend on how many people 
are affected. The submodels provide extra 
modeling parameters which are used to adequate­
ly quantify such tradeoff dependencies.

SUMMARY OF ASSESSMENT (CONTINUED)

III. DETERMINING PREFERENCES
ATTITUDES TOWARD RISK: ^
TRADEOFFS BETWEEN COMPETING OBJECTIVES: k| 
OVERALL PREFERENCE MODEL: u

THEORETICALLY
SOUND
PROCEDURES

Figure 32 Summarizes the third step of the attitudes toward risk and tradeoffs between
competing objectives, which produce a valid 
way of comparing complicated alternatives.

approach, which is to quantify preferences for 
consequences. The key features of this step 
are the theoretically sound considerations of
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CONSEQUENCES UTILITIES EXPECTED UTILITY
(Preferences)

X= (X].X2.............. xn) u(x,,x2................xn) Pi^^lx^xj............... xn) u(Xj,X2...............Xn)

Figure 33 Summarizes the concepts used in 
evaluating alternatives. This is the final 
step in the procedure. The consequences as ex­
pressed by different levels of the attributes 
are evaluated using the preferences as ex­
pressed by the utility function. When uncer­
tainty is present, the probabilities are used

to calculate the expected utility, which is the 
basis for comparing the desirability of alter­
native sites. The calculation of the expected 
utility is a mechanical computation now that 
all the relevant information has been appro­
priately quantified.

RESULTS OF EVALUATION AND COMPARISON

u(INYOKERN) = .786
u(MARION) = .854

MARION IS PREFERRED TO INYOKERN

Figure 34 Shows the preliminary evaluation of 
the sites. The result represents the system­
atic formalizing of preferences and conse­
quences to compare complex alternatives. The

results can be traced back step by step to the 
answers given in response to tradeoff and pre­
ference questions and to the estimates of the 
site-specific attribute levels.
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SENSITIVITY ANALYSIS IMPLEMENTATION

• CHANGES IN ALTERNATIVES AND 
DIFFERENCES IN PREFERENCES 
ARE QUANTITATIVELY EXPLICIT

• SENSITIVITY TO CHANGES ARE 
QUANTITATIVELY EXPLICIT

• CHANGES CAN BE INPUT AND 
RESULTS CAN BE OUTPUT RAPIDLY

Figure 35 Shows an important step in the de­
cision analysis, namely checking the sensitiv­
ity of final results to changes in the input 
parameters. We can ask how our comparison of 
sites would change if our estimates of attri­

bute levels, tradeoffs, or preferences change. 
This gives a quantitative idea of what changes 
in expected impacts must occur before our rank­
ing of the sites is altered.
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SENSITIVITY ANALYSIS

CHANGES IN ESTIMATES OF CONSEQUENCES 

INYOKERN

• TORTOISES : 50 —-10

• u(INYOKERN) = u(MARION) = .854

• INYOKERN IS PREFERRED TO MARION WHEN 
THERE ARE LESS THAN 10 TORTOISES AT 
INYOKERN

Figure 36 Shows that if we do not impact quite
so many protected animals (tortoises) at the
Inyokern site as we originally estimated, then
the Inyokern site would be preferred to the
Marion site. For a range of values for average
number of tortoises eliminated, (10<x1, <100),lb
our ranking will not change. The decision

maker is thus given a range of circumstances 
for which the current decision will remain the 
optimal one. In this way, the decision analy­
sis approach provides the decision maker with 
an explicit evaluation of the decision's sen­
sitivity to changes in estimates.

SENSITIVITY ANALYSIS

CHANGES IN PREFERENCES

AGRICULTURE IS MORE IMPORTANT 
FOR INTEREST GROUP A
uA (INYOKERN) = .800
uA (MARION) = .827

MARION STILL PREFERRED TO INYOKERN

Figure 37 Shows another type of sensitivity 
analysis that can be performed. If prefer­
ences for impacts for one group are not the 
same as another, will the choice between sites 
change? In this example, the ranking of sites 
does not change when the preferences for this 
interest group are used in place of the pre­
vious preferences. Thus, although there was a

difference in opinion, it did not affect the 
preferred choice. If the ranking did reverse, 
the change could be traced back directly to the 
difference in opinion on tradeoffs. The nature 
and extent of the disagreement would be spe­
cifically identified. Because of this, a reso­
lution or compromise might be more easily 
achieved.
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SUMMARY OF ASSESSMENT (CONTINUED)

III. DETERMINING PREFERENCES
ATTITUDES TOWARD RISK: u,
TRADEOFFS BETWEEN COMPETING OBJECTIVES: kj 

OVERALL PREFERENCE MODEL: u

THEORETICALLY
SOUND
PROCEDURES

IV. EVALUATING AND COMPARING ALTERNATIVES 
MARION PERFERRED TO INYOKERN 
SENSITIVITY ANALYSIS

CHANGES IN ESTIMATES 
CHANGES IN PREFERENCES

Figure 38 Summarizes the last two steps of the 
approach to environmental impact assessment. 
Once we have quantified the preferences for 
attributes in a sound and consistent manner, 
the capability for evaluating alternatives and 
performing valuable sensitivity analysis is

present. Because of these features, the de­
cision analysis approach provides the means to 
adequately explain the basis upon which a de­
cision was made, and to interact effectively 
with people who have different estimates or 
preferences from those used in the analysis.
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COST EQUIVALENT COMPARISON

ENVIRONMENTAL
ATTRIBUTES

COST ATTRIBUTES 
REFLECTING FISCAL 
IMPACT ON UTILITY

RANKING ALTERNATIVES 
IN TERMS OF EQUIVALENT 
COST

DECISION ANALYSIS 
OF THE PROBLEM

Figure 39 Illustrates how cost considerations 
can be brought into the environmental assess­
ment problem. The chief task is to properly 
measure, in terms of the appropriate scales, 
the fiscal impact on a utility company in lo­
cating at a particular site. This task is 
discussed in the next figure. Once this is 
done, we can combine cost attributes with en­

vironmental attributes in an overall comparison 
of options. Decision analysis can be used to 
express the resulting ranking of alternatives 
in terms of an equivalent cost number for each 
option. Such a ranking gives some indication 
of how much better one alternative is than an­
other in terms of a dollar yardstick familiar 
to decision makers.
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COST EQUIVALENCE COMPARISON METHODOLOGY IN EIA

ISSUES

• COST ONE IS WILLING TO PAY TO AVOID IMPACT (TRADEOFF)

• COST REQUIRED TO MITIGATE IMPACT

• NATURE OF COSTS

CAPITAL VS. OPERATING 
EFFECTS ON UTILITY CREDIT 
EASE OF RECOVERING COSTS

Figure 40 Discusses some of the issues which 
may necessitate more than a simple dollar mea­
sure for a cost attribute. A capital dollar 
may be different from an operating dollar, even 
when we levelize with an interest rate, because 
of the differing effects on utility credit, the 
differing ways of recovering costs, and the 
difficulty of raising capital. Some of these

considerations may require specific measures 
to adequately quantify fiscal impacts on the 
utility company. Also, we must be careful when 
comparing costs with environmental impacts to 
consider whether it is more appropriate to 
think of the cost one is willing to pay to 
avoid the impact or the cost of mitigating the 
impact. These are often very different.
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SOLAR MARKET PENETRATION

POLITICAL
SCENARIO

TECHNOLOGICAL 
k SCENARIO

INSTITUTIONAL
SCENARIO

COST MATRIX

ENVIRONMENTAL 
. SCENARIO .

CONDITIONAL DISTRIBUTION) 
ON SHARE OF SOLAR ENERGY 

OBTAINED BY SPECIFYING 
SCENARIO AND SAMPLE 
POINTS FROM COST AND , 

. SUPPLEMENTARY DATA /

ENERGY
REQUIRED

DISTRIBUTION OF SHARE 
OF SOLAR ENERGY

Figure 41 Portrays another task element of the 
overall project, which is to estimate the mar­
ket penetration of central solar thermal and 
wind systems in the future decades. The market 
penetration may be dependent on a multitude of 
factors, including relative cost of competitive 
energy systems, government incentives, future 
environmental regulations, and world politics. 
Because solar technology is not well known and 
because it is difficult to model the effects of

many factors, we have taken the Bayesian ap­
proach to estimating the market penetration. 
This approach utilizes the judgment of know­
ledgeable people (which is often all one has in 
situations with new technologies and future 
predictions) in a systematic manner to quantify 
the likelihood or probability distribution of 
future market penetration as a function of 
various factors.
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BAYESIAN APPROACH

• IDENTIFICATION OF VARIABLES (FACTORS) AFFECTING 
SOLAR MARKET SHARE

a. COST
b. ENVIRONMENTAL
c. INSTITUTIONAL
d. POLITICAL
e. TECHNOLOGICAL
f. GAP

Figure 42 Shows the first step in the approach, 
which is to identify the important variables 
affecting the future solar market share.

BASIS FOR ALTERNATIVES

• DEVELOPMENT OF QUESTIONNAIRE

• IMPLEMENTATION OF QUESTIONNAIRE

• ANALYSIS OF QUESTIONNAIRE RESPONSES

• BAYESIAN TECHNIQUES USED TO ORGANIZE 
AND UPDATE INFORMATION

Figure 43 Outlines the implementation of the 
approach. Knowledgeable people are interviewed 
to obtain the estimates and uncertainties of 
market penetration. The important elements of 
the implementation are the design of the inter­
view questionnaire and the selection of the in­

dividuals to be interviewed. A useful feature 
of the approach is the formal mechanism for up­
dating the market share distribution as new 
data becomes available, especially with regard 
to the cost of solar systems.
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COMPUTER PROGRAMS

• IMPLEMENTING DECISION ANALYSIS APPROACH

• ENVIRONMENTAL IMPACT MODELS

• INDUSTRIAL IMPLICATIONS MODEL

• COST-EFFECTiVENESS COMPARISON CALCULATIONS

Figure 44 Lists the types of computer pro­
grams which will be developed to implement the 
methodology in assessing environmental impacts. 
These programs will be used in completing Tasks

1, 3, and 4. The computer programs and their 
manuals will be part of the deliverables at 
the end of the project.

PROJECT REPORT ELEMENTS

• EXECUTIVE SUMMARY

• METHODOLOGY DOCUMENTATION

• EIA OF TWO SITES

• ASSESSMENT GENERALIZATION

• MARKET PENETRATION ASSESSMENT

Figure 45 Lists some of the elements which ferent plant-site characteristics. Another
will make up the project's final report. There section will discuss the market penetration

assessment. An executive summary will give a 
concise overview of the entire project.

will be separate sections explaining the meth­
odology, applying it to two of the data base 
sites, and generalizing the assessment of dif-
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EPRI 648

REQUIREMENTS DEFINITION AND IMPACT ANALYSIS 
OF SOLAR THERMAL POWER PLANTS

— AN ASSESSMENT OF SOLAR THERMAL ELECTRIC POWER 
PLANTS FROM THE ELECTRIC UTILITY VIEWPOINT THEIR 
VALUE. PROBLEMS THEY INTRODUCE. AND REQUIREMENTS 
PLACED UPON THEM.

— EXTEND CONVENTIONAL ELECTRIC UTILITY EVALUATION 
TECHNIQUES TO EVALUATE SOLAR THERMAL POWER 
PLANTS

Figure 1. EPRI RP-648 is a study of "Require­
ments Definition and Impact Analysis of Solar 
Thermal Power Plants." It is a study to evalu­
ate Solar Thermal Power Plants for their poten­
tial to generate electricity for Electric 
Utilities. Emphasis in this study is upon 
analyzing these plants from the Electric 
Utility perspective. This includes their value 
in terms of production costing, fuel displace­
ment, and capacity credit; and problems they 
might introduce in terms of system reliability, 
operating characteristics, grid support, and 
resource requirements. The requirements placed

upon solar thermal plants to enhance their 
compatibility and values to utilities will be 
developed. Such items as the amount of stor­
age, operating mode, and plant size are among 
the characteristics being analyzed. In per­
forming this analysis, conventional utility 
planning and analysis techniques are being 
used as much as possible, with extension of 
these techniques as required to properly 
represent the peculiarities of solar thermal 
plants. This study is building as much as 
possible upon the Aerospace Corporation Mission 
Analysis Study and will serve as an extension 
to that effort.

7-1



STUDY CONTRACTORS

WESTINGHOUSE ELECTRIC CORP 

Me DON NELL-DOUGLAS ASTRO. 
WATT ENGINEERING

Figure 2. Westinghouse Electric Corporation 
is the contractor responsible for this study. 
Specifically, the Advanced Systems Technology 
Division of Westinghouse Power Systems Company, 
located at East Pittsburgh, Pa., is the lead 
contractor. This activity traditionally pro­
vides analytical and planning services to 
Electric Utilities, and is performing the

utility analysis in this study. The Westing­
house Advanced Energy Systems Division is 
coordinating Solar Plant design and parameter 
development, and insolation analysis. As 
subcontractors, McDonnell-Douglas Astronautics 
and Watt Engineering are assisting in the 
Reference Solar Plant parameter development 
and insolation analysis, respectively.
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STC STUDY TASK FLOW

m

I methodology]

GRID
ANALYSIS

ECONOMIC
ANALYSIS

IMPACT
ANALYSIS

SYSTEM
SELECTION

PENETRATION
ANALYSIS

REQUIREMENTS
DEFINITION

REFERENCE
PLANT
DESIGN

INSOLATION
DATA

COLLECTION

UTILITY
DATA

COLLECTION

Figure 3. This study is organized into ten 
tasks as shown in the task flow chart. The 
first three tasks are primarily ones of data 
collection and development to create a data 
base for use in the balance of the study. Task 
four is a methodology development for use in 
subsequent tasks and, as such, influences both 
data requirements and the procedures to be 
used. Tasks five and six are where the major­
ity of the numerical analysis is performed 
with parametrics on plant size, plant type 
and storage as well as economics. Detailed

simulation of the operation of solar plants on 
utility systems will be used extensively in 
these tasks. Extensions, interpretation, and 
inferences from these numerical results are 
made in tasks seven through ten. Additional 
analyses as required are implemented to deter­
mine the preferred solar thermal reference 
designs for specific conditions, the require­
ments definition, penetration effects, and 
primary and secondary effects of solar thermal 
plant implementation.
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PROGRAM SCHEDULE
1976 ----- •j*-- 1977 —♦]

zb: J h z k J
TASK < % i ^ ?

i I i i I i i I ■ i I i i I i i I i i I
1. PLANT DESIGN ------------*!-------------------
2. INSOLATION DATA --------------;—
3. UTILITY DATA ----------- A?-------
4. METHOD DEVELOPMENT ----------------------1?
5. UTILITY GRID ANALYSIS --------------------
£ ECONOMIC ANALYSIS ------------------------------
7. SYSTEM SELECTION --------------------
8. PENETRATION ANALYSIS --------------------
9. REQUIREMENTS DEF. -------------------
K) IMPACT ANALYSIS -------------

1. REFERENCE PLANT CONCEPT SELECTION
2. UTILITY SELECTION
3. METHODOLOGY REPORT

Figure 4. This study is being performed over 
a period of 18 months covering 1976 and the 
first half of 1977. The Kickoff meeting for 
this project was held the second week in 
January 1976. The first four tasks are almost 
complete, with data having been collected and

characterized for the reference solar plants, 
utility systems, and insolation. Reference 
plants and utilities for detailed analysis 
have been selected. The methodology to be 
used in this study has been developed and is 
currently being documented.
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PRINCIPAL STUDY GOALS

• THE VALUE OF SOLAR THERMAL POWER PLANTS

• PROBLEMS THEY MIGHT INTRODUCE

• PREFERRED CHARACTERISTICS
PLANT CONCEPT 
PLANT SIZE 
STORAGE 
OPERATING MODE

• PENETRATION IMPACT 
. RESOURCES REQUIRED

ISSUES NOT INCLUDED

• ENVIRONMENTAL IMPACT
• DEVELOPING NEW PLANT DESIGNS

Figure 5. The principal study goals of this 
study are to establish the value of solar 
thermal electric power plants to utilities, 
their associated problems, their preferred 
characteristics, penetration impact and

required resources. Environmental issues will 
not be addressed in this study, nor will any 
attempt be made to develop new plant concepts 
and designs.
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UTILITY RELATED ISSUES

COST OF SOLAR THERMAL PLANTS
• CAPITAL COSTS
• OPERATING COSTS

ECONOMIC VALUE OF SOLAR THERMAL PLANTS
• UTILITY SYSTEM OPERATING COSTS

(FOSSIL FUEL DISPLACEMENT)
• CAPACITY CREDIT
• CAPACITY MIX CHANGE

RELIABILITY IMPACT OF ST PLANTS
• PLANT SIZE (MWe)
• AMOUNT OF STORAGE / HYBRID
• LOCATION (WEATHER / INSOLATION)
• MULTIPLE PLANT DISPERSION
• EQUIPMENT RELIABILITY

ST PLANT PENETRATION LEVEL
• ECONOMIC VALUE
• RELIABILITY IMPACT
• ELECTRIC GRID CAPACITY

OPERATING PROBLEMS
• CORRELATION OF ST OUTPUT DEGRADATION
• SYSTEM SPINNING RESERVE REQUIREMENTS
• ST PLANT OUTPUT RAMP RATE

Figure 6. Some of the utility related issues 
that are being addressed for each selected

economic, reliability, penetration, and oper­
ating categories. However, one can see that 
there is a great deal of overlap, with pene­
tration having reliability and economic

reference plant design, on each utility under­
going detailed analysis, are shown in this
figure. The issues as shown are divided into implications, as do the operating issues.
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BUFFER

HYBRID
PLANTS

FUEL

BRAYTON
SYSTEM

LINE
FOCUS
SYSTEM

EXTENDED
OPERATION

POINT
FOCUS
SYSTEM

NON-HYBRID 
PLANTS

FUNCTION

STEAM
RANKINE
SYSTEM

CENTRAL
RECEIVER
PLANTS

INCREASED
EFFICIENCY

SOLAR PLANT 
SUBSYSTEM

DISTRIBUTED
COLLECTOR

PLANTS

REFERENCE
PLANT

SYSTEM
MATRIX

Figure 7. This matrix shows the principal 
alternatives for solar thermal power plant 
design. Three basically different solar plant 
types will be analyzed in this study. There 
will be one representative distributed col­
lector concept, one central receiver concept, 
and a solar/fossil hybrid concept analyzed for 
utility impact. Parameters, such as size and 
storage capacity, will be varied in the analy­
sis . In addition to the three principal 
reference plants, data will be assembled on

two additional (alternate) plant configura­
tions (concepts). The principal and alternate 
solar reference plants for central receiver 
and hybrid are shown in the next two figures. 
The parameters for the representative dis­
tributor concept have not been finalized. The 
selection of the specific concepts for 
reference plants does not mean that they are 
considered most promising, only that they 
appear to be good representatives of their 
generic classes of plants.
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CENTRAL RECEIVER (NON-HYBRID) POWER PLANTS
Steam
Rankine

Helium
Bray ton

Plant Rated Capacity (MWe) 100 50

Collector Area (M2) 9 x 105 5 x io5
Field Area (M2) 2.7 x io6 1.3 x IQ6

Receiver Type External 
(One Pass to 
Superheat)

Cavity

Tower Height (M) 305 260

Fluid Conditions (°F/RSI) 950/1950 1500/500

Thermal Storage Type Sensible Heat, 
Caloria/Rock,
6 Hours

Fusible Salt 
(Fluoride Eutectic) 
6 Hours

Heat Rejection Type Wet Cooling 
Tower

Dry Cooling
Tower

Figure 8. The principal central receiver con­
cept to be evaluated is the steam rankine 
central receiver. Representative data for 
this concept is shown. Data will also be

assembled on the central receiver helium bray- 
ton concept to allow future analysis when it 
appears desirable.
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SOLAR HYBRID POWER PLANTS
CENTRAL RECEIVER SYSTEMS

Plant Rated Capacity (MWe) 

Collector Area (M2)

Field Area (M2)

Receiver Type 

Tower Height (M)

Turbine Inlet Temperature (°F) 

Fossil

Buffer Operation 

Heat Rejection

Figure 9. The principal hybrid concept to be 
investigated will be a representative open 
cycle hybrid configuration. Some of the major 
parameters for this concept are shown. Data

Open Cycle 
Gas Turbine

Steam
Rankine

60 290

2.7 x io5 9 x io5

8.0 x 105 2.7 x io6

Cavity External

215 305

1800-1950 950

Fuel Oil Fuel Oil

Parallel
Fossil/Solar

Steam Drum

Exhaust to 
Ambient

Wet Cooling 
Tower

will also be assembled on the hybrid steam 
rankine concept, but current plans do not 
include a utility impact analysis of this 
alternate plant.



SOLAR RADIATION 
DIRECT NORMAL TERM

[Buffalo

• t City

Figure 10. Task two of this study has been 
one of insolation characterization. The above 
map shows contours of equal normal insolation 
across the United States. The values and

lines are for average daily normal insolation 
in kilowatt hours per square meter (for the 
average day), the average considering varia­
tions throughout the year.
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INSOLATION EXCURSIONS

Insolation, I, kw/m2 Albuquerque
3/20/62
sky cover 
IDN = 4.1 
Idh = 2.1

= 0.7 
kWh/m2

6 7 8 9 10 11 12 1314 15 16 17 18
Solar time

Figure 11. This figure shows insolation tran­
sients for a seven-tenths sky cover day in 
Albuquerque. The direct normal insolation is 
labeled IDN and the diffuse horizontal insola­
tion Idh. Such excursions will likely require 
operation through storage all day to isolate 
the turbine from the resulting thermal tran­
sients. This provision is being included in 
the solar plant being used in this study.
Lack of short time interval measurements of

direct normal insolation for different loca­
tions precludes constructing these character­
istics for different locations. Correlation 
of sky cover with available short interval 
data has been performed to allow estimation of 
the insolation transient characteristics of 
sites where sky cover data exists without 
detailed insolation data. Some sky cover 
characteristics are shown in the following 
figure.
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Percent of days with sky cover 
less than value on abscissa

SKY COVER

Percent of days with sky cover 
greater than value on abscissa

Sky Cover (tenths)

Figure 12. As mentioned with the previous 
figure, the quality of insolation, particularly 
regarding transients, is strongly a function 
of sky cover. This figure shows the frequency 
of average daily sky cover for several

locations. Such information can be used to 
estimate the number of days in a year a solar 
thermal plant would be operating in specific 
modes (through or from storage).
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UTILITY CHARACTERIZATION

• INSOLATION
• LOAD
• GENERATION MIX

Figure 13. The principal utility factors that 
have been identified for characterization are 
insolation, load, and generating plant mix.
Of particular concern to the application of 
solar thermal conversion plants is the quality 
of the direct normal insolation. This in­
cludes both annual energy available and 
seasonal variations. Average daily insola­
tion for several sites is shown in Figure 14. 
The time of daily electrical demand peaks, 
load factors, and seasonal load variations of

the utility are also of importance. The gen­
erating unit types and fuels making up the 
balance of the utility system will effect the 
solar plant value because of the fuels and 
capacity potentially displaced. Three utility 
service areas with differing characteristics 
have been selected for detailed analysis in 
this study. They are not listed here since 
agreement from the utilities has not been 
finalized.
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QUALITY OF NORMAL INSOLATION

A INSOLATION (>8.0 KWh/m2/DAY)
SOUTHERN CALIFORNIA EDISON (9.01)
EL PASO ELECTRIC (8.41)
ARIZONA PUBLIC SERVICE (8.32)
SALT RIVER PROJECT (8.32)
PUBLIC SERVICE OF NEW MEXICO (8.24)

B INSOLATION ( 7.0-8.0 KWh/m2/DAY)
TUCSON GAS AND ELECTRIC (7.97)
NEVADA POWER (7.69)
UTAH POWER AND LIGHT (7.38)
PACIFIC GAS AND ELECTRIC ( 7.36)

C INSOLATION (6.0-7.0 KWh/m2/DAY)

LOS ANGELES DEPARTMENT OF WATER AND POWER (6.92) 
SAN DIEGO GAS AND ELECTRIC ( 6.62)
IDAHO POWER (6.51)
OMAHA PUBLIC POWER DISTRICT (624)

Figure 14. This figure shows the average 
daily direct normal insolation for selected 
western utilities. The numerical data shown

University report by Charles E. Backus, dated 
August 1975, "Terrestrial Photovoltaic Power 
Systems with Sunlight Concentration."

has been extracted from an AEC/Arizona State
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STUDY METHODOLOGY

OBJECTIVE:

GUIDELINES:

PRINCIPAL
PROBLEMS:

ESTABLISH METHODS FOR PERFORMING UTILITY 
GRID AND RELIABILITY ANALYSIS, ECONOMIC 
ANALYSIS, AND PENETRATION ANALYSIS.

USE CONVENTIONAL UTILITY PLANNING METHODS 
AND TOOLS AS MUCH AS POSSIBLE

BUILD ON AEROSPACE CORP MISSION ANALYSIS 
WHERE APPLICABLE

RELIABILITY-CAPACITY CREDIT 

OPERATIONAL ECONOMICS - SIMULATION 

PROBLEM DIMENSION-EXPERIMENT DESIGN

Figure 15. One of the principal objectives of 
this study is the development of a methodology 
to evaluate solar thermal conversion plants. 
The methods involved include procedures for 
calculating solar plant reliability and

capacity credit, simulating the integrated 
operation of a solar plant with a utility 
system, and effects of increasing solar 
penetration with time.



SOLAR PLANT 
ECONOMIC MEASURES

Solar Plant Value
• Operating Cost Savings
• Capital Investment Displacement

Solar Plant Busbar Energy Cost
• Plant Capital Cost
• Plant Operating Cost
• Energy Produced

Utility System Cost Impact
• Solar Plant Costs
• Utility Differential Costs

Figure 16. Three measures of solar plant eco­
nomics will be used in this study. As shown

seen by the balance of the utility system, will 
be used to establish solar plant value. The

in Figure 16 they are: (1) Solar Plant Value, 
(2) Busbar Energy Cost, and (3) Utility System 
Cost Impact. Heavy emphasis will be placed on 
plant value calculations since this can be

procedures outlined in the joint ERDA/EPRI 
document, "The Cost of Energy from Utility-
Owned Solar Electric Systems," will be used to 
calculate solar plant busbar energy costs.

done independent of solar plant cost estimates 
Both operating credits and capital credit, as



|9 MODEL USAGE FLOW
Historical Load

Penetration

(Base Case)
Outage 
Insolation 
Inc. Costs-^TPlant Output

i r Modified Load

Costs

Balance of 
System

Load Projection

Solar Thermal 
Model

Detailed 
Production Cost

Load Statistical 
Analysis

Reliability
Analysis

Capacity Credit 
Reliability

Operating Costs 
Fuel Consumption

Figure 17. The methodology for economic and 
reliability system impact assessment will rely 
heavily on system simulation. The Load Pro­
jection, Load Statistical Analysis, Reliability 
Analysis and Detailed Production Cost blocks 
shown above are separate existing Westinghouse 
models (computer programs) which are routinely 
used to analyze and plan utility systems.
These models have had minor modifications to 
allow them to interface with the Solar Thermal

Plant Model. This latter model is a modified 
version of the one developed by the Aerospace 
Corporation and used in their Mission Analysis 
effort. The projected hourly system load is 
input to the solar plant model which simulates 
the operation of the solar plant and outputs 
the remaining load to be served, for further 
analysis. The solar plant model uses incre­
mental operating cost data for the balance of 
the utility system to guide its dispatch.
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SOLAR PLANT MODEL MODIFICATIONS 
Mods to Aerospace Corp. Model

A. Economic Dispatch of Heat to Storage.

B. Different Heat Quality From Storage, T-G Efficiency and MW Limit.

C. Variable T-G Efficiency With Heat Input Rate, Dry Cooling Temp.

D. Output Multiplier for Scheduled, Forced Outages, and Multiple Units.

E. Hybrid Unit Control for Fossil Side Output Limit.

F. Residual System Load Format.

Figure 18. Several modifications have been 
made by Westinghouse to the original Aerospace 
Corporation Solar Plant model. Included have 
been a dispatch routine which recognizes bal­
ance of utility system incremental costs, 
turbine efficiency modifications, a plant

availability table, and residual system load 
format changes. These changes have been made 
to enhance the applicability of this model to 
this EPRI study. The new dispatch rule that 
has been implemented is shown in Figure 19.
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SOLAR PLANT DISPATCH RULE
1. Dispatch Insolation Directly to Turbine Generator

2. Minimize Waste Heat Using Storage

3. Dispatch Storage on Incremental Cost

4. Economic Exchange of Direct Use Vs. Through Storage

1. Foreknowledge of Day’s Insolation Profile

2. Foreknowledge of Day’s Load Profile

3. Utility System Incremental Cost Curve

4. Storage Limits and Efficiency

5. Turbine-Generator Limits and Efficiencies

RECOGNIZING

Figure 19. This figure summarizes the solar 
plant dispatch rule recently implemented into 
the Aerospace Corporation Solar Thermal Model 
by Westinghouse. This rule assumes knowledge 
of the full day's insolation and load profile 
at the beginning of each day. It also uses

information as to the incremental operating 
cost of the utility system at various load 
levels. The solar plant dispatch is a daily 
iterative procedure which relies upon a simple 
preliminary dispatch which is iteratively 
adjusted.
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SOLAR PLANT DISPATCH

Figure 2Q. This figure shows a day's insola­
tion and a load profile which are not to the 
same vertical MW scale. An insolation thresh­
old level, Imin, is shown, below which the 
plant is incapable of operating directly from 
the receiver. The numbered areas represent 
solar plant operation derived from one of the 
four steps listed in the previous figure.

The lower limb of these areas represent the 
net residual load after solar plant opera­
tion. The "4?" is used to show a possible 
exchange consideration in step 4. That is, 
is it preferable to shut the plant down during 
the low load interval (first 4?) and store 
the energy for use at a higher load level 
(later 4?)?
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STC RELIABILITY IMPACT ANALYSIS 

FACTORS:
• BALANCE OF UTILITY SYSTEMS
• STC UNIT SIZE
• FORCED OUTAGE RATE

(EQUIPMENT, INSOLATION, STORAGE)
• SCHEDULED OUTAGE REQUIREMENTS
• OPERATING PHILOSOPHY
• PENETRATION
• DISPERSION OF PLANTS

POTENTIAL METHODS:
• ANALYTICAL CONVOLUTION
• MONTE CARLO
• DETAILED SIMULATION

Figure 21. The major factors identified as 
affecting solar plant reliability impact and simulation was selected. The convolution is a 

manipulation of system capacity and load prob­
ability distributions to obtain a loss of load 
probability. This is shown in Figure 22.

a combination of analytical convolution and

capacity credit are shown. Methods including 
analytical convolution, Monte Carlo, and 
simulation were considered. For this study
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Probability
Density

LOAD (L) AND AVAILABLE 
CAPACITY (C) 
DISTRIBUTIONS

MARGIN
DISTRIBUTION

Z = X — Y
M (Z) = fC(X) L(X — Z) dX 
LOLP = f° M(Z) dZ

— GO

Probability
Density

*-MW

Figure 22. This figure depicts the calcula­
tion of the loss of load probability which is 
commonly used as a utility reliability index. 
Margin is the amount of the available capacity

which exceeds the load. The area under the 
negative portion of the margin density func­
tion represents the loss of load probability 
(LOLP).
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PENETRATION ANALYSIS
1. Iterative Static Analysis by Simulating Various 

Levels of Solar Penetration

2. Dynamic Expansion Analysis
- Selected Penetration Rate
- Expand Balance of Utility Using Generation 

Expansion Optimization Model

Figure 23. The effects of solar penetration 
into a utility system's generating mix will be 
analyzed using two approaches. One will be

latter time dynamic analysis will begin by 
presuming a solar penetration rate and letting 
an automatic expansion computer program 
develop the most economic expansion for the 
balance of the utility system.

through simulating various levels of penetra­
tion in a single year, and another by letting 
the penetration increase with time. This



PENETRATION- 
DYNAMIC EXPANSION 
ANALYSIS FLOW

Historical Load

_ _ _ _ i____
| Load Projection |

f

|SolarThermal Modeil

I Load Analysis |
--------- -f---------'
| Expanding Load Model |

t

Generation
Expansion

OptimizationT
Expansion Plan 
Capital Costs 
Operating Costs

Figure 24. This figure shows the sequential 
use of computer models to achieve the dynamic 
penetration analysis. Various penetrations 
are simulated on the solar plant model for 
different years, and the net residual load 
is used to construct a residual expanding

(growing) load to be served by the balance of 
the utility system. Then the automatic' expan­
sion program develops the most economic 
utility expansion to serve this load with 
acceptable reliability.
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Program Summary 
RP-377

RP-377-1
1975 1976

D J F M A M J J|A|S 0 N D J F M A M J

Phase 1
Objectives:

• Receiver configuration
• Technical feasibility- 

materials
• Storage requirements
• Operations analysis

RP 377-2
1976 1977 1978

J A S O N 0 J F M A M J J A S 0 NO J F|M A M J J
Phase 2 Phase 3

Objectives:
• Design and fabrication 

1 MWth receiver
• Test in 5 MW STF
• Concurrently conduct planning 

studies for 10 MWe equivalent

Boeing Engineering and Construction has been 
under contract by EPRI since December, 1944, 
in various phases of receiver design and plant 
implementation. The first phase, under 
RP377-1, involved the concept definition of a 
closed cycle, high temperature central receiver 
plant capable of producing 100 MWg of electri­
cal power. The left side of the figure shows 
the contract span and the primary objectives - 
all of which were successfully accomplished. 
Much of the subsequent material describes the 
results of the Phase I study.

Phase 2, under EPRI Contract RP377-2, was 
initiated in July of 1976. The basic objec­

tive is the design and fabrication of a 1 MW ,th
receiver which simulates the 100 MW receivere
and plans for testing the materials and con­
cepts selected in an operational environment. 
Phase 3 includes the test period and data
evaluation of the 1 MW_ receiver design. The th
test is currently planned in the 5 Solar
Test Facility at Albuquerque, New Mexico, but 
has features incorporated which could adapt it 
to the CNRS facility at Odeillo, France, or to 
1R facilities. Along with the Phase 2 and 3 
efforts, planning studies are being conducted 
for a 10 MW^ equivalent pilot plant.
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Cycle Efficiency

Brayton-cycle
efficiency

Turbine inlet temperature (°F)

The design philosophy followed in the initial 
system selection was to emphasize thermal cycle 
efficiency to reduce collector system costs.
A comparison of the engine efficiency available 
from various systems is shown on the above 
figure. A closed cycle system was selected as 
a baseline because of the high efficiencies 
obtainable. A comparison of various working 
fluids such as helium and air has been a con­
tinuing activity. The design point shown at 
816°C (1500°F) was chosen as a practical upper 
limit for both metallic tube heat exchangers

and turbine blades considering the long life 
requirements of the system. Data provided to 
us by turbine manufacturers have tended to 
support this conclusion.

The range of efficiency shown as a band for 
each system represents the practical upper and 
lower limits as determined by selection of 
cycle type, recuperators, and precoolers. The 
selection of the optimum point within the range 
is a function of the effect on overall system 
cost.
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Receiver Concept/Schematic

Receiver

Compressor
Turbine

Energy storage

Heat exchanger panel 

Aperture

Generator

Recuperator

Precooler

The most promising receiver concept is dis­
played above. An aperture at the receiver 
bottom admits the reflected energy from the 
collector field into the receiver interior.
The receiver configuration has a hemispherical 
lower section and a cylindrical upper section. 
Heat exchanger panels are mounted on the in­
terior of the upper cylindrical section and 
facilitate heat transfer from the receiver to 
the circulating helium.

Helium inlet and outlet temperatures are 538°C 
(1000°F) and 816°C (1500°F) respectively. The

upper limit of 816°C (1500OF) was chosen as 
high as possible to elevate cycle efficiency, 
yet remain within the state-of-the-art of high 
temperature metals. The associated energy 
conversion and helium processing equipment 
shown below the receiver would be located at 
the base of the tower, along with the thermal 
energy storage equipment. The turbine could 
be located at the top of the tower for the 
hybrid concept.
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Cavity Receiver Evaluation

Cylinder Sphere Composite

Considerations for selection Rating
Heat distribution Poor Best Good
Reflection Losses (%) 13.1 3.7 3.8
Overall thermal efficiency (%) 74 87 83
Estimated cost ratio 1.0 2.0 1.5

The most desirable receiver for the high temp­
erature concept is supported above a tower, 
with the receiver having a bottom circular 
aperture to admit reflected energy from the 
collector field. The figure presents the three 
bottom-aperture receiver shapes analyzed. The 
composite shape finally selected (extreme 
right) combines portions of the cylindrical 
and spherical shapes used as the initial base­
line and alternative.

The table below the illustration summarizes 
the selection rationale. Detailed thermal 
analyses were performed first on the initial 
cylindrical receiver and an alternative spher­
ical receiver shape. The absorbed heat flux

and temperature on the lower interior walls of 
the cylinder reached much higher (and intol­
erable) levels than on the walls of a sphere. 
Careful ray-tracing analyses indicated reflec­
tion losses from the cylinder to be 13% com­
pared to under 4% for the sphere. The selected 
shape has reflection losses comparable to the 
spherical shape due to the similar lower geo­
metry .

The heat exchanger panels are mounted in the 
upper half of the receiver to escape direct 
solar impingement and consequent overheating.
A cylindrical upper section was chosen to fac­
ilitate mounting heat exchanger panel modules.
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Solar Flux Distribution

The receiver cavity is designed to accommodate 
solar flux from a circular symmetric collector 
field. In this sketch the solar energy is 
depicted by 81 characteristic rays entering at 
the center of the circular aperture. Each of 
these represents an equal portion of the solar 
input. The elevation angle of each ray is 
representative of the direction of incidence 
of each portion of energy.

The
the
ing

proximity of ray lines is proportional to 
vertical distribution of solar flux enter- 
and initially striking the receiver walls.

Less than ten percent of the incident flux 
strikes the heat exchanger panels.

The design, providing for multiple solar re­
flections from cavity walls before striking the 
heat exchanger tubing, provides a nearly uni­
form solar flux environment at the location of 
the heat exchanger panels. In addition, due to 
the receiver geometry, it is physically im­
possible for more than a small fraction of the 
solar collectors to be errantly focused on any 
portion of the active heat exchanger surface.
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Selected Receiver Configuration

Receiver and upper tower Receiver with roof removed
exposing heat exchanger panels

Two views of the design are contained in the 
photos of a scale model shown above. The 
receiver, its main supports, and the upper 
tower are shown in the picture at the left.
The receiver is mounted approximately 30 meters 
(98 feet) above the tower top to allow reflec­
ted solar energy to enter the aperture at the 
bottom of the receiver. The aperture is 19 
meters (62 feet) in diameter and is located 
260 meters (850 feet) above ground level. Re­
ceiver interior dimensions are approximately 
39 meters (128 feet) in diameter and 39 meters 
high.

The receiver is supported by five support 
struts which extend out from the tower top to 
the main support ring. These supports are lo­
cated away from the aperture to minimize heat­

ing by direct radiation and to reduce field 
blockage. Vertical members extend from the 
main support ring to the receiver support rings. 
The size of these vertical support members is 
such that a helium riser or downcomer can be 
contained with an individual support. There 
are two risers and two downgraders.

The photo on the right shows the mounting 
arrangement of heat exchanger panels in the 
upper half of the receiver. There are three 
rows of these panels with 70 panels in each 
row. The lower hemispherical section has in­
sulation panels which direct field energy to 
the heat exchanger panels and also reduce con­
ductive heat loss.
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Receiver Support 
Structure Evaluation

Central column Strut across aperture Outboard support strut

Surface
temperature

2.500 

2,000

1.500 

1,000

500

0

strut 180 suns peak flux

0O^oaX

0.5
Solar absorption 

infrared emittance

Selection of a receiver concept with a circular 
aperture at the bottom required a configuration 
where the receiver supports, helium risers and 
downcomers must necessarily traverse the con­
centrated solar flux from the collector field. 
Various support structure candidates were 
examined ranging from a central column to out­
board support struts. The figure shows three 
configurations, with the outboard support con­
figuration at the extreme right being selected.

The rationale for the selection is shown on the 
flux and temperature graph. Quite clearly, the

flux exposure of the outboard supports is 
significantly less. Surface temperatures are 
in a range where only passive protection is 
required. This support system is also advan­
tageous because it presents a single large 
aperture to the entire field. This allows 
larger collector units in the field while 
maintaining a favorable flux capture ratio.

The heating on the outboard strut is very 
localized. The 180 suns peak flux shown is 
confined to a few meters with a rapid dropoff 
on either side.
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Receiver Support Structure Design/ 
Temperatures

Structural steel - 
column

Solar heat 
from field

Downcomer 
d of 2)

Local maximum 
temperatures

Solar heated 
side

Cavity heated 
side

Outer sheath 816°C (1,500°F) 610°C (1,130°F)
Steel column wall 370°C (700°F) 195°C (384°F)

Note: Strut interior cooled by natural air draft

Outer metal sheath (a/e<0.3) 

5 cm(2 inches) insulation

Infrared and 
reflected heat 
from receiver 
and solar shield

Support strut

The receiver support struts located below the 
receiver aperture plane are heated by the ex­
ternal field and also by the radiated and 
reflected heat flux from the receiver back 
through the aperture. The figure illustrates 
the heating situation and the selected strut 
design. The structural steel column is pro­
tected by 5 centimeters (2 inches) of insula­
tion covered by an outer metal sheath with a 
low absorptance-to-emittance ratio. The local 
maximum temperatures on either side of the 
support strut are presented in the table.

o oThe risers supplying 518 C (1000 F) helium to
othe receiver and the downcomers returning 816 C

(1500°F) helium to the tower must also traverse 
the stand-off distance between the receiver and 
the tower top. Heating problems and associated 
costs for thermal protection of risers and 
downcomers are alleviated by placing each pipe 
within a separate support leg. There are two 
risers and two downcomers. A typical downcomer 
is shown within the support strut on the figure. 
The pipe containing 816°C (1500°F) helium is 
insulated on the inside so that a carbon steel 
pipe may be used. The risers with 518°C 
(1000°F) helium will be externally insulated.
The vertical height of the support structure 
columns has been utilized to produce a natural 
draft cooling of the interior structure.

8-8



Interior Arrangement

Receiver support 
structure
Helium inlet-------
538°C (1,000°F)
Helium outlet-----
816°C (1,500°F)

Insulation

Panel support 
(typical)

Panel to panel seal

Heat exchanger 
panel

Receiver interior

The figure illustrates a heat exchanger panel 
module and its structural supports. Progress­
ing outward from the cavity, each panel con­
sists of two offset columns of heat exchanger 
tubing, insulation, tubing loops to the helium 
manifolds, and the support structure to the 
outside wall. Each panel is designed to be 
removable as a unit, should replacement be 
necessary.

There are 20 tubes on a panel module. Each 
tube is U-shaped with one leg from the inlet 
down to the bend, and the other leg back close 
to the insulation up to the outlet. The dif­
ference in path length and the loops behind 
the insulation provide for tube expansion dur­
ing thermal cycling to keep the interior tubes 
and tube pass-throughs in a stable position.

Tube materials can be either Haynes 188 or 
Inconel 617 alloy. Both materials were suc­
cessfully thermal-cycled over a simulated 30- 
year lifetime. Tube dimensions are 2.54 
centimeters (1 inch) outside diameter with a 
0.17 centimeter (0.062 inch) wall and 9.5 
meters (31 feet) length. Exposed tube surface 
area per panel is 17 square meters (182 square 
feet) . Total panel weight is 1200 kilograms 
(2650 pounds).

Panel insulation behind the tube consists of 
three successive layers of alumina-silica 
blanket, alumina-silica block and mineral wool 
block for a total thickness of 0.15 meters (6 
inches) . The insulation panels for the lower 
hemispherical section (without heat exchangers) 
are the same.
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Thermal Cycling Tests

Test conditions

0 

</> CL
0)
1 « 
a

£

A number of metal alloys were chosen as can­
didates for high temperature tubing applica­
tions based upon present manufacturing cap­
ability, performance capability, and economic 
considerations. The high temperature limit 
was established at about 816°C (1500°F) to 
meet the 30-year lifetime requirement at re­
peated thermal cycles and stresses. Detailed 
screening of major property data (stress-rup­
ture strength, creep, oxidation resistance, 
and metallurgical stability) resulted in selec­
tion of Haynes 188 and Inconel 617 alloys for 
further evaluation.

Test specimens of 188 and Inconel 617 were 
fabricated and subjected to 10,560 thermal 
cycles, while under pressure, to simulate a 
30-year lifetime. A typical test specimen is

shown on the left-hand side of the figure.
2Each specimen was pressurized to 3.45 MN/m

(500 psi) helium pressure, and tube tempera-
o otures were cycled between 482 C (900 F) and 

830°C (1525°F). The graph on the right-hand 
side shows test conditions for each weekly run. 
The bottom sketch shows a schematic of the test 
setup featuring quartz lamp heaters and a 
regulated helium bottle supply.

Haynes 188 and Inconel 617 have been verified 
as excellent materials for high temperature 
applications with performance such that a final 
material selection can be based on economics 
and quantity availability.
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Elevated Temperature 
Rupture Tests

EPRI requested that elevated temperature tests- 
to-rupture be performed to determine the cap­
ability of Haynes 188 and Inconel 617 tubes to 
sustain temperatures in excess of the proposed 
service maximum of 830°C (1525°F). Additional 
information was desired on the safety hazard 
of accidental or intentional overheating and 
on high temperature material behavior.

Tubular specimens of Haynes 188 and Inconel 617 
alloys, both in the new and after-thermal cy­
cling condition, were pressurized with helium 

2at 3.45 MN/m (500 psi) and thermally cycled at 
successively higher temperatures until stress- 
rupture failure occurred. The upper left photo 
shows the four subject test specimens. Test 
temperature levels were 871°C (1600°F), 926°C 
(1700°F), 982°C (1800°F), 1027°C (1900°F), and

1092°C (2000°F). Fifty cycles of fifty minutes 
each were performed at each test temperature 
level.

All ruptures of test specimens occurred in the 
1037°C (1900°F) to 1092°C (2000°F) range, with 
the Haynes 188 and Inconel 617 tubes previously 
exposed to thermal cycling surviving the long­
est. Failures were non-catastrophic with small 
fissures occurring in the tubes permitting 
helium leakage without explosions or fast crack 
propagation. The lower photo shows the bal­
looning of a new material Haynes 188 tube prior 
to rupture. The photo to the right shows the 
rupture site on the same tube and is typical of 
all ruptures. No ruptures occurred on the weld 
lines of the tubes.
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Thermal Energy Storage Requirements

Temperature
(°C)

Capacity
factor

Receiver
temperature

Expected time 
required for 

utility grid response

Thermal buffering
Very little thermal inertia in 
bare system
Moderate storage system will 
provide 1/2 hour at 730°C

Time after sun loss (hours)

~ Heliostat field 
area (km2)

Thermal storage 
(hours)

Peaking and intermediate energy 
and capacity displacement

Requirements strongly coupled 
to heliostat field sizing

Very large storage system to 
provide 6 hours at 730°C

Thermal energy storage requirements for a Solar 
Thermal Conversion (STC) power plant fall into 
two basic categories: thermal buffering and
capacity development. The receiver and the 
associated heat transport system, less the re­
quired thermal storage device, have very little 
thermal inertia, as illustrated here. Conse­
quently, the plant generating capacity would 
be very sensitive to solar insolation variation 
without the addition of some form of thermal 
buffering. The turbomachinery would be 
stressed by such rapid cycling, and the utility 
grid would have little chance to respond to 
generation losses.

The half-hour thermal buffering storage re­
quirement is commonly accepted as a reasonable 
buffering requirement. Based on the projec­
tions of the Thermal Energy Storage (TES) tech­
nology, the cost associated with this require­
ment is 60-235$/KW. The yearly average capa­
city factor of the STC power plant without long 
term storage is about 30%. By the addition of 
up to 6 hours of TES with the proper heliostat 
field size the yearly average capacity factor 
can be nearly doubled. The costs of a six- 
hour TES device is projected at 100-400 $/KW. 
Long term storage of four to eight hours will 
be an economic plus to the STC power plant.
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Energy Storage Concepts

Reactors

Storage
ChemicalBatteries Flywheels Compressed air

XXX X X

Turbine
house

Pumped hydro Thermal phase change Thermal sensible heat

The requirements for providing 6 hours of 
storage for a stand-alone plant and one-half 
(h) hour of storage for "thermal buffering" 
for a hybrid plant led to a review of energy 
storage devices used in other applications.
The figure shows the candidate devices included 
in the review. The load side energy storage 
devices are represented by batteries, fly­
wheels, pumped hydro, and compressed air. The 
need for thermal control as well as storage in 
the solar plant dictated examining energy

storage devices on the source side of the gen­
erator. Three such thermal energy storage 
devices were examined in detail for perform­
ance and costs. Chemical, phase change, and 
sensible heat storage devices were conceptually 
designed and integrated into solar plant opera­
tions. Resultant cost estimates showed a cost 
advantage for phase change storage for the 
6-hour requirement.
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Sensible Heat Storage Concept

Refractory brick

He flow

He manifolds

High pressure Plan view
containment
vessels

• Magnesia (Mg 0) brick checkerwork

• Temperature swing = 246°C

• Key thermophysical properties

• p Cp =0.902 cal/cm2 - °C

• k = 0.0248 cal/cm-sec-°C

• Cost = 0.26 $/kgm

• Critical technical problems

• Brick erosion

• He stream contamination

• Large insulated pressure vessels

Energy stored as sensible heat in materials is 
attractive because it is a state-of-the-art 
technology. Material cost per pound is small 
but the low specific heats of materials result 
in a low energy storage density. The 6-hour 
sensible heat storage device selected has a 
system weight of approximately 10 million kilo­
grams (22 million pounds) with a cost of
$336/KW . e

Two design concepts were investigated in de­
tail: a liquid NaOH bath/tube arrangement; and
a solid porous media/pressure vessel arrange­
ment. Potential corrosion problems with molten 
NaOH and the impact of the relatively low ther­
mal conductivity of NaOH on the number of helium

tubes required resulted in choosing MgO re­
fractory bricks as the storage media. MgO 
has superior thermal conductivity and moderate 
values of density and cost when compared to 
other refractories. High strength is retained 
at elevated temperatures, spalling resistance 
is excellent, and large quantities of MgO 
brick are radily available. The refractory 
brick is contained in horizontally placed, in­
sulated, cylindrical pressure vessels as is 
illustrated by the schematic on the right side 
of the figure. The helium flow is distributed 
and collected by a piping system to each 
vessel.
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Phase Change Storage Concept

• Fusible fluoride salt bath

• Temperature swing 246°C

• Key thermophysical data

• Tme|t =635°C

• PCp = 0.672 cal/cm3-°C

• hf = 143 cal/gm

• k = 0.0103 cal/sec-cm -°C

• Cost = 0.97 $/kgm

• Critical technical problems 

material compatibility

Energy storage in the latent heat of fusion of 
molten salts is an attractive concept because 
of the very high energy storage density and the 
relatively low cost. A system designed to pro­
vide 6 hours storage has a system weight of 
approximately 4 million kilograms (8.8 million 
pounds) and a system cost of $164/KWe.

Fusible salts and eutectic mixtures of those 
salts with substantial heat of fusion were 
chosen for the melt temperature range of in­
terest of 600°C (1110°F) to 900°C (1650°F). 
Fluoride salts operate in this range, have

high heats of fusion, are abundant, inexpen­
sive, and are chemically and thermally stable. 
The salt selected melts at 635°fi (1175°F) with 
a heat of fusion of 143 calories/gram (257 
BTUs/pound). The melt temperature was chosen 
to give the highest storage round-trip effi­
ciency .

A schematic diagram of the design concept in 
the charging mode is shown on the left side of 
the figure. The vertical arrangement maintains 
the liquified salt above the solid salt. The 
helium flow path is reversed during discharge.
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Thermochemical Storage 
Concept

• Reaction

S03 + Hr ^ S02 + V2 02

• Helium temperature swing 221 °C

• Key process data

• Endothermic reaction

P=1 ATM 

1 con = 64%

Hr = 295 cal/gm

• Exothermic reaction

P=10 ATM 

H con = 90%

Hr = 295 cal/gm

• Critical technical problems

Dissociation reactor design 

Material compatibility

Thermal energy storage in reversible thermo­
chemical reactions was also examined in detail 
because such systems offer the highest energy 
storage density of any of the concepts studied. 
The concept/reaction chosen resulted in a 
weight of 3.6 million kilograms (8 million 
pounds). Costs were higher than other concepts
at $472/KW . The technology, while considered e
long-term for the high temperature solar plant 
application, is based on well understood com­
mercial chemical processes.

The Rocket Research Corporation of Redmond, 
Washington, carried out the investigation of 
thermochemical storage. The reaction is based 
on the reversibility of the dissociation of

sulfur trioxide into sulfur dioxide and oxygen. 
The reaction involves absorption of 295 calor­
ies/gram (532 BTUs/pound) in dissociating 
sulfur trioxide in the charging process, and 
release of the same amount of heat when SO^ 
and are recombined on storage discharge. A 
photograph of a thermochemical storage model is 
shown above with key elements identified by 
arrows. The fractionating column separates 
the dissociation or reaction products so that 
the undissociated or unreacted species can be 
returned to the reactor.
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Storage/Plant Performance Summary 
(Yearly Average Data)

Overall plant
conversion
efficiency

%

Solar
avail­
ability

%

Excess
insolation

%

Storage 
round trip 
efficiency

%

Storage
utilization
factor

%
Sensible heat 
concept 16.9 63.4 8.5 72.1 89.8
Phase change 
.concept 15.9 61.8 4.6 62.1 84.9
Thermochemical
concept 15.5 60.5 3.4 52.7 81.4

• Inyokern, California
• Strawman field =1.0 km2
• Storage = 6 hours
• Plant capacity = 100 MWe (2 modules]

An available plant operation program provides 
an evaluation of the performance on a daily 
basis. An accrual of such data over a year 
provide the yearly average performance data 
shown above for the three thermal energy 
storage (TES) concepts.

There is little variation between the three 
devices in plant operation hours or daily 
storage hours although this is a result of 
repressing the summer and spring performance 
due to excess insolation availability. The 
sensible heat storage subsystem has slightly 
higher plant efficiencies than the other two 
storage subsystems due to lower parasitic load 
requirements and a better round trip storage 
efficiency. The sensible heat storage device 
outperforms the phase change and thermochemical

devices in all the categories listed in the 
table. However, the large delta cost of the 
sensible heat subsystem over that of the phase 
change subsystem makes the latter a preferred 
economic choice.

The balance between collector area and storage 
time is one of the most critical design deci­
sions to be made for the solar power plant. 
Reducing the six hour storage limit to three 
hours for the same size collector field could
give a storage utilization of 100%. Increasing

2storage to eight hours with the 1.0 km field 
would reduce the excess insolation to zero.
This trade is basically an economic system 
performance issue and an initial investigation 
of system sensitivities has been carried out.
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Plant Operation and Integration- 
Daily Cycle (Power Distribution)

Power
(MW)

Summer insolation
StorageReceiver heat input

Charge Discharge

Heat to helium circuit
Insolation rejected 
due to storage limit

/ Daily cycle
/ completed

Turbine generator 
cycle consumption

Storage

Electric 
power 
to grid

Generator on-line
Time of day

The study defined major plant subsystems; 
namely, the receiver, thermal engine cycle, 
and thermal energy storage. These subsystems 
were integrated into a solar plant to deter­
mine operational modes and performance. A math 
model was developed to support plant design and 
performance analysis work. The figure above 
shows typical results obtained for a solar 
plant operating over a representative summer 
daily cycle with a phase change storage device.

The upper curve shows the receiver heat input 
from the collector field. The solid curve 
below it is the amount of heat absorbed in the 
helium circuit. The first few hours insolation 
are used to charge storage. Heat used in the 
turbine-generator produces the power to run the

storage mode. The generator furnishes 50 MW^ 
to the grid starting at 8 AM. Two plant mod­
ules thus furnish the required 100 MW^. The 
plant runs uninterrupted until 1700 hours 
(5 PM) when the 6-hour storage limit is 
achieved. From this time until 1800 hours, 
the heat from the collector field is excessive 
and some heat must be rejected ( Shaded 
region). At 1800 hours, the storage system 
discharges as the receiver output drops off 
until finally the plant is running only on 
storage heat. The daily cycle is completed 
at 2300 hours (11 PM), after the plant has 
operated for 15 hours on the grid.
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Relative Cost of System Elements 
100 MWe Intermediate Plant

Plant type
Stand alone Hybrid

Strawman Helium Strawman Helium
Collector area (km2) 1.0 0.84 0.5 0.42
Storage time (hour) 6 6 0.5 0.5
Account

Land 2 2 1 1
Structures and facilities 44 44 51 51
Heliostats* 600 505 300 258
Central receiver/tower**/heat exchanger 95 197 68 98
Storage/tanks*** 180 164 15 15
Boiler plant — — 73 73
Turbine plant equipment 80 119 80 105
Electric plant equipment 21 20 21 20
Misc plant equipment 4 4 4 4
Allowance for cooling towers 20 15 20 15

Total direct cost 1,046 1,070 633 640
Contingency allowance & (5%) 52 53 32 32
Spare parts allowance

Indirect costs (10%) 105 107 63 64
Total capital investment (1975) 1,203 1,230 728 736

Interest during construction (15%) 180 185 109 110
Total cost at year of comm’l 
operation (1975 $)

1,383 1,415 837 846

* Collector cost-$60/m2
** Tower height-260M (2, and 1 tower(s), respectively) 

*** Thermal storage cost-$30/kWHe

EPRI design guidelines included cost accounts 
for intermediate stand-alone and hybrid plants 
based on a central receiver concept using a 
steam/Rankine cycle. These strawman plant 
accounts were furnished so side-by-side cost 
comparisons could be made with central receiver 
solar plant designs using alternative cycles. 
Relevant account items for closed cycle helium 
plants have been determined, and results are 
displayed above. Total costs for the two con­
cepts are comparable for the stand-alone solar 
plants. The hybrid plant utilizing the helium 
cycle is about 11% more costly than the steam/ 
Rankine cycle (strawman) hybrid plant.

The strawman plants were used as a baseline 
for the cost comparison, i.e., the costs of the 
higher performance helium system were adjusted 
so the plants would have the same direct elec­
trical power production. Major adjustments 
thus occurred in field size and cost. Other 
major differences are in the receiver, turbine 
equipment, and miscellaneous plant equipment 
accounts (cost of helium risers and downcomers 
between tower top and bottom). Total costs 
for these comparisons of intermediate plants 
turned out to be reasonably close and provide 
an encouraging basis for continued considera­
tion of closed cycle gas plants.
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Receiver Cost Estimate

Account Cost (106 dollars)

Heat exchanger panel assemblies (210) 1.80

Insulation panel assemblies and insulation buy for heat exchanger panels .40

Downcomers to tower top (2) and exit manifolds in receiver 1.24

Risers from tower top (2) to receiver and inlet manifolds in receiver .51

Shields, insulation protection on supports and aperture lip .35

Support structure and receiver top 2.00

Flow control valves .04

Erection, fitting, and welding 1.50

Total 7.84

The baseline receiver cost is estimated at 
slightly over $7.8 million for the 100 MW^ 
hybrid plant configuration. The figure above 
shows the cost breakdown. For the 100 MWe
stand-alone plant with 6 hours thermal storage, 
which requires two receivers, the total cost 
is $15.7 million or $157/kilowatt. These costs

have been based on use of Inconel 617 for 
heat exchanger panel tubing and the adjacent 
helium distribution lines. The design prac­
tice employed avoids the use of the more 
expensive superalloys for the large diameter, 
longer flow runs.
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Closed Cycle Cost Elements

1Q6
Dollars

Cycle thermal efficiency

The four major components of a closed cycle 
are the receiver, turbomachinery, recuperator, 
and precooler. The receiver costs have been 
discussed on the previous chart. The estimated 
costs of the turbomachinery, recuperator, and 
precooler for the 100 MW^ solar plant are shown 
on the figure above.

Precooler costs are relatively constant with 
overall cycle thermal efficiency. Dry cooling 
was prescribed for the study. Turbomachinery 
costs tend to decrease with increased effi­
ciency, as less mass flow is required and the 
machines are smaller. The recuperator costs 
increase rapidly with increase of cycle thermal 
efficiency. This effect is not restricted to 
closed cycles, because recuperator cost curves

for open cycle and steam Rankine cycles would 
parallel the trend shown. High cycle effi­
ciencies are obtained with high turbine inlet 
temperature and high recuperator effectiveness. 
With turbine inlet temperature fixed, the bur­
den is on recuperator effectiveness. Increase 
in recuperator effectiveness requires a dis­
proportionate increase in recuperator size and 
cost. A 94% effectiveness was chosen for the 
recuperator to attain the 44% overall thermal 
cycle efficiency. The higher cost of the 
recuperator was more than compensated for in 
the reduced size of the turbomachinery, the 
receiver, and in the costs of the heliostat 
field.
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Qualitative Assessment 
of Alternate Systems

System Advantages Disadvantages

High efficiency No operating experience in U. S.

Closed cycle Operational flexibility Large precooler

Good bottoming-cycle potential High Brayton-cycle costs

No precooler required Low efficiency

Open cycle Similar to combustion turbine design Poor operational flexibility

System simplicity Large recuperator

Proven systems available Large precooler

Steam Utility familiarity Moderate efficiency

High heat flux receiver Complex system

Cycle analysis was extended to making compari­
sons between closed helium, closed air and open 
air cycles. These cycles were examined for 
performance, cost, and qualitative considera­
tions . A performance comparison based on effi­
ciency gave the following results. The straw- 
man steam cycle has maximum cycle efficiency 
of 0.36. The efficiency design range deter­
mined for helium is 0.428-0.447 followed close­
ly by closed cycle air at 0.401-0.415. Open 
cycle air would be 0.352-0.362.

The table above lists some of the qualitative 
considerations for cycle selection. Closed 
cycle helium and air have been grouped together 
due to their inherent similarities. Closed 
cycles offer high efficiencies, and have the

potential for operational flexibility and 
bottoming cycle usage. However, there is no 
operational experience in the United States 
(outside of very small units), as there is 
with open cycle and steam cycles in other com­
mercial operations. The open cycle is a simple 
system requiring no precooler but its opera­
tional flexibility and efficiency are poor. 
Steam cycles are familiar to utilities and 
reliability is known for many applications.
The solar plant usage of steam adds additional 
complexities in the high heat flux receiver 
design and in the control complexity to handle 
variable solar input.
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Oberhausen II Powerplant-50 MWe 
Helium Turbine Installation

Helium turbine installation 
at Oberhausen, Germany

High-
pressure
turbine

Low-
pressure
turbine

Low-pressure
compressor

Recuperator

Inter­
cooler

cooler

Heater
(receiver)

Generator

Helium-cycle schematic

The helium turbine installation shown photo­
graphically and schematically above is in a 
commercial power plant at Oberhausen, Germany. 
It is owned and operated by Energieversorgieng, 
Oberhausen A G (EVO). This electric utility 
has had a 14.3 MW^ closed cycle air system 
(Oberhausen I) in operation for over 100,000 
hours and was encouraged by their experience 
with this unit to proceed with the helium tur­
bine development. The closed cycle systems are 
attractive because the utility has a large 
district heating load as well as electric power 
requirements. The operational flexibility of 
the closed cycle system allows the electrical

plant to load - follow at a high efficiency and 
still maintain a steady heat output. The West 
German government is also participating in the 
program since they consider the plant a proto­
type for larger power units for high tempera­
ture reactors with helium turbines.

The turbomachinery and associated heat exchan­
gers were built by Gutehoffnungshutte Sterkrade 
(GHH) with design support from the Institute 
for Turbomachinery and Gas Dynamics of the Uni­
versity of Hanover. Gebruder Sulzer built the 
heater which is fired with coke gas. The 
system is currently in the checkout phase.
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Daily Plant Performance 
Closed-Cycle Helium

• Summer insolation

100

80

60
Percent 
direct usable 
insolation

40

20

0

Direct | 
insolation

e Inyokern, California 

e Collector area = 0.5 km2/Module 

e Latent heat storage = 6 hr 
e Plant capacity = 50 MWe/Module

72.9%

Less:
tracking,
aiming, |
shading,
blockinc
losses

64.1%

57.7%
Less:| 
overflow 45.7% 
losses ----- ——

Less:
reflect
losses

Less:
receiver
losses

45.3%

Less:
storage
heat
losses

41.2%
Less:j 
storage power 
conditioning 
losses

18.1%
Less: 
turbine 
generator 
losses |

16.5%
Less: storage pumping 

power losses 
[prom storage

The selected receiver, the selected thermal 
cycle, and three thermal energy storage con­
cepts were combined with the specified field 
to determine plant performance and operational 
characteristics. The results are typified by 
the bar chart above. The chart shows energy 
production over a summer day. A phase change 
thermal energy storage concept is represented 
here but results have been determined for sen­
sible heat and thermochemical energy storage, 
for winter, fall, and spring days; and for 
yearly averages.

The chart shows the efficiency losses in going 
from the direct insolation through the plant

subsystems to the generator output. The per­
formance of a stand-alone solar plant over a 
summer day cycle shown by the chart is repre­
sentative of the results obtained using each 
thermal energy storage concept. The integrated 
insolation from the "strawman" field for a 
summer day actually exceeds the requirements 
for direct energy production and 6 hours' 
storage by 17.8%. Overall plant efficiencies 
of 16.5% are typical for summer day perform­
ance. Efficiencies drop to 14-15% for winter 
operation with storage availability reduced 
to 3-4 hours.
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1 MWth Bench Model 
Receiver Program

• Simulate 300 MW^ commercial receiver

• Extend RP377-1 gas cooled receiver technology to working model

• Gain operational experience
• Materials • Heat transfer
• Design concept • Flow control

• Evaluate solar energy conversion efficiency

Phase 2-16 months
• Design/analyses
• Model fabrication
• Test planning
• Functional tests
• 10 MWe (equivalent) pilot 

plant development planning

Definition of the 100 MWe receiver concept pro­
vides the performance, configuration guidelines, 
and materials to enter a model receiver pro­
gram. A 1 MW model receiver would be de- th
signed and tested.

The purposes of scale model testing are to
validate the technology for central receiver
power plants using gas, to verify the design
concepts proposed for commercial size plants,
and to gain test experience with the selected
high temperature materials. The 1 MW^ model
receiver design will duplicate the operational
characteristics of the 100 MW receiver. Ine
particular, the model will exhibit all the

Phase 3-8 months
• Test assembly and checkout
• Test
• Data evaluation

energy transport functions of the commercial 
receiver; and utilize as many of the materials, 
manufacturing processes, and design details as 
possible. Technology derived from the program 
will be applicable to either open or closed 
cycle, and various working fluids, specifically 
including helium.

Two program phases are planned. The first 
phase of approximately 16 months would include 
design definition and development, test plan­
ning, fabrication, and functional testing.
The second phase of about 8 months would be 
comprised of test setup, checkout, test con­
duct and data evaluation.
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Bench Model Installation 
140 Ft Test Level

Insulation

Heat
exchanger 
tubing—7

Solar flux

Bench model section view

Two views of the bench model receiver are
shown as the receiver would be oriented to the
solar flux from the 1 MW , field at the ERDAth
Solar Test Facility at Albuquerque, New Mexico. 
The figure on the left shows the extremal rays 
from the field entering the model receiver to 
begin their reflections from the wall on to

Collector
field
geometry

Inclined
aperture-
320

1 MW field ' 
(78 heliostats)

the heat exchanger panels. The receiver is 
designed on the interior and oriented to the 
field to prevent direct impingement of the flux 
on the heat exchanger panels.

The figure on the right shows the installation 
at the 140 foot test level in the planned tower 
at the facility.
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Program Schedule

Milestones 

Task 1
Design requirements definition
Design/analysis
Test planning
Detail design development 

Task II

1976 1977 1978
J|A|S|Q|N|D|J|F|M|A|M|J|J|A|S|Q|nTd J|f|M|A|M|J|J|A|S|Q

Start
Order
materials

Fabrication
complete Ship

Publish 
phase 2 

_ report

Test
readiness
review

Clear
test
facility

Publish
final
report

ID
r

EPRI* * EPRI
approval approval

Phase 2

TestA *— — Model ~ *
certification receiver Test
_____  l ____ on-site complete

Phase 3

Fabricate receiver 
Task III

Instrumentation 
Task IV

Functional test 
Crate and ship 

Task V
Test assembly and disassembly 
Pretest checkout 
Conduct test 

Task VI
Data evaluation 

Task VII
Pilot plant study

□
CD
□

i i □

The schedule shown above lists all the signi­
ficant milestones on the 1 MW , bench modelth
receiver design and test program, and the tasks 
to accomplish the schedule. The program en­
compasses Phase 2 and Phase 3 of EPRI Contract 
RP377-2. Phase 2 includes the design, fabri­
cation, and functional test of the bench model

receiver and is to be completed by November 1,
1977. The schedule includes planning work for
the 10 MW^-rated closed cycle pilot plant.
Phase 3 is an 8-month period to check out and
test the model at the ERDA 5 MW_ Solar Testth
Facility at Albuquerque, New Mexico, and to 
evaluate the data.
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1 MWth Bench Model 
Configuration

Reinforced 
steel 
shell

Flow control valves (8) 
Outlet manifold 

Inlet manifold

Inlet header 

Solar shield

Heat
Exchanger 
Panel

1.1 m
aperture

Insulation

The figure above shows the model receiver as 
configured for testing in the 5 MW^ ERDA Solar 
Thermal Test Facility. With minor modifica­
tions the receiver concept shown can be tested 
in the CNRS Solar Energy Laboratory at Odeillo, 
France. A third test option using electric 
heat is also retained in the event that solar 
test facilities cannot be available in the 
appropriate time frame. Test of the model
receiver at the 5 MW , ERDA facility would be th
scheduled for the second quarter, CY 1978.

The model receiver has an octagonal shape with 
eight independently controlled heat exchanger

panels around the inner periphery. Each heat 
exchanger panel has 54 Inconel 617 tubes in a 
U-shaped configuration. Receiver walls are 
steel and lined with 0.15 meters (6 inches) of 
high temperature insulation as in the commer­
cial receiver concept. Eight flow control 
valves, one in each heat exchanger panel, will 
regulate mass flow and gas temperature allow­
ing evaluation of normal operating conditions 
as well as rapid start-up and shutdown, non- 
symmetrical input, scattered cloud cover, and 
emergency conditions.
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ABSTRACT

The completed conceptual design of a solar/ 
electric power plant intended for intermediate 
load range utility applications is reported 
in this paper. The conceptual design effort 
encompassed all principal aspects of the plant 
system, with particular attention directed 
toward the crucial heliostat field, high 
temperature solar receiver, and turbine/receiver 
interface elements.
The plant employs a conventional and com­
mercially available open cycle, regenerative 
gas turbine as the prime mover. A high 
temperature ceramic heat exchanger is used to 
capture concentrated solar radiation and to 
heat air to the high temperatures (-982 C,
-1800 F) required for efficient turbine 
operation. The gas turbine generator unit 
and the solar receiver/heat exchanger are both 
located atop a tall, steel-reinforced concrete 
tower that is surrounded by an array of sun 
tracking reflecting surfaces (heliostats).
The capital costs, in 1976 dollars, of the 
conceptually designed plant are estimated to 
be in the $1346 to $1659 per kilowatt range, 
depending upon the cost of heliostat subsystems. 
The estimated costs are lower than, and the 
efficiency of this system is superior to, that 
of a water-steam solar/electric system.

Because this solar/electric system uses an 
open cycle gas turbine, it is capable of hybrid 
operation. That is to say that the turbine can 
be powered by solar generated heat from the 
receiver/heat exchanger and/or by combustion 
heat from fossil fuels. This hybrid capability, 
unique to the open cycle gas turbine concept, 
enables the solar power plant to be a reliable 
source of electricity despite weather or time- 
of-day circumstances. Hybrid operation repre­
sents the only practical and economic approach 
to storage currently available and further, it 
makes utility demand capacity credit feasible 
for a solar/electric power plant.
This conceptual design demonstrates promise 
for a commercial size solar/electric plant.
To pursue the maturation of this concept into 
a commercial demonstration plant, the next 
developmental step should be the design, 
fabrication, and test of a 1 MWt high 
temperature cavity heat exchanger. Following 
those successful tests, a 10 MWe (equivalent) 
open cycle, solar/electric pilot plant should 
be designed, constructed, and operated as a 
forerunner to the commercial demonstration 
plant.
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1. INTRODUCTION

STATEMENT OF PROJECT OBJECTIVES AND APPROACH 
The central receiver, solar thermal conversion 
system has been chosen by the Electric Power 
Research Institute (EPRI) and by the Energy 
Research and Development Administration (ERDA) 
as that system possessing the greatest technical 
and economic potential for further development. 
ERDA is concentrating their initial efforts on 
the water-steam Rankine cycle. EPRI has 
chosen to develop the Brayton cycle for solar/ 
electric applications because it precludes the 
problems of two-phase flow inherent in water- 
steam systems, because higher cycle efficiencies 
are possible, and because water requirements 
are much lower, particularly for the open 
Brayton cycle.
In July 1975, EPRI awarded a one year contract 
to Black & Veatch to develop a conceptual 
design of a central receiver, solar/electric 
system which utilizes an open cycle gas 
turbine as the prime mover. The two primary 
objectives of the project were to

• Prepare a conceptual design for a high 
temperature cavity receiver/heat

exchanger suitable for commercial 
applications (50 to 100 MWe) and capable 
of delivering compressed air at 
approximately 0.931 MPa (135 psia) and 
982 to 1093 C (1800 to 2000 F).

• Utilize existing turbomachinery to the 
maximum extent possible and identify 
practical means and necessary interfaces 
for hybrid operation from either the solar 
receiver or a fossil fuel combustor.

Other important objectives were to verify 
the performance of promising heat exchanger 
materials and design concepts by v^eans of small 
scale laboratory tests; to design the heliostat 
field and receiver cavity geometry for me 
most efficient operation of the open Brayton 
cycle; and to develop costs for the overall 
system design.

9-3



Blank Page



2. OVERVIEW

SOLAR
EXHAUSTCAVITYAMBIENT AIR

BRAYTON CYCLE

EXHAUST

SCHEMATIC FLOW DIAGRAM - OPEN BRAYTON CYCLE

UPPER TOWER FEATURES

FIGURE 1 PERSPECTIVE VIEW OF THE OPEN CYCLE
SOLAR THERMAL CENTRAL RECEIVER SYSTEM

DESCRIPTION OF THE OPEN CYCLE, SOLAR THERMAL 
CENTRAL, RECEIVER SYSTEM
The central receiver system consists of a 
large field of individual mirrors (heliostats) 
which continuously track the sun in order to 
redirect and concentrate the sun's rays into a 
central receiver mounted atop a tower. Within 
the receiver, the concentrated solar thermal 
energy heats the working fluid (compressed air) 
which is then used to drive a turbine-generator. 
An artist's perspective view, shown in Figure 1, 
illustrates the general arrangement.

The inset at upper left is a schematic flow 
diagram of the regenerative, open Brayton cycle. 
Ambient air is compressed by about a factor of 
nine and directed to a regenerator where it is 
further heated to about 482 C (900 F) by the 
turbine exhaust gases. From this point the 
air may enter either a standard fossil fuel 
combustor or the solar receiver heat source 
where it is heated to a turbine inlet

temperature of 982 to 1066 C (1800 to 1950 F). 
Finally, the heated air is permitted to expand 
through the turbine and is exhausted through 
the regenerator.

To minimize the air flow path lengths among 
compressor, heat source, and turbine, the 
turbine-generator set is mounted just below the 
central receiver cavities (one for each field 
quadrant) as shown in the right hand inset.

The heliostat field design is based on a non- 
uniform density of heliostats (ground cover) 
in each of four field quadrants. The most 
closely packed heliostats are near the base of 
the tower in each quadrant; the south quadrant 
has the highest average ground cover. The 
north quadrant is larger because of the 
larger effective mirror aperture (cosine factor) 
for this part of the field for a northern 
hemisphere plant location.
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APPROACHES TO THE DESIGN OF MAJOR SUBSYSTEMS 
The major subsystems that comprise the Open 
Cycle Gas Turbine Solar/Electric System are 
highly interdependent. Therefore, each 
subsystem was designed by considering the con­
straints and requirements imposed by the other 
subsystems before selecting the best design 
from among the available options.
The major requirements and problems which were 
addressed are summarized here. The trade-offs, 
analyses, and final conceptual designs are 
described later in the report.
Heliostat Field/Receiver Configuration 
The heliostat field/receiver configuration can 
be thought of as a degenerate parabolic dish 
spread flat upon the ground, and made up of 
individual facets (heliostats). The focal 
point of this dish is the receiver at the tower 
top. The field/receiver configuration is 
therefore a coupled design problem. Both 
360° fields and sector fields were analyzed, 
as well as uniform and non-uniform heliostat 
ground covers (spacings). Both single and 
multiple aperture receivers were considered 
as well as multiple receivers. The criteria 
for choosing the final design included high 
performance, flexibility, reliability, and low 
cost.
Electric Power Generation 
The selection of the gas turbine for the 
electric power generation subsystem establishes 
several system design requirements. The heat 
rate (or cycle efficiency) of the turbine 
establishes the amount of solar thermal energy 
required from the receiver and, hence, the 
size of the heliostat field/receiver subsystem. 
The inlet temperature of the turbine specifies 
the required heat exchanger outlet air 
temperature, and the turbine compression ratio 
influences the stresses in the heat exchanger 
tubing and in the interface ducting network.
A requirement for turbine selection was that 
existing hardware be utilized to the fullest

extent possible in order to avoid lengthy and 
costly turbine development programs. Finally, 
the turbine selected must be capable of hybrid 
operation in either the solar or fossil fuel 
modes.

Storage
Storage in the Open Cycle Gas Turbine Solar/ 
Electric System is provided by operating the 
turbine from conventional fossil fuels (fuel 
oil or gas) during periods of solar outage.
Hybrid operation of the turbine represents one 
of the principal advantages of the open cycle 
system. Both short and long term storage can 
be provided in this way. The design require­
ment is to interface the selected turbine with 
both solar and fossil heat sources so that 
rapid transition between heat sources, or 
simultaneous operation with solar and fossil 
energy, can occur.
Receiver Cavity Heat Exchanger 
Design of the receiver cavity/heat exchanger 
was the single most important problem addressed 
in this project. An acceptable design must 
meet the following requirements.

• Production of outlet air temperature in
the range of 982 to 1066 C (1800 to 2000 F).

• Minimum pressure drop between compressor 
and turbine.

■ Materials selection to withstand internal 
gas pressure of -931 kPa (-135 psia) and 
thermal stresses of 34.5 to 68.9 MPa 
(5,000 to 10,000 psi) at the working 
temperatures (1204 C, 2200 F).

• Configuration to minimize losses by 
reradiation, reflection, and convection.

Because of the importance of this subsystem 
to the success of the overall open cycle 
conversion system, laboratory tests of 
candidate materials and model heat exchanger 
designs were carried out to support the final 
conceptual design choice.
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Receiver Tower
Although the structures for supporting the 
receiver and electric power generation sub­
systems were not identified as a major subsystem 
(nor included in the receiver/heat exchanger 
subsystem), that design is crucial to the 
successful operation of the system. The tower 
must be capable of supporting the combined 
weights of the equipment located atop it when 
subjected to both wind and seismic loading.
Sway must be minimized to prevent excessive

loss of redirected sunlight at the receiver.
The system conceptual design was directed 
toward a commercial size utility system (50 to 
100 MWe) under the assumption that if the 
feasibility of a system this size could be 
demonstrated, then further development of small 
scale pilot or bench model systems and 
subsystems would be justified.



Nominal Plant Capacity 60MWe

Nominal Turbine Heat Rate 9300 Btu/kWh

Heliostat Field/Receiver Configuration

Total land area 643,000 m2 (6.9 x 106 ft2)
Field shape Oval
Number of heliostats 6990
Average ground cover 0.42
Total heliostat area 260,000 m2 (2.8 x 106 ft2)
Heliostat area (each) 37.17 m2 (400 ft2) - circular
Receiver configuration 4, octagonal, cylindrical cavities
Receiver tower height 213.4 m (700 ft)

Receiver Cavity Heat Exchanger

Type Multiple U-tube
U-tube length/diameter 12.1 m/10.2 cm (40 ft / 4 in)
Number of U-tubes (4 cavities) 280
U-tube material Silicon carbide
Air inlet conditions, nominal 931 kPa, 482 C (135 psia, 900 F)
Air outlet conditions, nominal 896 kPa, 1038 C (130 psia, 1900 F)

Energy Storage

System type Hybrid — solar and combustion
Storage medium Fossil fuel

Receiver Tower

Tower structure Steel reinforced concrete
Turbine/Receiver platform Structural steel space frame

FIGURE 2 BASELINE CONCEPTUAL DESIGN SUMMARY

DESCRIPTION OF BASELINE CONCEPTUAL DESIGN 
The principal result of this project was the 
specification of a commercial size, baseline 
conceptual design of the open cycle central 
receiver system. As in the case of convention­
al power plants, the design was built around 
a commercially available gas turbine, and sized 
by EPRI direction to meet utility, intermediate 
load requirements.
At the outset, it was decided to utilize the 
regenerative Brayton cycle to obtain the highest 
thermal cycle efficiency, thereby minimizing 
the number of heliostats required for a given 
plant capacity rating. Gas turbines which will

be commercially available in the mid 1980's 
were considered in the selection process.
The largest available regenerative, open 
cycle turbine is the General Electric MS 7001R 
nominally rated at 60 MWe. This turbine was 
selected for the baseline design. Establishing 
the turbine rated capacity and guaranteed 
heat rate permits the sizes of the heliostat 
field, tower height, and receiver cavities to 
be determined.
A summary of the baseline conceptual design 
is given in Figure 2.
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FIGURE 3 SOLAR THERMAL, HYBRID OPEN CYCLE GAS 
TURBINE SYSTEM PERFORMANCE

PERFORMANCE OF BASELINE SYSTEM 
Diligent system design utilizing commercially 
available turbomachinery permits the achieve­
ment of a 21.7 per cent overall efficiency for 
the complete energy conversion process. This 
value is approximately 20 per cent higher than 
comparable water-steam central receiver system 
efficiencies.

Categorization of Loss Mechanisms 
The efficiency performance of this hybrid 
system, subdivided into pertinent loss 
mechanisms for the major subsystems, is shown 
in Figure 3. Heliostat field performance is 
impaired by three factors: (1) mirror surface
foreshortening, (2) heliostat shadowing and 
blocking, (3) mirror reflectivity losses. 
Aperture efficiency and cavity efficiency 
collectively describe the central receiver's 
capability to capture redirected solar energy

and to subsequently affect a heat exchange 
process with the working fluid of the gas tur­
bine. There are minor system performance losses 
due to thermal and pressure losses in the inter­
facing network that links the central receiver 
to the turbine. No losses are encountered in the 
energy storage subsystem because the hybrid 
nature of the solar thermal open cycle concept 
permits the turbine to operate at the same 
level of effectiveness regardless of whether 
the heat source is solar energy or fossil fuel.

The solar related subsystems convert 58.8 per 
cent of the incoming solar energy into usable 
thermal energy. The General Electric MS 7001R 
regenerative gas turbine, with a quoted thermal 
efficiency of 37 per cent, is coupled with the 
solar subsystems to give an overall system 
efficiency of 21.7 per cent.
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Collector/Concentrator Subsystem

Land and fencing 210,000
Heliostats at S100/M2 25,989,000

26,199,000
Heat Transfer Subsystem

Heat exchangers 5,626,000
Receiver cavities 2,865,000
Balance 1,380,000

9,871,000
Electric Power Generation Subsystem

Turbine-Generator 10,200,000
Electrical equipment 1,600,000
Fuel storage equipment 240,000
Balance 2,500,000

14,540,000
Receiver Support Tower

Tower and mat 5,900,000
Cavity and turbine pedestals 2,100,000
Balance 1,275,000

9,275,000

Balance of Plant 2,600,000
Total Direct Cost 62,485,000

Contingency and Spare Parts (5%) 3,125,000
Indirect Cost (10%) 6,250,000

Total Capital Investment (1976) 71,860,000
Interest During Construction (15%) 10,779,000

Total Cost at Commercial Operation S 82,639,000
Cost per Peak Kilowatt $ 1,502

FIGURE 4 60 MWe OPEN CYCLE GAS TURBINE SOLAR/ELECTRIC 
SYSTEM - ESTIMATED COST SUMMARY (1976 Dollars)

SUMMARY OF CAPITAL COSTS
The projected cost, in 1976 dollars, of the open 
cycle solar/electric system ranges from $1346/kW 
to $1659/kW, depending upon the cost of the 
heliostat field system. The total estimated cost 
at commercial operation of a nominally 60 MWe 
plant is $82,639,000, assuming a median heliostat 
subsystem cost of $100/M . The cost per kilo­
watt figures were developed using the 55 MWe 
capacity expected from a General Electric 
MS 7001R at the Inyokern, California plant site.
Origin of Cost Estimates
The costs displayed in Figure 4 were generated by 
breaking the various subsystems into their 
principal components. Costs were subsequently 
gathered from the appropriate manufacturers and 
integrated with the power plant cost estimating 
experience of Black & Veatch. The total projected 
cost includes allowances for estimated interest 
during construction and for construction

contingencies. Allowances for the development 
efforts where required are not included. 
Additional information supporting this cost 
summary may be found in the detailed technical 
report.
While the costs of many system elements can be 
identified rather clearly, the immature nature 
of some technologies precludes the projection 
of related costs with certainty. A notable area 
of concern is the heliostat field. To allow for 
heliostat cost uncertainty and due to the 
significant impact of this cost element on the 
total system cost, a $75/M to $125/M range of 
heliostat subsystem costs was utilized to cal­
culate the costs per kilowatt quoted above.
This range of heliostat costs is anticipated to 
bracket the commercial application price of 
heliostat systems, based upon the present 
expectations of various ERDA development programs
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3. HELIOSTAT FIELD/RECEIVER CONFIGURATION DESIGN

FIGURE 5a NORTH FIELD FIGURE 5b 360* FIELD 
CONCEPT CONCEPT

FIELD TOWER HEIGHT MIRROR AREA

NORTH
CONCEPT

396 M
(1300 FT)

219.000 M2 
(2.356.000 FT2)

360°
CONCEPT

213 M
(700 FT)

268.000 M2 
(2.883,000 FT2)

FIGURE 5c SYSTEM CHARACTERISTICS

100 150 200 250 300 350 400 (Ml
TOWER HEIGHT

s
II-

90 SECTOR 
HELIOSTAT FIELD

360' HELIOSTAT FIELD

75 100
HELIOSTAT COSTS l$/M2)

FIGURE 5d SUPPORT TOWER COSTS FIGURE 5e COST CHARACTERISTICS OF HELIOSTAT 
FIELD-TOWER ALTERNATIVES

CHOICE OF HELIOSTAT FIELD CONFIGURATION 
A 360° heliostat field was chosen because it 
resulted in lower total heliostat-tower costs, 
lower tower height, and higher receiver 
efficiency.
Characteristics of Alternative Field Geometries 
Figure 5a illustrates the north field heliostat 
geometry concept. A pie-segment field of mirrors 
to the north of the tower redirects sunlight 
into a receiver atop the tower. In the northern 
hemisphere, heliostats in this field are more 
efficient than those located in other sectors.
The sun's rays strike the mirror surfaces at 
more nearly normal incidence, thus leading to 
a larger effective mirror aperture area per 
heliostat (the so-called cosine effect). 
Accordingly, fewer heliostats are required to 
meet the power specification. On the other 
hand, placing all the heliostats north of the 
receiver tower results in a large field radius.

Consequently, slant ranges from the northern­
most heliostats are large and a tall tower is 
required to reduce blocking of sunlight from 
these heliostats.
The 360° field concept is shown on Figure 5b. 
Completely encircling the tower with heliostats 
reduces the heliostat field radius, heliostat 
slant ranges, and the required tower height. 
However, additional mirror area is necessary 
because of a less favorable cosine effect 
associated with the southern heliostats.
Implications for Receiver Design 
Efficient collection and conversion of re­
directed sunlight to high temperature thermal 
energy within the receiver requires that the 
receiver aperture be large enough to collect a 
high percentage of the redirected solar flux 
(aperture efficiency) yet small enough to 
prevent excessive reradiation and reflection
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losses (cavity efficiency). Because reflected 
sun image sizes increase with the slant range, 
short slant ranges are preferred in order to 
maximize the product of aperture and cavity 
efficiencies. Shorter towers are preferred 
because erection and maintenance of the 
receiver and turbomachinery at the top is 
facilitated.

Evaluation of Alternatives
The heliostat area and tower heights required 
for the two field geometry alternatives are 
shown on Figure 5c. Figure 5d demonstrates 
the relationship of support tower cost to tower 
height. The cost effective design identified 
by Figure 5e, reinforced by receiver considera­
tions, is the 360° field concept.
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FIGURE 6a ANNULUS APERTURE RECEIVER 
CONFIGURATION

FIGURE 6b MULTIPLE APERTURE RECEIVER 
CONFIGURATION

CHOICE OF RECEIVER CONFIGURATION 
Four independent cavities, each facing a 90° 
sector of the 360° heliostat field, were chosen 
to constitute the central receiver because 
turbine/receiver interface ducting was 
simplified while overall efficiency and system 
operational flexibility were enhanced.

Description of Receiver Options 
The annulus receiver configuration, illustrated 
on Figure 6a, consists of an open-bottom, 
cylindrical enclosure that circumferentially 
admits redirected sunlight via the tower- 
receiver annular separation space between the 
three receiver supports. The multiple cavity 
alternative, shown on Figure 6b, consists of 
four independent cavities. Each cavity accepts 
solar energy from a 90° sector of the heliostat 
field via a vertical aperture.

Advantages of Multiple Cavities 
Large volumes of hot, compressed air must flow 
between the receiver and turbine, and turbine 
exhaust gases need to be vented to the atmosphere. 
Large ducts are required to transport these 
gases in order to maintain turbine cycle 
efficiency. It is not possible to route these 
large ducts through the annular separation zone 
without unacceptably compromising receiver per­
formance because of aperture size and cavity 
loss considerations. Alternatively, the four- 
cavity concept permits routing the ducts between 
and behind the cavities without obstructing the 
apertures.

The multiple cavity concept offers the additional 
advantage of simplifying receiver structural 
support design since the cavity floor and walls 
are directly accessible. Further, system 
reliability and flexibility are enhanced because 
individual cavities can be isolated in the event 
of component failure, and they can be selectively 
operated in response to time-varying insolation 
conditions.
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1,

FIGURE 7a PLAN VIEW OF BASELINE
DESIGN HELIOSTAT FIELD

FIELD

NUMBER OF HELIOSTATS 6990

HELIOSTAT AREA 260.000 Ml2

LAND AREA (INCLUDING CUTOUT) 643.000 M2

GROUND COVER

MAXIMUM 0.58
MINIMUM 0.27
AVERAGE 0.42

REDIRECTED POWER- NOON,MARCH21 187 MW,

HELIOSTAT

HELIOSTAT SIZE 37.17 M2

SHAPE CIRCULAR

MIRROR REFLECTIVITY 0.85

FOCUSING: FOCAL LENGTH EQUAL TO SLANT RANGE

FIGURE 7b FIELD CHARACTERISTICS

DESCRIPTION OF HELIOSTAT FIELD LAYOUT 
An oval field, with the tower south of center 
and a non-uniform heliostat ground cover, was 
chosen as the baseline heliostat field geometry. 
The field boundary and ground cover at all 
points within the field were selected to reduce 
the number of heliostats and the land area 
required to meet the plant thermal power 
requirements.
Sensitivities in Heliostat Field Design 
The density of heliostat ground coverage 
and the position of the receiver tower relative 
to the field boundaries is influenced by slant 
range-receiver aperture considerations, cosine 
effects, and the shadowing/blocking of helio­
stats by near neighbors.

Parametric evaluation of these various effects 
by means of an optical, ray-trace computer code 
established a proper heliostat ground cover ratio 
as a function of distance and direction from the 
tower. The proper ground cover was that which 
provided the best trade-off among the previously 
listed effects. The boundary of the field was 
established by minimizing the number of helio­
stats required to meet the desired power level 
into the four cavity receivers (187 MWt). The 
baseline field design layout, shown on Figure 7a, 
is comprised of circular, focusing heliostats 
with each one's focal length equaling its slant 
range.
The pertinent characteristics of the heliostat 
field are tabulated on Figure 7b. An overview of 
the field is provided on Figure 1.
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4. GAS TURBINE SELECTION, INTERFACES AND HYBRID OPERATION

EXHAUST DUCT

FIGURE 8 THE BASELINE CONCEPTUAL DESIGN TURBINE - 
GENERAL ELECTRIC MS 7001R

SELECTION OF GAS TURBINE 
The General Electric MS 7001R gas turbine, 
nominally rated at 60 MWe, was selected for the 
conceptual baseline design because it is the 
largest regenerative gas turbine expected to be 
commercially available in the mid 1980's.

Assessment of Turbine Characteristics 
Solar thermal power plant designs are built 
around the requirements of the system prime 
mover, just as in conventional plant design. 
Specifying a gas turbine permits central 
receiver mass flow rate, inlet pressure, outlet 
temperature, and other design objectives to be 
established with confidence of turbine 
compatibility.

The uncertain nature of the future solar market 
discourages manufacturers from undertaking 
costly turbine development programs and argues 
forcefully for using existing, proven machines. 
Moreover, the practicality, complexity, and cost 
of required modifications to these existing

turbines must be considered in the selection 
process. High turbine thermal cycle efficiency 
is clearly desirable because it reduces the heat 
input requirements, and thus the number of 
heliostats, of the system. A regenerative 
Brayton cycle machine utilizing waste exhaust 
gas heat improves simple cycle efficiency with­
out undue complexity and without increasing 
plant water requirements.

Dialogues with major turbine manufacturers 
were established to ascertain their plans with 
respect to commercial offerings in the 1980's. 
Turbine configurations were evaluated to deter­
mine the adaptive modifications required to 
permit turbine/receiver interfaces. The General 
Electric MS 7001R was the superior machine, 
based upon these considerations and a criterion 
of near-term, utility-type commercial operation. 
The standard configuration of this gas turbine 
package power plant is shown on Figure 8.
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FIGURE 9a SERIES PATH HEAT 
SOURCE CONCEPT

KDi
HD-1

FIGURE 9b PARALLEL PATH HEAT 
SOURCE CONCEPT

LEGEND:

C - COMPRESSOR 
R - REGENERATOR 
S - SOLAR HEAT EXCHANGER 
F - FOSSIL FUEL COMBUSTER 
T • TURBINE

•i—(T)—1«-

FIGURE 9c RECOMMENDED SYSTEM FLOW DIAGRAM

DESIGN FOR HYBRID OPERATION 
A concept was developed that allows hybrid 
turbine operation from either solar energy or 
fossil fuel, or a combination of both, so that 
power generation is not subject to fluctuation 
due to the intermittent and variable nature of 
available sunlight.

Advantages of Hybrid Design 
Two types of energy storage are pertinent for 
solar conversion systems. Buffer storage 
provides power to the turbine subsystem during 
transient or short-term solar outages such as 
passing clouds. Long-term storage is needed 
during extended solar outages. Conventional 
gas turbine operation with fuel combustion 
provides a feasible means by which both storage 
requirements are satisfied. Therefore, hybrid 
operation represents a principal advantage of 
this plant because it provides the power system 
with a high level of availability and a depend­
able generating capability. Hybrid operation 
permits the turbine to operate continuously, 
despite transient or long-term solar outages.

thereby guaranteeing plant capacity credit and 
enabling the plant to respond to evening peak 
power demand.

Possible fossil fuel combustor arrangement, 
shown on Figures 9a and 9b, include either a 
series or a parallel path with the solar 
cavities. The parallel path arrangement has 
distinct advantages.

• Lower working fluid pressure drop enhances 
cycle thermal efficiency.

• No combustion products pass through the 
solar cavity.

• Controllable combustor air flow facilitates 
pilot flame ignition and stabilization 
just prior to fuel use.

• Cool air is readily available for fossil 
fuel combustor cooling.

• Heat source air flow can be modulated to 
maximize solar energy utilization while 
maintaining a constant turbine inlet 
temperature.
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An external combustor location is required to 
implement the parallel path heat source 
arrangement. The external combustors would 
replace the existing internal combustors in the 
combustion wrapper of the GE MS 7001R. 
Preliminary discussions with General Electric 
technical personnel indicate that such a 
modification is feasible. The superior, 
parallel path-external combustor arrangement 
shown on Figure 9c, was incorporated in the 
four solar receiver system design.
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EXHAUST DUCT

rURBINE/SOLAR RECEIVER/COMBUSTOR 
INTERCONNECTING DUCTS
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FIGURE 10a PLAN VIEW OF TURBINE PLATFORM 
HYBRID, SOLAR/ELECTRIC GAS 
TURBINE SYSTEM WITH INTERFACES

FIGURE 10b ELEVATION VIEW OF HYBRID, SOLAR/ELECTRIC 
GAS TURBINE SYSTEM WITH INTERFACES

DESIGN OF TURBINE/RECEIVER INTERFACES 
The turbine/receiver conceptual interface 
design was selected because it enhances system 
operational flexibility and reliability while 
minimizing the need for adaptive turbine 
modifications.

Requirements of Component Interfaces 
The solar and fossil heat sources must be 
linked with the gas turbine. Preheated, com­
pressed air from the regenerator must be 
directed to the heat sources and, subsequent to 
attaining design temperature, be ducted into 
the turbine for expansion. The network linking 
these system components, shown on the Figure 9c 
flow diagram, should minimize heat loss and 
pressure drops in the working fluid, include a 
means to modulate heat source air flow, inter­
connect the heat sources to provide operating

flexibility, and utilize existing technology 
where possible. Alterations in the turbine 
frame cannot be permitted due to the production 
line techniques used in turbine manufacture.

Detailing the Interface Network 
The normal MS 7001R regenerative ducting and 
combustion wrapper constitute key elements of 
the interface scheme. Conventional piping 
attached to each of the four, large regenerator 
discharge ports carries preheated air to the 
cavities, with branches leading to the combustors 
These four lines are interconnected upstream of 
the butterfly valves that are used to control 
the air flow. At the heat source outlet, a 
shutoff valve is provided for component isolation 
Although such high temperature (1038 C, 1900 F) 
valves are not available at present, valve
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manufacturers indicate that they can be 
fabricated using existing technology. Special 
high temperature ducts are necessary to carry 
the hot gases to the turbine combustion 
wrapper connection flange. These ducts would 
be fabricated of alloy steel with an internal 
thermal barrier to insulate the metal from the 
high gas temperature. Since the combustors 
have been removed from the turbine frame, a

similar lining would be placed within the 
combustion wrapper to provide protection from 
the 1038 C (1900 F) air. Piping interconnections 
on this return circuit of the network ensure 
turbine heat source operational flexibility.
The piping network and system components lay­
outs are depicted on Figures 10a and 10b.
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5. RECEIVER CAVITY AND HEAT EXCHANGER DESIGN

GRAPHICAL DATA ARE REPRESENTATIVE OF PERFORMANCE TRENDS ONLY. THE SIMPLE 
NATURE OF THE MODELING ALGORITHMS PRECLUDES THE CONSIDERATION OF ALL LOSS 
MECHANISMS THAT REDUCE MACHINE EFFICIENCY.

(PSD

700 800 900 1000 1100 (C)

TURBINE INLET TEMPERATURE

10 30 50 70 90 110 (kPa)

HEAT SOURCE PRESSURE DROP

FIGURE 11a EFFECTS OF TURBINE INLET TEMPERATURE 
ON TURBINE CYCLE EFFICIENCY

FIGURE 11b EFFECTS OF PRESSURE DROP WITHIN HEAT 
SOURCE ON TURBINE CYCLE EFFICIENCY

DEFINITION OF IMPORTANT RECEIVER 
DESIGN REQUIREMENTS
Receiver design requirements were determined 
with regard to outlet gas temperature, gas 
pressure drop, overall receiver efficiency, 
receiver size, and receiver weight.

Advantages of High Outlet Gas Temperature 
For an open regenerative Brayton cycle, the 
cycle efficiency increases as the turbine inlet 
gas temperature increases, as Figure 11a 
illustrates. The turbine selected for the 
baseline design, the GE MS 7001R, has turbine 
inlet temperatures of about 1010 and 1066 C 
(1850 and 1950 F) for baseload and peak 
operation, respectively. Receiver outlet 
temperatures below these values would lower 
both the cycle efficiency and the turbine 
rating, while a receiver outlet temperature

above these values would not be compatible 
with the turbo-machinery. Therefore, the 
receiver outlet gas temperature should be about 
1038 C (1900 F).
Determination of Proper Pressure Drop 
The pressure drop between the compressor outlet 
and the turbine inlet has a strong impact on 
cycle efficiency as shown on Figure 11b. In 
conventional operation, the compressor-to- 
turbine pressure drop, exclusive of the regener­
ator, is 34 to 48 kPa (5 to 7 psi). Because 
there will be duct losses, the receiver pressure 
drop should be in the range of 21 to 34 kPa 
(3 to 5 psi). While reducing this value would 
increase cycle efficiency, it would also lead 
to flow distribution problems within the heat
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exchanger, with associated "hot spots" and 
potential material problems.
Determination of Proper Aperture Size 
The aperture size has two effects on system 
efficiency. The first, denoted aperture 
efficiency, is that fraction of the power, 
cleanly redirected from the heliostat field, 
which enters the aperture. The second, 
denoted cavity efficiency, is that fraction 
of the power, cleanly entering the aperture, 
which is retained within the cavity and 
absorbed by the working fluid. Clearly, as 
aperture size increases, aperture efficiency 
increases and cavity efficiency decreases.

The aperture should be sized so as to maximize 
the product of aperture and cavity efficiencies.
Penalties for Receiver Size and Weight 
As the receiver size and weight increase, the 
costs of the receiver and associated equipment 
increase. Further, in order to adequately 
support the receiver subsystem, the tower 
structure size and cost increase. Therefore, 
the size and weight of the receiver should 
be as small as is consistent with the receiver 
operating requirements.
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FIGURE 12a TUBE-TYPE RECEIVER
HEAT TRANSFER SURFACE

SELECTION OF HEAT TRANSFER SURFACE GEOMETRY 
A tube-type geometry was selected as superior 
to an extended-surface geometry with regard to 
reliability, fabricability, commercial avail­
ability of components, cavity efficiency, and 
the cost. The performance characteristics of the 
two geometries were determined by detailed, 
three-dimensional, multi-modal heat transfer and 
stress analyses. These analyses were later 
experimentally verified.

Advantages of Tube-Type Geometry
The tube-type geometry is shown in Figure 12a.
The compressed, preheated air flows through 
tubes, the outsides of which are heated by 
redirected solar radiation. The tubes are 
separated from each other and are located in 
front of a diffusely reflecting surface. This 
arrangement minimizes the circumferential vari­
ation of tube temperature, and therefore the 
thermal stresses in the tubes. Analysis showed 
that this geometry, when properly configured, 
has lower stresses, lower material temperatures, 
lower gas pressure drop, and higher heat transfer

I I I ! I I .

SIDE VIEW

TOP VIEW

AIR ' 
FLOW

SOLAR RADIATION

FIGURE 12b EXTENDED SURFACE RECEIVER 
HEAT TRANSFER SURFACE

surface efficiency than the extended-surface 
geometry. The high heat transfer surface 
efficiency results in higher cavity efficiency, 
as well as smaller receiver size and reduced 
weight. Further, this geometry can be fabricated 
from commercially available components with a 
minimum of field erection.

Disadvantages of Extended Surface Geometry 
The extended-surface geometry is shown in 
Figure 12b. The air flows between a web and a 
back surface. The web contains many hollow 
fingers which protrude into the gas flow path.
The redirected solar radiation strikes the 
concave side of the web, where a portion is 
trapped within the fingers and heat is transferred 
to the gas. In addition to performing poorly in 
comparison with the tube-type geometry, this 
geometry requires extensive field erection from 
components not currently commercially available. 
Further, repair or replacement of a portion of the 
heat transfer surface would be more difficult, 
time consuming, and expensive than for the tube- 
type geometry.
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• COMMERCIAL AVAILABILITY MATERIAL SELECTION

• AVAILABLE JOINING TECHNIQUES

• CAPITAL COST

• STRENGTH

• MECHANICAL & THERMO-OPTICAL PROPERTIES

• RESISTANCE TO THERMAL SHOCK

• RESISTANCE TO OXIDATION

SILICON CARBIDE (Design Choice)

HIGH ALLOWABLE STRESS
LOW THERMAL STRESS
AVAILABLE HIGH TEMPERATURE JOINING
TECHNIQUES

CORDIERITE (Design Alternative)

HIGH ALLOWABLE STRESS 
LOW THERMAL STRESS
HIGH TEMPERATURE JOINING TECHNIQUES NOT
AVAILABLE
EASY TO FABRICATE

ALUMINUM OXIDE

LOW ALLOWABLE STRESS 
HIGH THERMAL STRESS
VERY GOOD JOINING TECHNIQUES AVAILABLE

FIGURE 13a CERAMIC MATERI ALS EVALUATION 
CRITERIA

SELECTION OF HEAT EXCHANGER TUBE MATERIAL 
Silicon carbide and cordierite were selected as 
the design and back-up materials, respectively, 
because they are superior to all other materials 
considered with regard to mechanical properties, 
resistance to thermal shock, resistance to 
oxidation, fabricability, commercial availa­
bility, and cost.
Rejection of Metals
Metals currently available in tube form (e.g. 
Inconel 600, Inconel 617, Haynes 188) are not 
suitable for extended operation above 871 C 
(1600 F) at the stress levels expected in the 
high-temperature heat exchanger. With this 
material temperature limit, a maximum receiver 
outlet gas temperature of about 732 C (1350 F) 
could be attained. Because this gas temperature 
is significantly below the required turbine in­
let temperature, metals were rejected.

FIGURE 13b COMPARATIVE CHARACTERISTICS OF 
CANDIDATE MATERIALS

Identification of Suitable Ceramics 
A large number of ceramic materials were 
considered. Three of these materials, silicon 
carbide, cordierite, and alumina, were initially 
selected as the most suitable for this applica­
tion. The criteria used in this selection are 
listed in Figure 13a.
Final Material Selection 
Each of the three candidate materials was 
analyzed in detail. Each had advantages and 
disadvantages with respect to the other two.
These are summarized in Figure 13b. Silicon 
carbide and cordierite were selected because 
reliability and resistance to thermal shock are 
considered to be the most important criteria. 
Reliability was defined as the ratio of allowable 
stress to operating stress.
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FIGURE 14 CUTAWAY OF U-TUBE-TYPE CAVITY RECEIVER 
HEAT EXCHANGER

ADVANTAGES OF U-TUBE CAVITY RECEIVER DESIGN 
The cavity heat transfer surface was designed 
as a series of vertical U-tubes, because of ease 
of erection, simple component replacement, and 
low operating stresses.

Description of U-Tube Configuration
The U-tube cavity receiver is shown in Figure 14.
Both the inlet and outlet headers are located
beneath the cavity floor. The U-bend is located
above the cavity ceiling. Pneumatic cylinders,
located above the U-bends, keep each U-tube in
compression.

The U-tubes, constructed of 10.2 centimeter 
(4 inch) diameter tubes, are all 12.2 meters 
(40 feet) long, but the four cavities vary in 
width according to which sector of the non- 
uniform heliostat field they face and hence, the 
amount of solar thermal power input to the 
cavities. A nominal cavity dimension is 14.6 
meters (48 feet) between opposite octagonal 
faces. Each cavity houses approximately 70

U-tubes, although the exact number is dependent 
upon cavity size and power level.

Advantages of the U-Tube Configuration
• Because the headers and U-bends are 

outside the flux zone, the stresses in 
these components are reduced.

• Because the tube-header and the tube-U-bend 
joints are out of the flux zone, these 
joints can be designed to withstand only 
the temperature and pressure of the heated 
air.

• Because the tubes are in compression, 
the joints can be pressure seals. Joints 
of this type are not rigid, but will permit 
some displacement of the tube ends. This 
will reduce thermal stresses in the tubes.

• Because the headers are both below the 
cavity, the hot and cold legs of the 
U-tubes can be of unequal length, thereby
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equalizing the total thermal expansion of 
both legs. These header locations also 
minimize duct lengths, and therefore the 
working fluid pressure drops and material 
costs.

• The compressive load can be designed to 
just overcome internal gas pressure or to

prestress the tubes so as to minimize 
tensile stresses. The degree of compression 
will depend on the tube manufacturing 
characteristics, particularly tolerances 
and straightness.

• Any single tube can be readily replaced.
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FIGURE 15a SINGLE TUBE TEST FIGURE 15b END VIEW OF THE SINGLE TUBE 
TEST SETUP

FIGURE 15c U-TUBE TEST SETUP

40.6 CM 
(16 INI"

2.5 CM i (1 IN)

10.2 CM 5.0 CM 
.12 IN),

10.2 CM
(4 INI

FIGURE 15d U-TUBE THERMAL CYCLING EXPERIMENT 
CONFIGURATION

RATIONALE FOR MATERIAL AND CONFIGURATION TESTS 
The design materials and tube configuration were 
experimentally tested because the material 
thermo-optical properties were not known, the 
heat transfer analytic methodology had not been 
verified, and the structural stability of a 
ceramic U-tube subjected to thermal cycling had 
not been determined.

Measurement of Material Thermo-Optical 
Properties
The material thermo-optical property tests were 
performed by the TRW Systems Group Thermophysics 
Laboratory. Both the directional and hemispheri­
cal reflectivity and emissivity, as functions of 
wavelength and material temperature, were 
measured for silicon carbide and cordierite.
These measurements were made using both the 
Gier Dunkle Heated Cavity Reflactometer and the 
TRW Paraboloid Reflectometer.

Verification of Analytic Methodology 
In order to verify the heat transfer analytic 
methodology, a series of single tube test 
experiments, which duplicated as closely as 
possible the heat transfer surface of the base­
line design, were performed at Georgia Institute 
of Technology. The experimental set-up is shown 
on Figures 15a and 15b. The center tube contains 
the preheated compressed air; the side tubes 
are cooled with ambient air. With the flow 
conditions in the center tube held constant for 
each test run, the ambient flow in the side 
tubes was varied until thermocouples at 
positions 8 and 5 (Figure 15b) indicated the 
same temperatures. This single tube test 
arrangement duplicated the effect of a large 
number of identical, parallel tubes.
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Determination of U-Tube Structural Stability
A silicon carbide U-tube was assembled and 
thermally cycled at Georgia Institute of 
Technology. The test set-up is shown on 
Figure 15c. The U-bend was made from Inconel 600 
pipe, and was compressively loaded with a pneu­
matic cylinder. The vertical legs of the tube 
assembly were enclosed in a rectangular cavity, 
three sides of which were lined with a diffusely 
reflecting material and one side of which was 
composed of quartz lamps. The dimensions of 
the cavity, shown on Figure 15d, were calculated 
so as to yield the same material temperatures 
and stresses as in the baseline design.
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CONVECTIVE

W

m2-c

COOLING COEFFICIENT

f BTU )\hr-ft2-f/

CASE EXPERIMENTAL RESULTS ANALYTIC RESULTS

210 (37) 199 (35)

2 295 (52) 278 (49)

3 420 (74) 386 (68)

4 698 (123) 534 (94)

FIGURE 16a calculated and experimental tube convective

COOLING COEFFICIENTS - SILICON CARBIDE

POSITION ON TUBE CIRCUMFERENCE - DEGREES

FIGURE 16b CALCULATED AND EXPERIMENTAL TUBE WALL 
TEMPERATURES - SILICON CARBIDE

RESULTS OF MATERIAL PROPERTY AND SINGLE 
TUBE TESTS
The results of the material property and single 
tube tests provided the material properties 
used in the analyses and demonstrated that the 
analytic methodology correctly predicted the 
heat transfer characteristics of the tube-type 
geometry.

Results of Material Property Tests 
The thermo-optical properties of silicon carbide 
were measured, for various angles of incidence 
and wavelength, from room temperature to about 
1093 C (2000 F). These measurements indicated 
that, independent of material temperature and 
angle of incidence, the thermo-optical 
properties of silicon carbide are almost constant 
for wavelengths between 2 and 10 microns. The 
average reflectivity is about 0.15 and the aver­
age emissivity is about 0.85. The cordierite 
properties were found to be dependent on angle 
of incidence and wavelength.

Results of Single-Tube Tests 
The single-tube tests with silicon carbide 
demonstrated that the analytic methodology had 
correctly predicted the level of the material 
temperatures, the circumferential variation of 
those temperatures, and the gas convective 
cooling coefficient. Of the many experimental 
runs, four were selected for analysis because 
they most nearly duplicated the baseline design 
with respect to flux level, gas pressure, and 
gas velocity. Figure 16a compares the calculated 
and measured values of the convective cooling 
coefficient. Figure 16b shows the calculcated 
and measured tube wall temperatures for one of 
the four cases. As a whole, the experimental 
results were in very good agreement with the 
analytic predictions. No material or joint 
failures occurred during these tests.
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100 KW THERMAL CYCLING TESTS 
PRESSURIZED SILICON CARBIDE U-TUBE 

SUMMARY OF RESULTS

Maximum
Number of Cumulative Cycle Inlet Air Minimum Material Maximum Material Circumferential

Cycles Cycles Period Temperature Temperature Temperature AT
(minutes) c (F) c (F) c (F) C (F)

245 245 15 71 (160) 207 (405) 752 (1385) 224 (435)

25 270 15 149 (300) 274 (525) 763 (1405) 157 (315)

71 341 15 399 (750) 521 (970) 993 (1820) 77 (170)

159 500 15 510 (950) * 549 (1020) 1018 (1865) 43 (110)

100 600 15 Static 532 (990) 1210 (2210) 27 (80)

3 603 15 Static 535 (995) 1332 (2430) 21 (70)

* Baseline Conditions

• The basic U-tube heat exchanger design utilizing SiC tubes does not 
present any serious materials problems.

• Joined, 5 cm (2 in) diameter SiC tubes can withstand repeated thermal 

cycling at high temperatures without damage.

• At baseline conditions, the observed 43 C (110 F) circumferential 
temperature variation about SiC tubes directly irradiated from one 
side confirms the heat exchanger design geometry for minimizing 

thermal stresses.

RESULTS OF U-TUBE THERMAL CYCLING TESTS 
The results of the thermal cycling tests 
demonstrate that a silicon carbide U-tube, with 
ceramic-to-ceramic joints and an Inconel 600 
U-bend, is stable under thermal cycling between 
temperature extremes of 207 and 1332 C (405 and 
2430 F).
Performance of Silicon Carbide U-Tube 
A silicon carbide U-tube, 5 cm (2 in) in dia­
meter, 1.2 m (4 ft) in length, and containing 
flowing air at approximately 862 kPa (125 psia), 
has been thermally cycled 500 times using a 
100 kW radiant lamp test facility. Following 
these tests, the U-tube was subjected to an 
additional 103 thermal cycles with static, 
pressurized air; the lack of air flow made it 
possible to attain higher tube material 
temperatures. This U-tube assembly is 
pictured in its test enclosure on Figure 15c.
The flowing air temperature at the U-tube 
inlet during the first 245 thermal cycles was

FIGURE 17

71 C (160 F) at a pressure of 862 kPa (125 psia). 
The tube temperature was cycled between 207 and 
752 C (405 and 1385 F) with the increasing and 
decreasing temperature ramps each requiring 
7 minutes. During this series of comparatively 
low temperature test cycles, the temperature 
gradients through the tube walls and around the 
tube circumference, and hence the thermal stresses 
were much greater than those predicted and ex­
perienced under the baseline conditions (see 
Figure 17). Despite these excessive stress 
levels, no material failure or degradation was 
observed.
The inlet air temperature was increased to the 
baseline conditions of 510 C (950 F) in three 
increments during the 255 remaining thermal 
cycles with flowing air. The progressively 
higher inlet air temperatures made it possible 
to attain greater tube material temperatures 
than in the first 245 cycles. Typical test 
results are summarized on Figure 17.
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In order to subject the silicon carbide tubes 
to even higher temperatures, test facility 
power limitations made it necessary to eliminate 
the flowing air heat sink. With static, 
pressurized air, the U-tube was cycled between 
532 and 1210 C (990 and 2210 F) 100 times with 
temperature ramps of approximately 6 minutes.
The final three cycles reached an operating 
temperature of 1332 C (2430 F). The number of 
cycles and the upper temperature of this most 
extreme test were restricted because the quartz 
lamp and reflector assembly were self-destruct­
ing, not because of a silicon carbide U-tube 
capability limit.
Performance of Cordierite U-Tube

and sleeve-type joints. This assembly did not 
perform successfully. Two joint failures and 
one tube failure occurred within a few tens of 
cycles.
Conclusions from SiC U-Tube Thermal Cycling 
Tests
Silicon carbide U-tubes are suitable for use in 
a high temperature cavity heat exchanger. The 
U-tube configuration, with ceramic-to-ceramic 
joints, survived over 600 thermal cycles with 
material temperatures up to 1332 C (2430 F).
No tube failures were experienced and low 
power (7X) microscrope inspection did not 
reveal any change in tube or brazed joint 
appearance.

A cordierite U-tube was also fabricated and 
tested. This assembly had a cordierite U-bend
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7. CONCLUSIONS

PROJECT CONCLUSIONS AND DEFINITION OF 
FUTURE DEVELOPMENT NEEDS
Conclusions
The major conclusions to be drawn from the work 
reported here are:

• The conceptual design of a commercial size. 
Open Cycle Gas Turbine Solar/Electric 
Plant, with overall conversion efficiency 
of 21.7 per cent, has been completed 
utilizing state-of-the-art methods and 
hardware. The capital cost is expected
to be in the range of $1346 to $1659 per 
kilowatt, depending on the cost of 
heliostat subsystems.

• The estimated costs are less than, and the 
efficiency of this system is superior to, 
that of a water-steam system.

• Hybrid operation of this system using 
fossil fuel during periods of solar
outage is feasible. This capability enables 
the solar/electric power plant to be a 
source of reliable power to serve peak loads 
and qualifies the utility to receive a 
demand capacity credit for the plant. 
Further, hybrid operation represents the 
only practical and economic approach to 
storage now available.

• Mounting the gas turbine-generator set near 
the top of the receiver tower is feasible 
from the standpoint of safe design, 
erectibility, and cost.

Future Development Requirements and 
Recommendations
There are three hardware developments which 
are required for the successful operation of 
this system concept. The required developments 
are:

1. A high temperature solar heat exchanger that 
utilizes high temperature ceramic tubes 
(silicon carbide). Sufficient testing has 
been performed to demonstrate that exist­
ing SiC tubing can be utilized. A reliable 
ceramic-ceramic joint compatible with field 
erection practices is a major item requiring 
serious research effort.

2. High temperature isolation valves and 
internally insulated metal ducting that are 
capable of carrying 1038 C (1900 F) air at 
velocities of 38 m/sec (125 ft/sec).

3. External combustors for regenerative gas 
turbines configured so that hybrid opera­
tion is both flexible and easily controlled. 
This development appears to be limited to 
design modifications rather than serious 
redesign of the existing turbomachinery.

It is recommended that a timely and logical pro­
gram plan be pursued toward the final objective 
of demonstrating a commercial size, open cycle 
solar/electric system. The conceptual design 
herein constitutes the first step of such a program 
plan. The recommended next step in the open 
cycle solar/electrie system development is the 
design, fabrication, and test of a 1 MWt high 
temperature cavity heat exchanger, the least 
conventional component of the solar/electric 
system. Following that development phase, it is 
recommended that a 10 MWe (equivalent) Solar/ 
Electric Pilot Plant be designed, constructed, 
and operated as the forerunner to the first 
commercial demonstration plant.
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Figure 1 Is a flow chart shewing the 12 tasks 
which make up this requirements assessment.
The first three tasks develop the environment 
within which photovoltaic systems will be 
studied. In Task 1 suitable areas are select­
ed for study. In Task 2 preliminary site 
analyses are made within these areas, and in 
Task 3 specific utilities on whose electric 
power systems photovoltaic electric power 
systems (PEPS) will be studied and assessed 
are selected. An important part of these 
three tasks is the collection of climatic, 
insolation, and utility data.

In Task 4 several reference photovoltaic sys- 
tems will be synthesized and described in 
terms of their performance, reliability, and 
costs. In Task 5 the methodology of the 
study will be developed.

In Tasks 6 and 7 the technical and economic 
analyses of the reference systans, operating 
in the selected utilities, will be made. The 
dashed lines and arrow connecting Tasks 6 and 
7 to Task 4 indicate that preliminary tech­
nical and economic analyses will be necessary 
in the selection of a manageable nunfoer of 
reference PEPS.

In Task 8 a comparative analysis of reference 
systems will be made for each utility, and in 
Task 9 preferred systans will be identified 
for each utility. From this work and the re­
sults of Tasks 6, 7, and 8 preliminary inpact 
and pienetration analyses will be made. In 
Task 10 the requiranents of viable PEPS in 
utility systems will be determined.

10-1



MAJOR ISSUES

• CAPACITY DISPLACEMENT
(EFFECTIVE CAPACITY)

• ENERGY DISPLACEMENT
(KWH & $)

• ECONOMIC VIABILITY

Figure 2 The first major issue of this study 
is the determination of the capacity displace­
ment of PEPS operating in utility systans. By 
capacity displacanent is meant the capacity of 
conventional generation which may be safely 
emitted because of the existence of a PEPS 
plant. A major factor in capacity displace­
ment is the effective capacity as determined 
by pnrobability methods to be discussed later.

Energy displacement is simply the amount of 
energy generated by a PEPS which will displace 
energy otherwise generated by conventional 
power plants. The amount of energy displaced

is a relatively straightforward determination, 
but the value of the energy displaced is high­
ly dependent upon the detailed characteristics 
of the utility system involved.

There is no question about the economic via­
bility of current PEPS technology. It is not 
viable. A major question to be addressed, 
however, is what levels of performance and 
cost of PEPS will be required for future via­
bility. It will be important to identify the 
trade-offs among potential future improvements 
in PEPS technology.
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AREA & SITE SELECTION

• TOTAL INSOLATION

• DIRECT INSOLATION RATIO

• CLIMATE

• TOPOGRAPHY

• POWER COSTS

• LAND COSTS

Figure 3 Is a list of the major factors in­
volved in area and site selection. The pur­
pose is not to select areas all of which are 
highly favorable in all factors, but to cover 
a range of values of each so that their rela­
tive impacts may be assessed and a reasonable 
extrapolation made to a national penetration 
estimate.
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REFERENCE SYSTEMS

• CONFIGURATION

• TRACKING

• PHOTOVOLTAIC CELLS

• APPLICATION

Figure 4 Lists the four basic characteristics 
which distinguish the reference systans to be 
selected. The major aspects of configuration 
are the concentration ratio of the collectors 
and the cooling methods. Tracking has to do 
with the following of the sun either hourly 
or seasonally and ranges from no tracking at 
all to a two-axis system whose aperture plane 
is always normal to the sunbeam.

There are a number of photovoltaic cell mater­
ials which vary in their efficiency, tonpera-

ture-efficiency coefficient, packing factor 
capability, durability, and cost. The appli­
cation of PEPS from residential roof-top sys- 
tems to utility central power plants will in­
fluence not only the size and configuration 
but also the desirability of energy storage.

There are a huge number of combinations of 
these factors making up potential reference 
systans, and it is necessary to select those 
which as the study proceeds appear to have 
the most potential for further study.
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METHODOLOGY

• PEPS PERFORMANCE MODEL

• PROBABILITY MODEL

• PRODUCTION COST MODEL

• ECONOMIC ANALYSIS MODEL

Figure 5 Shews the four major oomponents of 
the methodology which has been developed.
'The PEPS perfarmance model uses technical 
performance characteristics of each PEPS 
reference systan together with hourly weather 
data for a specific site to produce hourly 
PEPS output. The probability node! coribines 
this PEPS output data with hourly load data 
and outage data of conventional generation of 
a specific system to calculate the effective 
capacity of the PEPS. This ultimately pro­
vides a measure of the PEPS capacity dis­

placement. The production cost model takes 
the hourly PEPS output, the hourly loads, and 
details of the utility generating systan to 
simulate hour by hour operation in order to 
obtain fuel, operation, and maintenance costs 
for the systan with PEPS in place. The eco­
nomic analysis model uses the results of the 
preceding models' operations to provide an 
econonic comparison of alternate PEPS on the 
utility systan involved. Details of these 
models are covered in ensuing figures.
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PEPS PERFORMANCE MODEL

BatteryTracking

ConverterCollector ControllerConnections

Concentrator

Load

Grid

Figure 6 Is a block diagram of the PEPS per­
formance model. The characteristics of the 
cell material as integrated into a collector 
with or without concentration and tracking 
produce the photovoltaic array output for a 
specific location weather tape. This output 
flows through the dc cable connections where 
losses are incurred to the oontroller^convert- 
er which produces ac power at the output bus. 
For central station applications this power 
will be delivered directly to the utility 
transmission grid. For on-site applications 
the characteristics of the local load will be 
modeled under both passive and active connec­
tion assumptions. In the passive connection 
the PEPS output is devoted entirely to the 
local load; no power is delivered to the

grid. In the active connection there is the 
possibility of output to the grid when the 
PEPS output exceeds the local load. In both 
connections the grid nay supply power to the 
local load and in the reverse direction 
through the converter to the battery. The 
operation of the storage battery may be 
specified to hold a fixed output over a daily 
time schedule or it may be scheduled to 
"shave" the local load peaks so as to minimize 
the cost of energy purchased from the grid.
The storage may also be considered as non- 
PEPS-dedicated, system-wide storage in which 
case it is dispatched according to the eco­
nomics of production of the total generating 
system.
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PEPS OUTPUT JUNE 24
FLAT PLATES 

MW
200 -■

TRACKING
150 --

100 --

TIME OF DAY

Figure 7 Is an example of the output of the 
PEPS performance model for flat-plate arrays 
having a maximum yearly peak output of about 
200 MW. The curves show the hourly output on 
one day of the year for a fixed flat-plate 
array and for an array arranged for two-axis 
tracking.
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ANNUAL ARRAY

MW OUTPUT-DURATION CURVE

Figure 8 The PEPS performance model is ar­
ranged for computer plotting of several output 
quantities. This figure is one of these plots 
of annual output arranged in decreasing order 
of hourly outputs.
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PROBABILITY MODEL

• CONVENTIONAL LOLP

• HOURLY LOAD INPUT

• DAILY & HOURLY OUTPUT

Figure 9 Lists the characteristics of the 
probability model. It is a conventional loss- 
of-load probability (LOLP) which calculates an 
outage probability table for conventional 
generating units using the binanial expansion 
coefficients. In the usual model used for 
electric utility reserve planning only the 
peak hour of each day is used with this outage 
table to determine the probability of insuffi­
cient generation each day. The sum of these

probabilities is the LOLP which is mathemat­
ically an expected value for the year (expect­
ed days per year of insufficient capacity).
In order to adequately analyze PEPS it is 
necessary to consider all hourly loads in the 
day. The output then becomes expected hours 
of insufficient capacity per year. Hie pro­
gram is arranged to produce both the tradi­
tional daily as well as the new hourly output.
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EFFECTIVE CAPACITY

LOLP DAYS/YR,
BASE SYSTEM

WITH ADDED UNIT

EFFECTIVE CAPACITY

O.Ol

PEAK LOAD - MW

Figure 10 Shews graphically how the conven­
tional LOLP calculation is used to obtain 
effective capacity of a generating emit. The 
probability calculation is first made using 
the base generating systan and with a range 
of assumed load levels as shewn on the hori­
zontal axis. This produces a curve of LOLP 
vs. peak load. The calculation is then re­
peated with a generating unit added and a 
second curve produced. The horizontal dis­
tance between these two curves is defined as 
the effective capacity, which is actually the 
increment of new load which oould be carried 
by the system at a fixed level of LOLP as the 
result of a new unit addition.
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DAILY LOAD CURVE

3000-■

2000 -■

1000 f

TIME OF DAY

rathear than daily probability calculations 
raises the question of how the hours per year 
of expected capacity deficiency are to be re­
lated to the traditional days per year of ex­
pected insufficient capacity. In order to 
emphasize this uncertain relationship a new 
name has been given to the hourly calculation: 
Expected Hours of Capacity Deficiency (EHCD).

■w

Figure 11 Shows a typical daily load curve 
and a typical PEPS output. When the hourly 
probability calculation is considered it is 
apparent that the shape of the daily load 
curve relative to the shape of the PEPS output 
curve will have a significant inpact upon the 
effective capacity of the PEPS unit. There 
is a further issue involved here. Even with 
no PEI’S under consideration the use of hourly
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LOSS-OF-LOAD PROBABILITY (LOLP)
VS. EXPECTED HOURS OF CAPACITY DEFICIENCY (EHCD)

• FLAT LOAD SHAPE:
EHCD = LOLP x 2A

• PEAKED LOAD SHAPE:
EHCD = LOLP

• TYPICAL LOAD SHAPE:
EHCD = LOLP x m

Figure 12 Indicates the relationship between 
LOLP in days per year and EHCD expressed in 
hours per year. If the daily load curve were 
carpietely flat, i.e., identical loads for 24 
hours, then the probability calculation shews 
that the EHCD is exactly equal to the LOLP 
times 24. At the other extreme, with a com­
pletely peaked load shape having 23 hours of 
zero load and one hour of peak load, EHCD is 
equal to LOLP. For typical load shapes the 
multiplier will be somewhere between one and 
24. Current experimental runs of the program 
have shown values of about 14.
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EFFECTIVE CAPACITY METHODOLOGY

• LOLP (EHCD) CALCULATION BY HOURS

• TYPICAL UTILITY HOURLY LOAD MODEL

• LET PEPS MODIFY HOURLY LOADS

• CALCULATE EHCD

Figure 13 Shows the steps in the effective 
capacity methodology. First the LOLP or, 
rather, the EHCD calculation is made hourly 
for a typical utility load model for a year. 
The hourly PEPS output is then used to modify 
the hourly loads and the EHCD is recalculated. 
Curves like those of Figure 10 are prepared to 
determine the PEPS effective capacity.
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TYPICAL EFFECTIVE CAPACITY
(% OF PEAK OUTPUT)

LARGE THERMAL UNIT

PHOENIX PEPS

Figure 14 Shews typical effective capacities 
for large thermal units and PEPS using a 
Phoenix weather tape and a typical medium 
size utility.

75%

40 - 60%
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EFFECTIVE CAPACITY
FLAT PLATE SYSTEMS 

(204 MW PEAK)

FIXED TILT 2-AXIS TRACKING

Figure 15 Shows how the effective capacity 
of a flat-plate system of 204 MW peak varies 
depending upon the configuration of the PEPS. 
There is about a 20% difference depending upon 
whether the panels are fixed or arranged for 
two-axis tracking.
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PRODUCTION COST MODEL

• CONVENTIONAL HOURLY SIMULATION

• MAINTENANCE SCHEDULING

• COMMITMENT AND DISPATCH

• OUTPUT
UNIT LOADINGS 
FUEL CONSUMPTION 
FUEL COSTS 
O&M COSTS

Figure 16 Lists the essential elements of the 
production cost model. It is a conventional 
hourly simulation such as is currently used 
for generation planning in many utilities. In 
addition to hourly loads the model requires, 
as input, detailed performance and cost char­
acteristic of each individual generating unit. 
The units are first scheduled for routine 
maintenance and then the model conmits and 
dispatches units to meet each hourly load, 
calculating, as it proceeds, the fuel, opera­
tion, and maintenance cost. The output con­
sists of the unit loadings, their fuel con­
sumption, fuel costs, and operation and main­
tenance costs.
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ANNUAL ENERGY OUTPUT
FOR 100 MW EFFECTIVE CAPACITY 

GWH FLAT PLATE SYSTEMS
600 ■ •

500--

FIXED TILT 2-AXIS TRACKING

Figure 17 Gives the annual energy output for 
the fixed and two-axis tracking flat-plate 
arrays. In order to reflect equal capacity 
inpact the sizes of these plants have been ad­
justed on the basis of the probability calcu­
lations so as to each provide 100 MW of effec­
tive capacity. Referring to Figure 15 this 
has meant an increase in the array size of the 
fixed panel array and a reduction in the size 
of the two-axis tracking array. Even so the 
two-axis tracking system still provides more 
energy output annually than the fixed array.
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ENERGY DISPLACEMENT (CAPITALIZED)
FLAT PLATE SYSTEMS

FIXED TILT

Figure 18 By running the production cost 
model first without PEPS and then with each of 
the two example systems we can obtain the 
value of the energy displaced by each by sub­
traction. This figure shows the values for 
the two systems adjusted for future fuel and 
O&M cost inflation and capitalized at the 
annual fixed charge rate of the utility. We 
now have a comparison of the economic effect 
of PEPS installations on the utility operating 
costs with PEPS of equal effective capacity 
and hence equal impact on the utility generat­
ing systan reliability.
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ECONOMIC ANALYSIS MODEL

• INPUTS
PEPS EFFECTIVE CAPACITIES 
PEPS ENERGY DISPLACEMENT VALUE 
PEPS CAPITAL COSTS 
PEPS O&M COSTS 
PARAMETRIC VARIATIONS

• OUTPUTS
RELATIVE ECONOMIC VIABILITY INDEXES

Figure 19 Gives the inputs and outputs of the 
economic analysis model which will be used to 
conpare alternate reference PEPS. The inputs 
include effective capacities and energy dis­
placement values obtained fran the preceding 
models plus estimated PEPS capital and O&M 
costs. The program also takes as input de­
sired variations in PEPS plant component costs 
as well as performance parameters such as cell 
efficiency and packing factor. The major out­
put of the program is an index of relative 
economic viability which is measured by the 
plant capital cost, O&M costs, and system 
energy credits all normalized to equal effec­
tive capacity.
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CURRENT STATUS

REFERENCE SYSTEM SCREENING

• DATA COLLECTION

Figure 20 Indicates the current status of the 
project. The reference PEPS are being 
screened according to the methodologies pre­
viously described in order to select a few 
systems for further detailed costing and eval­
uation in actual utility systems. Siting and 
insolation data is being collected for areas 
to be studied and utilities are being con­
tacted for their system data needed to make 
the detailed utility studies. The program 
which was initiated in March of this year is 
scheduled to be conplete in April of 1977.
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