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solar thermal power plant. Data aid information contained herein should not be 
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privarely owned rights; or (b) assume 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. 
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SOLAR 100 CONCEPTUAL STUDY 

I. INTRODUCTION 

1-A. BACKGROUND 

This study was conducted to determine the present day feasibility of designing and 
constructing a commercial size (100 MWe} solar thermal power plant, to be located in the 
southwestern United States. A conceptual design was developed and its financial aspects 
were explored; the study included consideration of: 

0 Alternate systems 

o Capitol operating and maintenance costs 

0 Financing and tax implications 

0 Ownership by private utilities, municipal or other public agencies, or private 
investors · 

This report describes the procedures, conceptual design, financial analysis and the 

conclusions and recommendations. Figure I.A. I is an artist's rendering of the central 
receiver solar plant which uses 2 heliostat fields to produce a nominal 100 MWe net ot a 
60% capacity factor. 

~:~·::~:;:t~''•. 
,::~•-· ~-.... , ..... ··.~:,.,-•'_·, .. · 

,..:,~!$t:.t. 

rt::~::'. 
_, ___ ... ~' ... 
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Figure I .A.1. Solar 100 



The further development of solar energy at this time is particularly desirable, in order to 
decrease the country's dependence on imported oil. For this reason, tax incentives are 

offered by the government for its development; these were examined during the study 
and their implications are explained in this report. 

Three major corporations, each with its own expertise, pooled their resources as 
participants in the study. The three companies and their primary responsibilities in the 
study are: 

Southern California Edison Company (SCE} 

o Design and Selection Criteria 

0 

0 

0 

Plant Value Analysis 

Siting and Regulatory Investigations 

Steam Cycle Process 

o Overall Study and Report Responsibilities 

McDonnell Douglas Corporation (MDC) 

0 Receiver Design 

0 Steam Generator Design 

0 Alternative System Evaluations 

0 Collector Field Design 

0 Storage System Design 

0 Plant Control Design 

0 O&M Cost Estimate 

0 Performance Analysis 

Bechtel Power Corporation (BPC) 

0 Capital Cost Estimate 

0 Thermal Transport and Storage 

0 Process Flow Diagra~s 

0 Tower Design 

0 Project Schedule 

0 Turbine Plant Design 

0 Balance of PI ant Design 

1-2 
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1-B. PURPOSE 

The purpose of this conceptual study is to quantify the technical and cost feasibility of 
constructing a commercial soler thermal power plant. The bus bar energy costs will have 
to be below that of Edison's "avoided cost" in order to demonstrate cost feasibility. The 
demonstration of technical feasibility was investigated through design analysis end risk 
assessment of the scheme chosen. It is the intent of the Edison Company to engineer, 
construct and start up the Solar I 00 plant by 1988 should the Project demonstrate 
viability. 

1-C. UTILITY ADVISORY BOARD 

In order to disseminate information on the Solar 100 Project and to solicit comments on 
the conceptual study, the Utility Advisory Board (UAB) was formed. The UAB consists of 
various southwest utilities which would hove o commercial interest in a cost-effective 
solar thermal power plant. The binding parameter which is common to all members of 
the UAB is the availability of solar sites; the southwestern portion of the United States is 
recognized as one of the best areas in the world for solar development. In order to 
achieve cost-effective power production, 75,000 heliostats must . be sold and a 

prospective market for purchase of these heliostats are the southwest utilities. 

The participants presented two status reports and will make a final presentation of the 
study's conclusion and recommendation in connection with the Solar 100 Project. Further 
action by the UAB as a group or as individual identities will be contingent on the 
development of large scale commercial soler power. 

1-D. REPORT FORMAT 

This report is comprised of two stand alone documents: the "Executive Summery'' and 
th~s full report entitled "Solar I 00 Conceptual Engineering Study." This latter document 
provides detail methodology and results of the study while the Executive Summary 
provides an overview. 

The full report is comprised of the following twelve chapters: 

I Introduction 
II Project Critiera 
Ill Alternate System Concept 
IV Description of Selected Plant 
V Performance 
VI Siting 
VII Regulatory Analysis 
VI 11 Economics/Cost 
IX Risks and Constraints 
X Schedule 
XI Utility Advisory Board Input 
XII Conclusions/Recommendations 

In addition, a Reference List is also provided at the end of the report. The Reference 
List is in lieu of an appendix and represents both a technical source and documentation to 
the study •.. 



Ii. PROJECT CRITERIA 

The Solar 100 plant will be tne world's largest solar thermal power station rated at 110 
MWe (gross). The purpose of this chapter is to present the plant requirements, design 
criteria and an overview description of the solar control receiver power plant systems 
and processes. 

II-A. REQUIP..EMENTS 

The Solar 100 plant was conceptually designed to be integrated into Edison's electrical 
grid system. Presently, the system consists of approximately 15,000 MW of installed 
capacity and is comprised of various generation mixes, principally oil/gas, hydro, coal 
and nuclear generating units. In addition, Edison purchases substantial amounts of energy 
from the Pacific northwest and the southwest. It is also understood, that a generic type 
of plant is required to permit installation by different utilities anywhere in the southwest 
United States. As such, the plant was designed based on the following requirements: 

I. The plant will be designed to delivery 110 MWe gross (net to the Edison grid is 
assumed ot 100 MW). The plant will be capable of providing maximum load when 
operating solely from insolation for a period of four hours on the least favorable 
solar day of the year. The plant will be a stand alone design. 

2. The plant will be capable of providing the maximum load for a period not less than 
eight hours when operating solely from insolation on the most favorable solar day of 
the year. 

3. Insofar as possible, the plant will be designed generically to provide a common 
design suitable for use anywhere in the southwestern part of the United States 
(including Hawaii). 

4. The plant will have o mechanical availability factor of 96% (1.0 - forced outage 
rate) inclusive of turbine-generator, condenser, boiler, collector field and balance 
of plant. This mechanical availability is consistent with other oil/gas units on the 
Edison system. It is understood, of course, that weather conditions may preclude 
operation from time to time. However, since Edison is a summer peaking utility 
(due to air conditioning loads) on those days when· the solar plant is not operating, 
the plant will not be required for peaking (i.e., Edison does not peak on cloudy or 
stormy days). 

5. Maintenance and warehouse facilities will be kept to a minimum; Edison's division 
maintenance will provide all major maintenance support. 

6. The plant will be designed with no consideration for capacity enlargements (i.e., no 
provisions for a second unit on same site). 

7. The capacity factor will be that wnich produces the lowest bus bar energy costs as 
determined by: · 

number and cost of heliostats 
amount of land required 
receiver cost 
storage cost 
cost of generation equipment 
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This capacity factor was found to be 60%. However, due to the dispatching 
requlrements of the Edison system, it is advisable to produce the same amount of 
annual energy in o shorter period. Accordingly, although further analysis is 
required, Edison will probably require a capacity factor of 25-40% with o 
generating capacity of 240 to 150 MW1s (see Section 111-E}. 

11-B. DESIGN CRITERIA 

The plant was designed based on the following criteria: 

I. All systems will be designed in accordance with Edison's Standard Design Criteria 
(Reference 11.B.I) insofar os they are applicable to solar design. The design criteria 
include guidelines on: 

architecture/design of control/administration/warehouse facility 

security/fencing 

landscaping 

codes and standards 

concrete/steel criteria 

foundations 

piping -

equipment 

protection 

switchgear & MCC's 

Ii ghti ng/ roadways 

control criteria 

2. The plant will be designed to withstand flooding consistent with a risk/cost analysis. 

3. The plant will hove a 30-year design life. 

4. The plant will be designed in accordance with the seismic criteria of the Uniform 
Building Code. 

5. The plant will be designed in accordance with the environmental conditions (e.g., 
temperature, insolation, winds, etc.) os specified in the Aerospace Report No. A TR-
78 (7695-05)-05 (Reference 11.~.2). 

6. The foil owing codes and standards os applicable will apply as applicable: 

American Notional Standards Institute (ANSI) 
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American Society of Mechanical Engineers, Boiler and Pressure Vessel Codes 

American Society for Testing and Materials 

Heat Exchange Institute 

National Fire Protection Association 

National Electrical Code 

Cal OSHA {Title 24) 

National Electric Manufacturer1s Association 

Institute of Electrical and Electronic Engineers 

Uniform Building Code 

American Institute of Steel Construction 

American Welding Society 

American Concrete Institute 

American Water Works Association 

7. The plant will be capable of normal load additions of 3 MW per minute and 
emergency load additions of 5 MW per minute. 

8. The unit will be base loaded. 

9. The plant's minimum load capability will be 25% of base load. 

IO. The staffing of the plant, inclusive of solar equipment, for each shift (total of two 
shifts} will be 67 operating and maintenance personnel. 

One control operator will be onsite during periods of no generation. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

11. Turbine maintenance will be 6 weeks every 4 years (assuming 1,800 PSIG operating I 
pressure). · 

12. Storage capability will be sufficiently large to carry Edison's winter peak (8:00 P.M. 
evenings). 

11-C. SYSTEM SELECTION CRITERIA 

The following criteria were used in determining design selection: 

I. Performance 
2. Capital Cost 
3. Technology Readiness 
4. Technical Risk 
5. Nonrecurring Costs 
6. Operating and Maintenance Costs 
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8. 
Reliabiiity, /✓1ointainability, Availability 
Safety Hazards 
Operability 

IO. Schedule 
11. Generic Adaptability 

1I-D. ECONOMIC SELECTION CRITERIA 

The Solar I 00 plant feasibility was evaluated based on the following criteria: 

Initial Operating Dates 
Unit I - N,odule I 
Unit I - Module 2 

o, Economic Factors 

Base Year for Present or 
Future Worth Calculations 

Plant Economic Life 

Cost of Money (for utility ownership) 

Cost of Money (for entrepreneur 
ownership) 

Annual Carrying Charges 
(for utility ownership) 

Present Worth of Facilities 
Carrying Charges 

Annual Capital Escalation Rate 
(1981 - 1987) 

Annual .O&M Escalation Rote 
(1987 - 1990) 
(1990 - 20 17) 

Levelized In-Plant Fuel Cost 

b. Annual Avoided Cost Escalation Rate 

1982 - 1985 
1986 
1987.: 1990 
1991 - 2017 

c. System Incremental Cost (1988) 

Capacity 
Fuel 
O&M 

*based on 100% capacity factor 
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Levelized 

$240/kW-yr. 
271 mills/kWh 

$21/kW-yr. 

July, 1986 
July, 1987 

1987 

30 Years 

15% 

20% 

25.0% 

1.64 

9% 

to% 
9% 

Not Applicable 

11.0% 
10.0% 
9.6% 
9.3% 

Present Worth 

$930/kW 
$15,57 I /kW* 

$136/kW 



d. Maturity Factor 

In order to assess the economic value of the plant, the amount of energy produeed 
is, of course, of paramount concern. However, tc assume that the plant will be 
capable of operating ct its design capacity factor the first year of operation is 
unfounded. All plants, and especially one of a new or unique design, will hove 
operating "bugs" for several years. Consequently, "Maturity Factors11 hove been 
applied in an attempt to quantify the energy produced during the first five years of 
operation. A review of recent years fossil plant stariup indicates industry average 
Maturity Factors of: 

1st Year - 81.7% 
2nd Year - 94.6% 
3rd Year - 97 .9% 
4th Year - 99.4% 
5th Year - I 00.0% 

I 
I 
I 
I 
I 
I 

When applied to the entire Solar I 00 plant on a modv~ar startup basis (i.e., Module I I 
in services 7-86 and Module 2 in services 7-87), these Maturity Factors result in the 
following percentages of mature plant annual energy output: 

I 986 - - - - - - 21 % 
1987 - - - - - - 66% 
1988 - - - - - - 93% 
1989 - - - - - - 98% 
1990 - Beyond - I 00% 

Prior to developing this maturity schedule, it was assumed that the solar plant 
would have modular Maturity Factors of 50% in the first six months followed by 
100% thereafter. This assumption, with modular startup, resulted in the following 
percentages of mature plant annual energy output: 

1986 - - - - - - 12.5% 
1987 - - - - - - 62.5% 
1988 - Beyond - I 00.0% 

The latter maturity.schedule penalizes the plant in the first two calendar years of 
operation and provides 375% of the mature annual energy in the first five years 
while the former provides 376% of the mature annual energy in the same five years 
of operation. Therefore, the 12.5%, 62.5% and 100.0% mature profile results in a 
slightly more conservative annual energy and was selected for use in the financial 
analysis. 

11-E. SCOPE LI MIT ATIONS OF ASSUMPTIONS 

This conceptual study had several li.mitations due ~o time and funding restraints. The 
major limitations identified are: 

I. Siting 

At the beginning of study, a specific location had not yet been selected for the 
Project, and accordingly, it was assumed that the site would be a "generic" 
·earstow-type environment. Probably, the most important site specific parameter 
which was assumed for the Project was the solar insolation data. Barstow, being 
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2. 

the site of Soler I (o 10 MWe solar thermal demonstration facility, see 

Reference 11.E.I) had a significant amount of solar insolation and meterology data 

already recorded. Accordingly, this data with minor modifications was used at the 

nearby selected site in Lucerne Valley. 

Capacity Factor 

It was the intent of the study to determine the size and loading of the solar plant to 

meet two different criteria: 

I) a generic plant design which would be applicable to location anywhere in the 

southwestern United States and Hawaii, and 

2) a plant which would best suit Edison's dispatch requirement. 

Capacity Factor is defined as: Annual kWh divided by maximum capacity rating X 

8,760 hours. 

The study determined that a 100 MWe plant operating at a 60% capacity factor 

would produce the least bus bar energy cost. However, Edison's initial investigation 

into dispatch requirements indicated a plant of 25-40% capacity factor would be 

optimum. Further analysis indicated only a slight cost penalty associated with 

reducing the capacity fact-or from 60% to 40% assuming a constant energy 

production (i.e., by reducing the capacity factor from 60% to 40% and raising the 

nominal peak capacity from 100 to 150 MWe). For purposes of this study, a generic 

100 MWe, 60% capacity factor plant was assumed with a determination mode of 

cost sensitivity to variations in capacity factor. 

3. Stand Alone Design 

For costing purposes, a complete stand alone design was assumed. However, since 

the plant is contemplated on a site adjacent to a pecker park, certain cost benefits 

through the dual use of systems could be expected (e.g. service air and water, 

firewater, instrument air, etc.). 

4. Existing Data 

Existing data was used as much as possible. Aside from the Barstow insolation 

data, substantial information from Sandia National Laboratory and other DOE 

sponsored agencies were also used. Data and information used in the report is 

compiled in Chapter XIII, "References." 

11-F. CENTRAL RECEIVER CONCEPT 

The Southern California Edison Company has. a corporate goal to achieve approximately 

300 M We of solar pow~r by 1990. This power is presumed to be developed from o va·riety 

of energy sources: 

Soler Salt Pond 
Photovoltaic (PV) 
Solar Thermal (Trough, Heliostat and Dish) 
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The Edison Company is presently studying (in-house) the benefits of o solar salt pond and 

PV1s. Both the salt pond concept and the PV1s will have demonstration facilities in the 

1985-1987 time frame. The DOE, in conjunction with Sandia Laboratories, has studied 

the relative cost of producing heat using troughs, heliostats and dishes. As o result 

of these analyses, the DOE funded (with Edison as one of the minority partners) the 

IO MW central receiver located at Barstow, California. The Barstow Project, while not 

intended to be an economically viable plant, will demonstrate solar techology and will be 

an invaluable learning tool for the 100 MW solar plant. 

The central receiver concept has been studied by others and there is a general consensus 

that · the central receiver is the most cost-effective method of large-scale power 

production. Work is continuing on the other types of solar thermal processes (dish and 

trough). However, it is expected that the ultimate uses of these alternatives will be 

different from the heliostat system. The parabolic dish is probably best suited for 

remote power generation in those areas not served by a central grid. Power production is 

expected to be on the order of about 25 kW per dish. The earabolic trough will probably 

be relegated to collection of process heat (400°F-600VF) although several trough 

manufacturers are proposing large centralized systems for power production. 

The Solar I 00 plant will be the largest solar thermal powered generating plant in the 

world and will represent an order of magnitude scale up from the 10 MW Barstow plant. 

There is, of course, inherent risk in the magnitude of size increase and these risks will be 

discussed later in this report. The 100 MW size and the determination of the 60% 

capacity factor were by calculated methods to produce the lowest bus bar energy costs. 

Sensitivity analyses were also made to determine the penalty associated with decreasing 

the capacity factor and increasing the capacity while holding the annual energy 

production constant. In other words, the solar components, (i.e., collector field and 

receiver) were held constant and the storage, steam generator and turbine cycle are 

varied. in size. Essentially, the analysis showed only marginally higher bus bar energy 

costs if the capacity is increased proportionally to a decrease in storage capability. 

Accordingly, the central receiver concept will be suited for a wide range of dispatch 

requirements with little costs incurred if the capacity factor is varied and annual energy 

production is constant. 

11-G. OVERALL PROCESS - GENERAL 

The solar thermal power plant is sized to produce a nominal 100 MWe net when operating 

at rated conditions. The selected receiver fluid is molten nitrate salt; however, further 

consideration of alternate fluids may be desired before a final selection is made. A twer 

module collector field is used, each with a separate tower; however, the power block will 

be common to both fields. The capacity factor is esti-mated at 60% which therefore 

requires a solar multiple of 2.4 (i.e., ratio of total solar power to thermal input to steam 

generator). The steam cycle uses one standard reheat utility turbine of approximately 

110 MWe gross rated capacity. 

The concept of solar thermal electric power is relatively simple and is illustrated in 

Figure 11.G.l. Solar radiation is collected at the receiver by the use of reflective mirrors 

called heliostats. The heliostats track the sun (by computer control) and reflect the 

sunlight back to the receiver. The layout of the heliostat positions is called a collector 

field which may completely surround the tower (similar to the 10 MW Solar Plant at 

Edison's Cool Water Generating Station at Daggett) or the entire heliostat field may be 

located north of the tower which is the case for this study. The receiver is a partial 

cavity type which means it is designed to minimize re-radiation losses. Molten salt (or 

other fluids)" used as the receiver fluid will be heated by the solar insolation and cooled 
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Figure 11.G.I. 100 MWe Solar Central Receiver Plant 
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by water/steam in the steam generator. The receiver fluid circuiction is therefore o 
closed loop, constantly circulating the molten salt to provide heat to the steam cycle. 
Once steam is produced, the electric power is produced using a conventional Rankine 
cycle. 

An important aspect of solar thermal electric power is the requirement for heat 
storage. In order to reduce the cost of electricity produced by the plant, the facilities 
must be used as much as possible. Therefore, a heat storage system is used to store 
excess heat produced during the cloy for use at night or on days with no sun. There is on 
economic point of diminishing returns, however, as any storage system which could store 
sufficient heat to run the plant at full load for greater than twelve hours could be 
counterproductive. In other words, if there is heat in storage at the beginning of a sunny 
day, towards the end of the day there may be insufficient storage capacity for all the 
heat collected (i.e., the storage system is filled too early since the system did not start 
at empty). Accordingly, studies indicate approximately 8-1 /2 hours of storage are 
required to minimize bus bcir energy costs. Further analysis and optimization were also 
required to better define the "worth" of capacity and energy to the Edison system which 
would also affect the determination of capacity factor. Worth of capacity and energy to 
the Edison system are described in Section VU.C. 

The study was site specific with location of the solar plant at the proposed Lucerne 
Volley pecker park. Originally, the pork was to hove 20 gas turbines/generators each 
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rated at 65 fvW.''s. With the addition of the 100 MW solar plant, the pecker park hes been 

reducec to 18 gos turbines. The solar power plant layout is illustrated in Figure IV .A. I. 

As noted, tne solar plant is located in the northern two thirds of the site with the pecker 

park (not shown) occupying the southwest corner. For oil practical purposes, the soler 

plant represents o stcnd ... alone design; however, minor sub-systems (e.g., service and fire 

water, instrument and service air) are planned to be interconnected with the pecker park. 

The major systems of the solar thermal power plant as illustrated in Figure 11.G.l con be 

summarized as follows: 

Collector System - The two module collector system is arranged in a north-south 

alignment. The collector system consists of heliostats, field wiring and electrical 

equipment, collector control and alignment equipment. The two fields will have a total 

of approximately I 5,400 heliostats (assuming MDC Model 50 design) and will require 

about 1.6 square miles of land area (0.8 square mile for each field). 

Receiver System - There is a receiver and tower for each collector module. The receiver 

system consists of the tower and the receiver unit (partial cavity type) with its control, 

surge tanks, door, and support structure. The towers will be approximately 585 feet to 

the base of the receiver structure. The receiver centerlines will be approximately 675 

feet above ground level. 

Storage and Transfiirt System - The storage and transport system includes all receiver 

fluid piping to t receiver and steam generator, two (hot and warm storage at 

3.6 million gallons and 3.3 million gallons, respectively) storage tanks, and the associated 

pumps, valves, controls, receiver fluid maintenance, and cover-gos systems. Total salt 

flow to each tower will be approximately 6,500 gpm per receiver; salt leaving the tower 

will be I ,0S0°F and will return at 550°F from the warm storage tank after leaving the 

steam generator. 

Steam Generator System - The steam generator system includes the preheater, boiler, 

superheater, and rehecter heat exchangers, and their associated piping, valves and 

controls. Main steam superheat will be approximately l,000°F at I 800 psia with c flow 

rate of 742,000 lbs/hr. Reheat steam will be approximately l,0006F° at 442 psio with a 

fl ow rate of 665,000 lbs/hr. 

Steam Cycle - The steam cycle includes the turbine generator, condenser, feedwater 

heaters, and the associated pumps, valves and controls. · The cycle is a conventional 

Rankine cycle of the type found in most fossil-fired pion.ts and will hove six stages of 

feedwot:er heating. The turbine operates with sliding or variable pressure during doily 

startup and shutdown for economic and maintenance reasons. The turbine will be rated 

at relatively low nominal pressure of I ,BOO psig to reduce expected downtime and 

maintenance. The gross turbine heat rate is 7,988 Btu/kWh. 

Plant Control System - The plant control system includes hardware and software 

necessary to coordinate the control of the plant including the heliostat field and to 

provide operator interfaces and displays. 

Balance of Plant System - The balance of plant system includes the facilities, utilities, 

switchgear, cooling tower, and other conventional equipment and structures necessary to 

complete the plant. Some of the subsystems may be shared with the pecker plant (e.g., 

firewater, service air and water). 
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Siie Preparation and Facilities - The maximum allowable net soil bearing pressure will be 
3-5 Ksf for foundation design for the general field (actual value will depend on site boring 
analysis). For areas which are backfilled and compacted, a bearing pressure up to 7.5 ksf 
will be used. 

The collector field site will be graded as required to provide for drainage in the collector 
field area. Grading for foundations is required at the steam cycle, balance of plant, 
steam generator, end thermal storage tank areas. In addition, grading will also be 
required for access and clearance of combustible materials from areas of potential soft 
spill. Paved roods will be built to the steam cycle/balance of plant portion of the site, 
and connecting to the tower locations. These roods will be capable of supporting heavy 
duty construction vehicles. 
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Ill. AL T=RhlA TE SYSTEM CONCEPTS 

Ill-A. SELECTION OF SOL.AR CENTRAL RECEIVE~ PLA!·4TS TO STU:JY 

This conceptual engineering study focused entirely on solar central receiver technology. 
Central receiver plants are perceived as being technically ready for implementation, 
economically viable after the cost reductions associated with the collector field volume 
production are achieved, end capable of the ranges of capacity factors and sizes 
desirable to electrical utility companies. 

I. Types Of Central Receiver Plants 

Central receiver plants can be categorized by hybrid or stand-clone, use of thermal 
storage, power conversion cycle, and receiver fluid. The following paragraphs 
discuss the alternatives for each of these. 

Hybrid vs. Stand-olo."'le 

A hybrid plant utilizes fossil fuel to generate electricity during periods when 
demand for electricity exists, but sunlight is inadequate to provide energy to meet 
the demand. Plants may also be hybridized to buffer solar operation, as in the case 
of air-Brayton cycle systems (discussed in this section), where fossil fuel is used to 
maintain constant output regardless of insolation level. 

Stand-alone plants are designed to operate without the use of fossil fuel. However, 
o small fossil source may be required for cold startup, supplying blanketing and 
sealing steam, and thermal conditioning. The stand-alone plant draws its auxiliary 
electric power load from the grid during non-operating hours. 

A stand-alone plant is recommended to reduce the complexity of licensing, design, 
and operating of this first-of-a-kind plant. 

Thermal Storacre 

Storage-coupled plants accumulate energy to significantly extend operating hours 
of the plant. Storage is potentially valuable because it: · 

o Increases the capacity factor of the plant; hence, increases the capacity 
credit which can be allowed for the plant. 

0 

0 

Provides the capability of carrying the winter peak load, which normally 
occurs after sundown throughout the southwest. 

Lowers the revenue requirements of the plant (energy cost in mils/kWh) by 
increased utilization of the fixed-cost portions of the plant. 

o Buffers system operation and plant output during periods of variable 
insolation. 

Capacity credit is not highly valued for this project because SCE capacity is 
adequate for the 1990s, in fact, several older oil-fired plants will be 
decommissioned. However, the remaining benefits of storage still cause a storage­
coupled plant to be preferred. The single exception of water/steam without storage 
is considered for this project because of the Solar I background. 
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Power Co:wersi on Cycle 

Three power conversion cycles hove been studied for central receiver plants. These 
are the air-Brayton, steam-Rankine, and combined Brayton-Rankine cycles. In the 
~royton cycle, or gos turbine, the combustion chamber is replaced by o solar 
heater. The turbine/ generator is located ct the tower top, near the receiver, to 
minimize pum;:,ing losses. Sy using high turbine inlet-temperatures end 
regeneration, Brayton machines ca"' be made to operate at high thermal 
efficiency. When using air, the rejected heat remains in the working fluid end is 
exhausted to the atmosphere. Cooling towers and related equipment ore not 
required. 

The E?royton cycle hos disadvantages of: 

o All major equipment is ct the tower top. 

o High operating temperature leads to higher losses end lower overall 
efficiency for the receiver. 

0 

0 

0 

0 

Tower end receiver costs tend to be high because of the poor heat transfer 
characteristics of the working fluid, the extra weight at tower top, and extra 
tower height required to minimize receiver losses by reducing aperture size. 

Storage is impractical. 

Off-design cycle efficiency is poor. • 

Hybridization is usually required to insure system operation with diurnal and 
cloud induced insolation variations. 

The steam-Rankine cycle is o utility standard. Efficiency is high when reheat and 
regeneration con be utilized. In general, the antithesis of the oir-;kayton cycle 
comments apply to the steam-Rankine cycle for solar plants. 

The combined cycle plant, with o Brayton engine rejecting heat to a Rankine 
engine, holds promise because of its high .efficiency. However, it is encumbered 
with most of the disadvantages of both the ~rayton and Raykine cycles, separately. 

Prior studies by Sandie Laboratories (Ref. Ill.A. I) hove shown the Brayton and 
combined cycle plants to be less cost effective than Rankine plants. In addition, 
operational flexibility is severely constrained. Therefore, the steam-Rankine 
system was chosen for conceptual engineering. 

Receiver Fluid 

Within the steam-Rankine systems, there are three promising receiver fluids: 
water/steam, liquid sodium, and molten salt. These commonly used heat transfer 
fluids all have high temperature capability, good heat transfer properties, and high 
enthalpy gain per unit mass. . Table Ill.A. I provides a comparison of these fluids for 
some properties important to central receiver systems. 
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TASLE Ill.A. I 
COMPARISON OF RECEIVER FLUIDS 

Water/Steam 

Maximum temperature (°F) ~ I I 00 
Limit imposed by 
tube materials) 

Heat Goin (Btu/lb) ~ I 000 

Volumetric
3
heat capacity 

pc (Btu/ft °F) 

Thermal conductivity 
(Btu/hr ft °F} 

Kin.emetic viscosity, 
ftL/sec 

Density, lb/ft3 

Freezing point (OF) 

58.0 (water) 
~ I .5 (steam) 

0.35 (water) 
0.031 (steam) 

0.148 x I o-5
5 

(water} 
O. 722 x I 0- (steam) 

~40.5 (water) 
~ 2.86 (steam) 

I. 17 (water) 
O. 7 45 (steam) 

32 

Liauid Sodium 

-1200 

-200 

16.6 

41.8 

0.352 x 10-5 

49 

0.31 

208 

Molten Solt 

~1100 

-220 

42.6 

0.33 

Oel2J X Jo-4 

~115 

-0.37 

430 

Maximum temperature is significant in the implied abi\ity to operate a l 000°F main 
steam Rankine cycle. All are capable of this. Heat gain relates directly to pump 
work required to collect a unit of energy. The remaining properties relate to heat 
transfer and storage. The effects of these are discussed in the following sections 
on these fluid alternatives. Note that freezing can occur in any of the fluids, but it 
is c more constant concern for design and operation with sodium and molten salt. 

2.. Selection of System Configurations to Study 

I 
I 
I 
I 
I 
I 
I' 
I 
1, 

I 
I 
I 
I 

Sandia Laboratories (Reference Ill.A. I) estimated the comparative cost of I 
electricity produced by systems based on the three types of receiver fluids 
discussed above. Key results are shown in Figure Ill.A. I and 111.A.2. .. The I 
comparison is made at constant capacity factor in Figure Ill.A. I. Molten nitrate 
salt, liquid sodium and water/steam appear to be close in cost. Based on Sandia Lab 
investigations, Liquid sodium is about 10% more costly than molten salt, and 
water/steam is about 15% more costly than molten salt. Note that air-~rayton I 
systems are from 50 to I 00% more costly than molten salt. With increased 
capacity factor, even more significant advantage accrues to molten salt, as shown 
on Figure 111.A.2. For example, at 0.5 capacity factor, liquid sodium is 20% more I 
costly than molten salt, and water/steam is about 15% more costly, but beginning 
to lose by comparison. 

I 
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Figure Ill.A. 1. Relati\18 Cost/Performance Comparison of Solar Central Receiver Technologies 
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Figure lll.A~2. Busbar Electricity Cost as a Funetion of Capacity Factor tor Solar Central Receiver Technologies 

SCE faces a situation in the late 1980s and early 1990s in which low-cost bulk 
purchases of electricity will be available in the low-demand portions of the night. 
High capacity-factor may be of limited value during the summer when the solar 
plant operating day, with storage, can be over 20 hours. Durin.g the fall and winter, 
the operating day will be shorter, and the period of minimum load should not 
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coincide with solar operation. This impact on system size selection is discussed in 
the vaiue analysis, Section VIII.C. 

It was decided to do a detailed trade study of the three receiver fluid alternatives 
because of uncertainty in reported system cost and performance, as well as varying 
degrees of technical risk and operational suitability. This is discussed in the 
following subsections. 

Ill-~. W.A TER/STEAM SYSTEM DEFINITION 

I. Functioncl,Descriotion and Key Attributes 

The system, shown schematically on Figure tu.~. I, consists of o tower-mounted 
water/steam cooled receiver heated by a field of MDC Model 50 heliostcts 
(DOE/Sandie second generation). The receiver-generated superheated steam is 
routed directly to o steam turbine where it is used to produce electricity. A 
portion or oil of the steam con be routed to the thermal storage system. Because 
of the impracticability of storing large quantity high pressure steam directly, the 
portion of steam routed to storage flows through ,o heat exchanger where a · 
secondary fluid is heated and subsequently stored. The stored fluid is used to heat a 
separate storage steam generator. Lower . temperature steam produced in this 
separate steam generator is routed to a lower pressure admission port on the dual 
admission turbine. The condensate from the electrical generation system is routed 
back to the receiver or the storage steam generator for further steam production. 
It was considered impractical to generate reheat steam with this system; therefore, 
a lower efficiency nonreheat turbine must be used. 

<y><p~ 
<y>'<y> ~ 
~<Z> 
MDC 2nd 
Generation 
Heliostats 

Receiver 

I 
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I I 
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2. 

Water /steam is the most conventional heat-transfer fluid in use in the electric 

utility industry. The direct production of steam in o solar receiver would appear to 

be the most :iaturol transition from fossil-fired plaits to soler thermal plaits. 

However, the transient noture of soler energy makes it difficult to directly couple 

total soler receiver output to o standard utility turbine. Also, storage of large 

amounts of hig, pressure steam to buffer a turbine from receiver output and 

hcreose olc:nt capacity factor is ct best very costly and ot worst virtually 

impossible. Therefore, it is necessary to consider the use of an intermediate fluid 

for energy storage. The transfer of heat from one fluid to another and bock again 

results in losses which yield steam from storage· ot o lower temperoture and 

pressure than the: from the receiver. This necessitates the use of a somewhat 

unique turbine (one capable of accepting two different steam inputs; rated steam 

from the receiver and derated steam from thermal storage) and overall reduced 

electrical generating efficiency for the plant. The reduced efficiency translates to 

c larger, more costly soler collection system. In addition, the requirements for high 

fluid pressure end two-phase heat trcnsf er in the receiver hove significant 

consequences on receiver design, operation and control. However, oil of these 

problems have been addressed in the design of the Solar I, 10 MWe plant ct Barstow 

and ·workable solutions hove been found. This study addresses the economic viabilty 

of these solutions for c 100 MWe commercial size plant. 

Options for Trade Studies 

Three different water/steam receiver configurations hove been studied or 

developed under DOE/Sandia central receiyer programs. Therefore, it was decided 

to conduct a trade study to select one for the baseline water /steam system. Two of 

the receivers are external cylinders and differ by their flow philosophy. One is the 

MDC/Rockwell, Solar I single phase · to superheat (once through design 

(Reference lll.B. I); another is a B&W forced recirculation, scr-eened-;tube design 

(Reference 111.B.2); and the third is an MMC/FW natural recirculation quad cavity 

design (Reference. 111.B.3), These are shown on Figure 111.B.2. 

In the trade-off, collector fields for each of the receivers were configured 

geometrically to the shape originally · defined in previous studies of these 

receivers. This was to maintain the flux distributions originally used on the 

receivers, as each hos its own peculiar flux distribution requirements. 

External Cylinders 
Once Through Forced Reclrculatlon ...... ,----

Quad Cavity 
Natural Recirculation 

Figure lll.B.2. Candidate Water/Steam Receivers 
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An oil-rock tiier"Tlocline syste"TI based on the Solar I design end a higher operating 

te~percture two-stage atternctive (based on Reference 111.B.4) were considered for 

hermal storage in the water/steam system. The oil-rock system is charged by 

desUDerheatirio ~SO°F steam from the receiver to heat a heat-transfer oil 

(Cclo:-io HT -43) in a heat exchanger. The hot oil is circulated through a tank of 

.rocks! heating the rocks and establishing a therniocline in the tcnk of oil/rock 

mixture (25% oil end 75% rock by volume). The system is discharged by routing hot 

oil from the tank throug!, a steam generator where feedwater is converted to 

steam. The maximum temperature limitation of the oil (c;>proximately 600°F) 

requires this process to be conducted ct reduced steam temperature and results in 

the output steam being derated at 565°F, as opposed to the 950°F steam from the 

receiver. This derated steam is introduced to the turbine throug, a special 

admission port in the turbine. The system is schematically illustrated on Figure 

111.8.3. The result of using this lower temperature derated steam is a low turbine 

gross cycle efficiency of 27 .5%. 

The other option is a two-stage storage concept which takes odvanta~ of the 

higher temperature capability of molten salt to store energy, thus providing higher 

temperature steam to the EPGS. This is also illustrated on Figure 111.B.3. The 

system is charged with superheated steam from the receiver. Salt is heated in a 

heat exchanger between a warm salt tank and hot salt tank.. The energy transferred 

to the salt desuperheats the steam and reduces its temperature to near saturation 

value. The lower tem;rerature energy available from condensing the steam is trans­

ferred to an oil/rock storage system. The oil/rock stored-energy is used to 

generate saturated steam, which is then superheated in a salt/steam heat 

exchanger. The higher temperature capability of this system generates steam 

which is less derated (750°F) than in the previt:>us option, thus providing a higher 

turbine gross cycle efficiency (32.2%). 

TO FEEDWAT!R 
RETURN SYSTEM 

OIL ROCK 
THERMOCLJNE 

OIL ROCK 
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GROSS 

PROM FEED 
HEATING 

TRAIN 

FROM 
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~igure lll.B.3. Candidate Water/Steam Storage Systems 
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3. 

As a point of comparison for a minimum capitol investment alternative, a no­
storage option was a!so considered. However, as previously stated, the problem 
associated with this option is the control difficulty of directly coupling total soler 
receiver ouput to a standard utility turbine. 

In addition, receiver tower selection was based on the steel versus concrete 
trodeoff conducted for the baseline molten salt system definition (Section 111-C.). 

Economics, performance, operational characteristics and relative technical risk 
were evaluated for these alternatives to select the system for use in the final plant 
concept selection. 

Trade Studies 

c. Key Inputs, Assumptions and Results 

The isolation model used in oil the· trade studies is the SOLINS Barstow 
model. This model is discussed in detail in Section V.A of this report. 

All of the trade studies were based on using the MDC second generation 
heliostot. A detailed description of the heliostot is given in Section IV.C of 
this report. 

A slipform concrete tower was selected for the water/steam system as a 
result of cost trades done in conjunction with selecting the baseline salt 
system and other reported studfes. The rationale for its selection is 
discussed in Section 111-C of this report. 

Receiver 

To make comparisons of the candidate receiver configurations, estimates 
were mode of receiver performance, in terms of absorptivity and combined 
radiation and convection tosses, for each Teceiver. The performance 
estimates were based on performance data in the previously referenced 
publications. Table 111.B.1 summarizes the performance parameters. in the 

TABLE Ill .B. l 
WATER/STEAM RECEIVER PERFORMANCE FACTORS 

Screened Tube Quad. 
Receiver Type Once Through Forced Recirc. Cavity 

Reference ·MDC B&W MMC 

Absorptivity 0.950 o.9n 0.983 
Fraction 

Radiation and 19.1 23.7 30.4 
Convection Losses 
(KWtfm ) 
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trade studies for each receiver. The absorptivity values are expressed as the 
fracti o.~ of incident power which is absorbed. The B& W screened-tube 
receiver has slightly better performance than the once-through becc;iuse the 
front tubes absorb c portion of power ref! ected by the back tubes. The 
cavity receiver has an even higher value because the cavity provides further 

enhance~ent of absorptivity· by capturing more reflected radiation. The 

radiatiori end convection losses are presented in the form provided in the 
reference sources, which is the form required for analysis. It's worthy to 

note that :the relative receiver efficiencies are actually the inverse of these 
unit area loss factors. The published power levels are nearly identical and 
the areas very such thct the quad cavity receiver has the highest convective 
and radiation efficiency, and the once-through has the lowest efficiency. 

Receiver irradiated area was scaled linearly with design point power as 

shown in Figure 11!.B.4. Receiver cost was from the published sources 

updated to current year dollars and adjusted by MDC and Foster Wheeler to 
assure consistency. In addition, for the once-through receiver, a reduced 
allowable peak flux on the receiver was considered because of uncertainty 

that d~veloped after publication.. Theref~e, both the published value of 0.85 
MW/m and a reduced value of 0.6 MW/m were used in the study. 

The overage system cost spread for the three altematives is approximately 
3% •. Reduction of peak flux on the once-through receiver causes an increase 
in receiver area with resulting increases in radiation and convective losses. 
This requires more heliostats and a corresponding increase in system cost, as 
shown on Figure lll.9.5 and Figure lll.B.6, respectively. 
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Figure 111.B.4. Typical Delsol Reaalu Comparison af Water/Stum Configurations 
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Storaae 

Data on cost a:,d performance for the two storage options are from the 
publishec: sources. For both systems, the following conditions were assumed: 

o 110 MWe gross turbine power from primary steam supply 
o Primary steam supply at 1465 psia, 9S0°F 
o 1"1on-reheat with five stages of feedwater preheat. 

In the two-stage system, the topping storage cycle improves the efficiency 
of operation from storage by producing higher pressure steam with greater 
superheat. But the system complexity and cost are increased to achieve 
this. Hence, the trade study focuses on cost end performance. But system 
complexity end attendant problems of operation, reliability and availability 
are also considered. 

Cost estimates for the two systems are shown on Table 111.B.2. The two­
stage system costs are greater because the salt equipment is added and the 

TABLE 111.B.2 
STORAGE SYSTEM COST ESTlMA TES 

Item 

0 ii Storage Tank 

Oil Circulation Equipment 

Oi I Heat Exchangers 

Salt Tanks 

Seit Circulation Equipment 

Salt Heat Exchangers 

Control 

Foundation+ Site Prep. 

Engineering 

Rock Medium 

Oil Medium 

Salt Medium 

Transportation and Handling 

TOTALS 

{MILLIONS 1981 $) 

Single Stage 
System 

111-11 

8.79 

4.62 

5.76 

0.98 

1.00 

1.58 

0.93 

3.64 

2.16 

29.46 

Two Stage 
System 

14.71 

7.07 

5.19 

1.39 

1.35 

2.13 

0.98 

2.13 

2.37 

2.34 

9.16 

4.86 

5.44 

59.12 
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Cl 
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Cl 
I-

400 
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0 

oil/rock thermocline system is much larger. The oil/rock thermocline 
portion of the two-stage system is much lorger because it hos o much 
smaller oil tem;>erature difference than the oil/rock thermocline system 
clone (55°F vs I 60°F). This con be explained bv examination of the diagrams 
for the two systems, Figure 111.B.7<o) & ll1.B.7(b). 

As intended, the admission steam superheat temperature is higher for the 
two-stage system. Its corresponding higher admission steam saturation 
tempergture limits the oil temperature difference ovailoble for storing the 
heat (note the slope of the oil curve). Thus, much more oil is required for 
the heat stored in the oil/rock stage of the two-stage system than for thct 
stored in the oil/rock only system. This accounts for about half the 
increased cost, which must be paid for the performance improvement of the 
two-stage system. It is, therefore, an important factor in the value analysis 
of this system. The performance of each system was determined assuming 
both had the some annual energy input available from the collector/receiver 
system. These results are given on Table 111.B.3 with the total system costs 
and derived value parameters. This shows ·that cost of energy from the 
two-stage system is nearly twice that of the single stage system. The 
marginal cost of the additional energy is m6re than three times that for the 
single-stage system. 

Risk Considerations 

There is no significant difference in technical risk for the storage options, 
although there is greeter operational complexity with the two-stage system, 

400 600 

Main Steam 

on ~ • ------- • -

Desuperheated Steam, 
1 .2 Lb/ Lb Main Steam 

/ 

Admission Steam, 1 Lb/Lb Main Steam 

800 1000 '1200 1400 1600 

Emhalpy, Btu/Lb Malnsteam 

Figure lll.B.7(a). Pinch Point Diagram of Single Stage Storage Unit 
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Figure lll.S.7(b). Pinch Point Diagram for Two Stage Storage 

due to the additive equipment and heat transfer processes. There are some 
differences in risk, however, for the receiver options. Three factors of the 
solar environment affect the degree of risk for receiver designs. These are 
daily cycling, cloud induced transients and clear day insolation variations. 

Daily Cycling - Overnight shutdown, gradual change in insolation due to sun 
position during clear days, and variation of collector field efficiency due to 
sun position cause daily complete and partial cycling of receiver power level. 

Cloud Induced Transients - Clouds cause insolation changes ranging from 
rapid momentary drop-outs to diffused or complete shading for tens of 
minutes followed by rapid return to full power. These can affect localized 
portions of the collector field and thus localized portions of the receiver 
surfaces. 

Clear D~ lnsolation Variations - Atmospheric water vapor and turbidity 
affect t dear day insolation levels to the extent of about 20% variation in 
receiver power levels. In addition, seasonal changes in sun position can vary 
the power level by a factor of two or more. 

These factors influence the receiver structural, control and operational 
requirements. The impact is most significant for the quad cavity receiver as 
discussed in Section lll-C.3b, primarily due to two-sided receiver tube 
heating, which results in complex flow control requiremer,ts with cloud 
transients. This is even more difficult for the water/steam case because of 
the potential for two-phase flow. 
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TABLE 111.B.3 · 
WATER/STEAM STORAGE SYSTEM COMPARISON 

Sinole Stage 

T emperoture Range (°F) Oil - 160 

Gross Cycle Efficiency 0.275 

Gross Heat Rote (BTU/KWh) 12,410 

Estimated Capacities (KWe) 3,770 

Gross Power Output (KWe) 77,000 

Net Power Output (KWe) 73,230 

Mainstream Capacity Factor 0.344 

Annual Energy Delivered 127 
From Admission Steam (GWehr) 

Total Installed System 29.5 
Costs (Millions $) 

$/ Annual kWehr 0.23 

:/kWhr @ Levelized Fixed 5.8 
Charge Rate of .0250 

Marginal Cost of Additional 0 
Energy(~$/!:. Annual kWehr) 

Marginal LeveJized Cost {,b,,ff,/~ KWeHR) 0 

Two Sta~ 

Oil - 55 
Salt - 230 

0.322 

10,590 

4,000 

93,500 

89,500 

0.344 

150 

59.I 

0.39 

9.8 

0.78 

19.5 

The quad cavity configuration presents an untried, questionable design for a 
potential devastating environment. The once-through system hos been 
demonstrated to a limited degree for Solar I. The external, .forced­
recirculation screened-tube system presents a potential improvement in 
controllability over the once-through system, but it introduces some 
additional question of tube support suitability. 

c. Conclusions 

The B&W forced-recirculation, screened-tube external receiver was selected 
for the water/steam concept. Although there was no clear-cut cost 
advantage for any of the receivers, the B&W receiver concept was judged 
the best design for controllability. 
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4. 

l 

The single stage oil/rock tnermocline storage system was selected on the 

bases of cost for the water/steam concept. As previously mentioned, it was 

decided to continue with c no storage option cs well. Thus, two water/steam 

concepts were defined for consideration in the final plant concept 

selection. This was done so the economics of reduced efficiency for 

operation with storage could be compared with a higher cycle efficiency, 

though lower capacity factor, potential available without storage in a 

water/ steam system. 

Candidate Water/Steam System Description 

a. General 

I 
I 
I 
I 
I 

Two options are considered for the water/steam system plant; one with ,-

storage having a capacity factor of 0.48, and one with no storage, having a 

capacity factor of 0.26. The water/steam system plant includes a single 

coliector field surrounding the tower, and receiver, storage tanks (storage 

option), turbine generator and balance of plant, all located in an area at the I 
base of the tower. · 

b. Collector System 

The !068-acre (storage) or 524-acre (no storage) collector field is 

approximately circular, as indicated on the plot plan, Figure IH.B.8. The· 

collector system contains 17,250 MDC Model 50 heliostats with 
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I ' 

• Radial Stagger Array 
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J 
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• Receiver Centerline Elevation 
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-647 ft Storage 
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17250 Storage 
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Figure 111.B.8. Commercial System Field Layout 
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c. 

cpf>roximctely 57 m2 each of glass area for o total mirror area of 983,250 
m- (storage) and 8,175 heliostats with o total mirror area of 465,975 m- (no 
storage). The heliostats ore arranged in c radial staggered array around the 
tower. 

Receiver System 

The receiver system consists of a cylindrical screened-tube, forced­
recirculation absorber unit with its support structure, control elements, 
interconnecting piping, and c receiver tower. 

The receiver tower is o tapered, slip-formed concrete structure which 
supports the receiver at an optical height of 620 ft. for the storage option 
and 547 ft. for the no-storage option. Approximate scale and dimensions for 
the receiver tower are shown on Figure lll .. 8.9. The receiver support 
structure attaches to the tower top. 

The tower will contain an internal elevator running up the center of the 
tower. This elevator will go from the ground level through intermediate 
work station stops, and will terminate at the top deck level. 

Refer to Section JV.D for details of the tower structure and features. 

The main water riser and steam downcomer are supported on the inside of 
the tower shell and include expansion loops at ·the appropriate intervals. 
Piping size and materials are shown in Table 111.B.4. 

~, 
I I -f.-,.,._ ____ 50ft OD W/StoTB;e 

I 35 ft 00 W /0 Storage 

I 
I 
I 
I 
I 

647 ftW/Storage I 
375 ft W/O Storage l 

I 
I 
I 
I 
I 
I 
I 

12 in. W/Storage 
Wall Thickness 
8 in.W/0 Storage 

Reinforced 
Concrete 
Tower 

1.000Taper 

12.5;:r--

C=:::' ==t'I =-~-~-~-.-:."---- 18 in. W/Storage Well Thickness 
12 in. W/O Stor~e 

----+-..... 150ftt--t----

103 ft W/O 
Storage 

200ft 
Diam Mat 
137 ft W/O 
Storage 

Figure 111.B.9. Receh,er Tower 
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T AB!..E 111.B.4 
Pl?JNG MATERIALS AND SIZES 

Size 

_Pipe Material Stora~ Q.etion No Storaae Oetion 

Mein Steam Downcomer A335 -p22 2611 Schedule 160 12" Schedule I 60 
2-1/4 Cr - I Mo. 

Feedwcter Riser ASTM AI06 Gr. C 12" Schedule 160 I 0'1 Schedule 160 

Admission Steam ASTM AI06 Gr. B 20" Schedule 40 None 

Steam Generator F eedwater ASTM Al06 Gr. B 9'' Schedule 40 None 

Oil ASTM Al06 Gr. B 611 Schedule 40 None 

The receiver is constructed of 24 factory-assembled absorber panels (made 
of lncoloy 800), arranged in cylindrical cenfiguration, as illustrated on 
Figure 111.B. IO. Each panel is complete with strong-back, insulation and 
lagging, instrumentation, structural attachment points, piping, and piping 
attachments points. 

176') 
.23.2 

l -

Forced-Recirculation Receiver 

Suam Oowncomer 

Panel 

Fifure 111.B. 10. Receiver Design Features 
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Screen tubes on the panels provide the phase change in forced-recirculation 
flow from two drum separators, one for each side of the receiver. Steam 
from the drums flows through the su;:>erhecter screened tubes in three series 
passes of two parallel panels for each side of the receiver. Atte:-:iporation 
between posses controls outlet temperature, while balance valves control the 
flow distribution between panels. 

A schematic of the receiver main components is shown on Figure 111.B. l I. 
\Nater enters the receiver,at 2250 psig and 459°F. The maximum receiver 
fluid flow rote is 1.7 x 10° lb/hr. The receiver is controlled to maintain on 
outlet steam temperature of 960°F. The outlet temperature and steam mass 
flow ro1e {for feedwcter control) ore measured continuously. Flow rote to 
the ottemporators is adjusted (with appropriate logic to respond properly to 
transients) to correct any error detected in receiver outlet temperature. 

The receiver power level at the system design point is 603 MWth (absorbed) 
· for the storage case and 292 MW :th for the no-storage case. tiowever, the 
receiver will be designed to function up to 110% power. T~ peak heat flux 
on the absorber surface is limited to less than 0.6 MW/m and tube metal 
temperature is limited to less than 120D°F. 

No minimum steam flow rate is required. During startup or when the 
receiver fluid temperature drops below 900°F, the fluid is diverted to a flesh 
tonk. Steam from the flash tonk goes to the primory steam line, and 
condensate flows through a separate downcomer to c cleoerator. 

High Level 
Cumr:, ValllOA 

Econ 
Reclrc 
Valve 
Ac:, DB 

~!mrot l Feedwater 
Valve Intel 
A 

Figure lll.B.11. Water/Steam Receiver Schematic 

111-18 

2nd St~e 
Attemz,erator 

1-st Stage 
Attemperatcr 

High Level 

c:, 
x-

0 Dump Valves 

o Slowdown 



- •• , .-·· r ,-- ,,.,~-

d. 

Seam "l'o 
Turt>1nt ...... 

Steam 
Generator 

Storaoe and Transoort Svstem 

The storage and transport sy~tem includes the thermal storage tonks~ heat 
exchangers, and all of the piping to and from the receiver and the associated 
pumps, valves and control instrumentation. 

A schematic of the storage system is shown on Figure 111.6.12. 

Thermal energy is absorbed into the system (charging process) by circulating 
a heat transfer oil through charging heat exchangers while condensing 
receiver steam which is desuperheated. The heat transfer oil 
(Caloric HT -43) enters at about 425°F and exits at about 585°F. The high 
temperature Caloric flows to either the· storage tank (thermal storage 
ootion) or to the inlet of the steam generating heat exchangers. The 
desuperheoter is a direct contact mixing chamber with feedwater injected 
through multiple atomizing nozzles. The maximum steam flow rate is 
700,000 lb/hr into the desuperheater. The spray is controlled to provide 
650°F steam at the outlet. 

Five heat exchangers are used to heat the thermal storage fluido Each has o 
removable U-tube bundl~ Each is mode of carbon steel and has a heat 
transfer area of 18,000 ft • 

Condensed steam from the storage heater flows to a flash tank. The steam 
flows to the deaerator and the condensate to the second stage feedwater 
heater. Pipe sizes and materials are included in Table lll.B.4. 

The thermal storage unit (TSU) is a vertical cylindrical tank filled with a 
sand/rock mixture. Hot Caloric is introduced at the top of the TSU through 
a distribution manifold and passes downward through the tank. As the oil 

Thermal Fluid Loaps 

Pumc 

Extraction 

~ 

Thermal 
Storage 
1-tea,er 

Steam 
F!'OIT' 
Receiver 

Figure lll.B.12. Thermal Storage Schematic 
Pums:, 
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passes through the rock/send mixture, it transfers its heot to the sand and 

rock and is cooled to the low temperature (425°F) condition. The zone of 
heat transfer within the tank (thermocline) occurs over a small fraction of 

the entire tonk height. As energy is added to the TSU, the thermocline 
moves downward, thereby increasing the thermo! charge. 

During the energy extraction process, high temperature Caloric is circulated 

to the steam generators either flowing directly from the outlet of the 

charging heat exchangers or from the top manifold in the TSU. The cooled 
oil then flows to either the TSU bottom manifold where it is reintroduced 

irito the tonk or directly to the charging heat exchangers where it absorbs 
additional charging energy. 

Five modules of steam generator are used. Each includes o preheater, 

boiler, and superheater. The prehe2ter is a straight tube, floating head, 
counterflow exchanger with 4684 ft heat tro~fer area. The boiler is a 

horizontal LJ-tube, kettle boiler with 13,000 ft heat transfer area The 
superheater is a horizontal, U-tube, cross-flow exchanger with 6390 ftL heat 

tronsf er area. 

The Caloric introduced into the TSU bottom manifold flows upward through 

the sand/rock mixture. As the Caloric passes through the thermocline 

region, it absorbs heat from the high temperature rock and continues to flow 
upward until it passes out of the tonk top at a nominal temperature of 
585°F. 

During this period, thermocline is moving toward the top of the TSU which 

results in o net energy extraction from the TSU. Charging and extraction 

functions for the TSU must be terminated when the thermocline reaches the 
bottom or top manifold, respectively. 

The storage tanks (Figure 111.B.13) hove approximately 0.6 height-to­

diometer ratio to resist over-turning during earthquake. Four thermal 

storage tanks are used in parallel. Each tank is 97.5 ft. in diameter and 

56 ft. high. The total volume per tonk is 2,890,000 gal. Eaeh tank is filled 

with 22,300 tons of granite rock end sand and 503,000 gals. Caloric HT-43. 

The tanks are mode of ASTM A537-70, Grade 8 carbon steel. The wall 

thickness is stepped to reflect the hoop stress resulting from hydrostatic 
pressure and settling of the rock bed. 

The tank foundation is insulating concrete over lightweight concrete and is 

designed for stability in a seismic environment. The inner tank shell is not 
restrained by the anchor bolts; hence, it is relatively free of thermal 

stresses. An outer shell serves as logging and provides attachment to the 
anchor bolts. Expanded perlite insulation absorbs compressive st'roins 

resulting from expansion of the inner tank shell. 

An .u11age maintenance unit controls nitrogen flow to pressurize the TSU to a 

safe level and removes any volatile degradation products of the heated 

Caloric. The TSU is maintained at a slightly positive pressure to prevent air 

from leaking into the tonk. This prevents oxygen from entering the tank to 

increase the degradation rate of the Caloric. 
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Figure 111.B.13. Thermal Storage Tank 

e. 

f. 

The warm oil is circulated through the charging heat exchanger by five 
4000 gpm centrifuge!, high temperature pumps. Each pump requires 190 kWe 
power at the maximum charging rate. 

Hot oil is circulated through the steam generctor by five 6000 gpm 
centrifugal, high temperature pumps. Each pump requires 190 kWe. 

Two receiver feed pumps, operating at half capacity, boost feedwater the 
number one heater ( 600 psi, ~54°F) to receiver feed pressure of 2550 psi at 
a tote I flow rote of 2.0 x I06 lb/hr. Each pump requires a 1500 kWe motor 
power (storage option). For the no-storage option, the total flow rote is 
960,000 lb/hr with a 790 kWe electrical power requirement for each pump. 

EPGS and Balance of Plant 

The EPGS and bala,ce of plait for the water/stecm systems are similar to 
that described for the molten salt system (Section HI-C). The turbine is c 
nonreheat turbine. The turbine for the storage option also hos an admission 
port to accept the derated steam from storage. The turbine for the no­
storage option was assumed to be o variable pressure turbine. 

Plant Control System 

The plant control system provides coordinated control of all of the plcnt 
systems. Its characteristics and operation are basically the same as 
describecd for the molten salt system (Section 111-C) except for differences 
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in storage system control (where cppliccble) end more complicated turbine 
controls due to the closer coupling between receiver enc turbine and the 
operation on admission steam for the storage option. 

g. Fina I Base line Weter /Steam Systems Sizing 

The base Ii ne water/ steam systems component sizes end ccpac it i es ere 
summarized on Table III.B.5 for both the storage arid no-storage options. 

TABLE 111.B.5 
BASELH..JE WATER/STEAM 1 

SYSTEMS CHARACTERISTICS 

No Storage 

Capacity Factor 0.264 

Annual Energy to Steam (GWehr) 663 

Land Area km2 / a~res 2.12/524 

Heliostats 8175 

Glass Area m2 464,667 

Tower Height (m) 

Optical 130 
Rec~ 133.7 
Top o Tower 1.10.7 

Receiver Design Pt. Power MWt 292 

Rec. Geometry H X D (m) 19.4 X 14.Q 

Rec. Area (m2) 856 

Design Pt. Flow Rate (lb/hr) 960,000 

Cold Weter Pipe ASTM Al06 GrC (m) 520 
I 011 Scheel 160 

Hot Steam Pipe 2-1 /2 Cr - I Mo (m) 520 
12" Sched 160 

Receiver Pump 

Number 2 
Size Each (HP) 1060 

Storage Size (MWthr) 0 

Type 
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Storage 

0.480 

1377 

4.32/1068 

17250 

·990,490 

189 
192.7 
165.5 
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520 
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2 
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h. Base line Water /Steam Svstems Costs 

The esti'Tlated costs of the two water /steam systems are shown on 
Table 111.8.6. These costs are based on the two systems (with and without 
storage) cs described in the preceding text. 

TABLE 111.B.6 
WA TER/STEAN, 

RELATIVE COST ESTIMATE FOR 100 MW SOLAR POWER PLANT 

0.264CF .480 
I Field 0 CF 

Without I Field 
Solar Steam S~ely Svstem Storaoe With Storaae 
• I Collector 

.11 Collector Purchase .Price $68.3rri $144. lrfi 
• I I Collector Erection 11.7 24.7 

.2 Major Solar Steam Supply Hardware 15.4 25.3 

.3 Solar Process Mechanical Equipment 0 30.7 

.4 Solar Electrical 1.8 2.2 

.5 Solar Civil and Structural 3.4 6.9 

.6 Solar Piping and Instrumentation 3.1 10.1 

.7 Solar Yardwork and Miscellaneous 3.4 6.6 

Turbine/Generator $8 .. 4rfi $8.9rt"I 

Process Mechanical Equipment 9.1 10.3 

Electrical 6.1 6.1 

Civil and Structural 4.2 4.2 

Process Piping and Instrumentation 6.1 3.2 6.1 3.7 

Yardwork and Miscellaneous 0.6 0.6 

Switchyard 0 0 

Distributable Construction Costs (CM&SU) 3.8 5.8 8.6 6.0 

Engineering & Home Office 
A&E 1 .. 2 5.0 3.2 5.0 
Solar Integrator 4.0 9.1 

Contingency 8.5 8.9 

Subtotal (MDC, Bechtel) $122.2rfl $S0.9rn $277.6rii $53.7rii 

~ ~ 
Total $173.1 rfi $331.Jm 

Dollars Per MWehr $747 $785 
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i. Baselin"= Water/Steam Systems Performance 

The overall system performance at the design point and annual overage are 
shown in waterfall format for both systems on Figures 111.B.14 through 
111.B. Ii. The auxiliary power requirements ot the desian conditions and the 
corresponding annual e~ergy consumption for system parasitics are given for 
each warer/steam system on Tables lll.B.7 (without storage) and 111.B.8 (with 
storage). 

5. TechnolooY Readiness 

The majority of lcrge, boselood and intermediate load electric generation plants 
ooerate with sieo'Tl cycles. The major difference between plants is the source of 
energy (different fuels) used to produce the steam. In a simplistic sense, a 
water/steam solar system is but another energy source with the collector field and 
receiver replacing the conventional fossil-fuel fired boiler. All other components in 
the water/steam solar system, with the exception of the thermal storage system 
(where applicable), ore essentially identical to those in a conventional steam 
plant. These components represent little or no risk associated with their design, 
construction, and operation. The receiver is the only hardware item which requires 
further validation of the desian. Also. because of the transient nature of solar 
energy, there is some operational compiexity due to the close coupling of receiver 
outflow and turbine inflow. The use of storage also odds a degree of control 
complexity associated with use of derated steam in an admission turbine. 
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,Figun 111.B.14. Baseline Water/Steam System Performance 
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Figure 111.B.15. Baseline Water/Steam System Performance 
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Figure 111.8.16. Baseline Water/Steam System Performance 
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Figure 111.8.17. Baseline Water/Steam System Performance 

Several government and industry studies and test programs have been directed 
toward this t-echnology development over the past several years. During the 
preliminary design of the Barstow Solar I plant, several receiver tube test panels 
were constructed and tested. Initial tests of these panels were made using 
artificially generated radiant energy (heat lamps). Both a Rockwell (the Solar I 
receiver manufacturer) panel and a Foster Wheeler/Martin receiver were tested 

this way. These tests verified the feasibility of producing superheated steam ~ 
tubular receiver panels heated w_ith radiant energy. Peak fluxes up_to I MW/m 
were achieved with outlet steam temperctures approaching I OOOUF. One unit 
(FW/MMC-1 MWt) was installed at the solar test facility at Odeillo; France, where 
it was tested using concentrated solar energy as a heat source. 

A subsequent phase of panel testing was accomplished using a full-size panel from 
the Barstow Solar I project installed at CRTF. These tests, conducted during 
February 1979 to March 1980, provided full-scale .demonstration of a once-through 
to superheat receiver design. T:re test objective of operating at the Solar I peak 
flux requ~ement of 0.3 MW/m was easily met and flux levels in excess of 
0.4 MW/m were experienced without difficulty. 

At the time of this report, the world's largest (10 MWe) solar powered electrical 
generating plant (Solar 1) is virtually completed and is undergoing final checkout 
prior to beginning rated operation in the near future. The successful testing and 
operation of this facility provides a quantum step in the verificoti•on of the solar 
thermal electric generation in general and solar water/steam systems specifically, 
with a corresponding improvement in technical readiness of solar systems. 
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TABLE 111.B.7 
WATER/STEAM SYSTEM AUXILlARY POWER REQUIREMENTS 

WITH NO STO~AGE - CAPACITY FACTOR 0.264 

~;, 

Direct Storage Shut Annual 
Operation Operation Down Au>_ciliary 

(kWe) (kW~) (kWe) Energy (GWhr) 

Collector 531 N/A 2.31 

Receiver 

Feed Pumps (Variable) 3038 6.67 

Thermal Storage & Transport 

Thermal Storage Drain Pumps 0 

Circulating Pumps 0 

Master Control so 30 0.33 

Steam Cycle 

Variable Load+ 63 0.20 

Cooling Tower Fans 292 0.92 

Circulating Water Pumps 477 I.SO 

Heating/ Air Conditiontng 440 300 3.07 

Misc. Fixed Load 320 260 2.47 -
Totals 5211 0 560 17.47 

*F eedwater and Condensate Pumps 

Key areas to be validated in the Solar I operation are integrated plait control 
(including receiver/turbine control interaction), for water/steam systems, in 
particular, aid receiver panel operational life in the solar thermal cycling 
environment. 

Receiver panel operational life remains to be validated in the real environment, 
although analyses and panel tests place high confidence that the 30-year objectives 
can be realized. Unique residual concerns applicable to a water/steam system for 
this plant ore the extrapolation to higher receiver flux and modification of panel 
tube supports to accommodate the screened tube concept. Extrapolation of results 
to a larger scale plant is a concern common for all central receiver concepts, but 
no unique problems are anticipated that would not apply also for other technologies. 
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TABLE 111.B.8 ; 
WATER/STEAM SYSTEM AUXILIARY POWER REQUIREMENTS 

vnTH STORAGE - CAPACITY F. ACTOR 0 •. 480 
l 

l 
1- Annual 

Direct Storaae Shut Auxiliary 
Operation Ooeration Down Enerm:: (GWhr) 

Collector 1120 4.90 

Receiver 

Feed Pumps (Variable) 3490 8.80 

Thermal Storage & Transport 

Thermal Storage Drain Pumps 2240 3.50 

Circulating Pumps 750 930 2.70 

Master Control 50 30 30 0.33 

Steam Cycle 

Variable Load* 130 620 1.41 

Cooling Tower Fons 600 600 4.75 

Circulating Weter Pumps 980 980 4.67 

Heating/ Air Conditioning 440 300 300 3.07 

Misc. Fixed Load 320 260 260 2.47 

Totals 10,120 3720 590 36.60 

*F eedwater and Condensate Pumps 

111-C. MOL TEI-.J SALT SYSTEM DEFINITION 

I. Functional Description end Key Attributes 

The system, .shown schemoticolly on Figure 111.C.l, consists of a tower-mounted 
molten-solt-cooled receiver heated by a field of MDC Model 50 heliostats 
(DOE/Sandia second generation). The molten salt used in these systems is typically 
o mixture of 60010 (weight) sodium nitrate and 400.6 potassium nitrate. Molten salt 
heated in the receiver is routed through a molten salt/water steam generator, 
through the thermal storage system. The steam is then used in a conventional 
manner to power a reheat turbine generator set to produce electricity. The cooled 
salt is returned through the thermal storage system to the receiver. The thermal 
storage system buffers the steam generator from solar transients as well as 
supplying energy during extended periods of no insolation (i.e., ofter sunset). The 
use of a high temperature storable fluid, such as molten sett, in the receiver and 
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Figure Ill C-1. Solar Central Receiver System - Molten Salt 
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thermal transport loop not only decouples steam generation from solar transients, 

but permits a high efficiency reheat steam cycle at temperatures and pressures 

standard·to utility practice. 

The molten salts suitable for use as a heat transfer fluid in a solar system are of 

the same family of molten salts used in commercial heat-treating and industrial 

process plants. Extensive operational experience has been accumulated with these 

salt mixtures over the last 20-30 years. The exact composition of the molten salt 

fuild is balaiced between operating temperature requirements of the process and 

cost of the mixture. Usual mixtures will provide a freeze point in the 430-480°F 

range. With the addition of some sodium nitrite, the freezing point can be 

depressed even further, but mixtures with lower freeze points have somewhat less 

compositional stability at operating temperature of more than I000°F, and are 

more costly. The molten salts are nonexplosive, nonflammable and nontoxic, and 

when properly protected from the environment, are compositionally stable over an 

extended period of time. These salts have a low vapor pressure at high temperature 

and do not react with water/steam; hence, no unusual safety hazard is encountered, 

as with the reacting of liquid sodium with water. The low hazard characteristics of 
this fluid permits· the design of the solar receiver, storage tanks and steam 

generator to be made to less stringent ASME codes and in some cases the use of 

uncoded equipment would be legal. 

The low safety hazard, low cost and ready availability of the molten salt make this 

fluid most suitable for use with solar central receivers. Hence, these fluids hove 
been selected by the DOE for continued extensive development testing at the CRTF 

facility in Albuquerque, New Mexico. 
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2. 

... -. 

Options for Trade Studies 

Two differe:it receiver confiaurotions hove been selected for continued 
development under the DOE/Sandie central receiver program. These are o four­
s_i ded "quad" cavity receiver and o partial-cavity "omega" receiver. The 
arrangement of these two receivers ore shown on Figure III.C.2. The "quad" 
configuration is c basic design of a cavity type receiver suitable for use with o 360° 
surround collecto:"' field. The ''quad" arrangement is essentially four separate cavity 
receivers installed in o single housing and oriented at 90° intervals. The common 
receiver wells ct the intersections ore heated on both sides. The ''omega" partial­
cavity receiver is designed for use with c north-field collector layout. 
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Figure 111.C.2. Candidate Molten Salt -Receivers 

These two configuration approaches hove been defined in previous studies of central 
receiver repowered utility plants. The "omega" partial-cavity receiver, north field, 
configuration has been developed by MDAC for use on the Sierra Pacific F:>ower 
Company Ft. Churchill Unit No. I near Reno, Nevada (Reference 111.C.I). The 
"quad" cavity receiver surround field was considered by Martin Mariette for· the 
Arizona Power Company's Saguaro Unit No. I near Tucson, Arizona 
(Reference 111.C.2). In general, the two systems optimize for different latitudes. 
The north-field design gets progressively better the farther north the plant is 
located (in the northern hemisphere), while the surround field becomes better 
farther south. Therefore, it was decided to trade off these configurations for th~ 
near Barstow, California location of this project. 
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A se=ond trade study was conducted to select the number of collector field modules 

which shoulc be used in the final design. This addresses issues such as performance, 

cost, hardware ph)'Sical size limitations (fabrication and transportation) and 

ovoilable land geometry constraints. Therefore, the study considered a single large 
collecro:- field as well as two modules (two half-size fields) and three modules 
(three t'iird-size fields}. A sample two-module field arrangement is shown on 

Figure 111.C.3. 

Economics, performance and relative technical risk were evaluated for these 

alternatives to select the system for use in the final plant concept selection. 

Collector Svnem 1 

Collector Svsum 2 

0 Receiver Svstem 2 

Figure 111.C.3. Plat Plan - Maiten Salt System, North/South Arrangement 

3. Trade Studies 

a. Key Inputs, Assumptions and Results 

The insolation model used in all the trade studies is the SOLINS Barstow 
model (see Section V-A .. ). 
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The trade studies were based on the MDC Model 50 heliostat characteristics I 
(see Section IV-C). 

Receiver/Collector Field Configuration I 
The study was conducted for plant sizes ranging from 160 MWt to 700 MWt• 

Receiver irradiated area was scaled linearly with power and the quad I 
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receiver cavity power ratios were hel.d constant. -~ec-eiver costs were/ 
dl.erived b-y Foster Wheeler to provide completely comparative breakdowns 
frorn reported values in the previously referenced studies of these 
concepts. Receiver efficiency factors wer,e . scaled linearly with 
power from the reported values. The collector field size, shape and 
performance are based on SNLL DELSOL collector field computer code 
optimization runs for the system. 

A typical result is shown on Figure 111.C.4 at a design-point power rating of 
about 330 MW t· As in this case, the results for the entire range of sizes 
studied were essentially equal costs for all annual energy outputs at the 
Barstow latitude. The slightly lower heliostat and receiver cost for the 
partial-cavity receiver in this case is more than offset by the higher tower 
and associated piping and pumping costs. In any event, the differences are 
well within the margin for error in the estimates. 

In this study, both configurations used a slip form concrete tower. Data to 
compare a free standing steel and concrete tower, as shown on Figure 
111.C.5, was generated by evaluating both in the computer runs for the north­
field configurations. These results are shown on Figure 111.C.6. A significant 
cost advantage exists for the concret~ tower in forge plant sizes such as this 
(height of about 200 meters). 

Collector Field Modularization 

The study was conducted for the partial-cavity, north-field configuration 
using the some inputs and assumptions as the previously discussed trade 
study. 

PTants of_ ene fvll..si-ze,-two haJf-size, and three third-size collector field 
wi:tn ~ o 0.6 capacity factor were evaluated. Specific land geometry 
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Figure 111,C.4. Molten Salt Receiver Cost Breakdown Comparison _ 
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CONVENTIONAL STEEL TOWER 

Figure 111.C.5. Candidate Tower ConcepU 
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Figure 111.C.6. Tower Cost Models 
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constraints were not included in the trodeoff. Comparison of the capital 
costs for the three configurations is shown on Figure lll.C.7. The following 
observations were made: 

o The cost difference is not significant for one, two, or three modules. 

o Tne physical size of the receiver for the single field configuration 
could result in additi-onal complications in fabrication, shipping, and 
op~ation. For practical considerations, receiver panel length 
(approximately 85 feet) for the twQ--_modvle size plontJ:s_more- i-n- li_ne 
wjfh- shipping constraints and less divergent from experience ~n 
f abr-ieation and sfructural support for thin wall tube paneTs~ 

Single 
Field 

172.3 

!Receiver) 

154.6 
!Tower) 146.5 

(Pumps & Piping l 

Collector 
Land 
Wiring 
IS150im2J 

136.3 

Cepecity • 1356 mwt Hr/Year to Storage 
(~-ECIOT) 

Two 
Fields 

175.6 

155.2 

146.7 

133.5 

Three 
Fields 
176.2 

154.1 

144.5 

132.7 

Figure 111.C.7. Molten Salt Modularity 

b. Risk Considerations 

Conskleret-k>n--of technical risk appHes primarHy to the receiver selection. 
The partklk:avityreceiver is- strongl.)'favored--at-this:time because it has 
wbe-ponets suppor~ and heated: from-one side-,- -as has--beendemonstra:ted,­
while the quad cavity receiver hos several significantly different design and 
operational difficulties, including two-sided heating of panels. The one-sided 
heating is similar to a molten salt receiver demonstration test in a Sandia 
CRTF experiment. The partial-cavity receiver design builds on this 
successful experience and makes improvements to obviate the minor 
problems experienced in the demonstration. On the other hand, the quad 
cavity introduces a new set of significant issues, as follows: 
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o Stf!Jctural - ;);ff;c;··:, u'."'\tr;ed desig, is required to prov,ae lateral 
support for the pariels heated on both sides end subject to wind 
loading. 

o Performance - Increased tube surface area and total aperture area is 
likely to yield higher losses. 

o Cavity encl~ure - Four doors are required for emergency end 
overnight protection instead of one. 

o Operation and Control 

Two-sided panel heating is subject to more complex cloud 
transient impact on flow control to maintain wall and coolant 
temperotu.re. 

Difficult, untried design required to provide feed-forward 
control sensors that can survive two-side heated panels. 

Difficulty in pre-heating panels for startup. 

c. Conclusions 

The selected configuration for the baseline molten salt system is a two­
module configur.ation with a partial-cavity receiver on a slip-form concrete 
tower in each north-field. There is no significant cost consideration in the 
selectia'I, but technical risk, ease of_ fabrication, handling and shipping for 
the receiver and flexibility to meet potential available land geometry 
constraints for the selected site supports this choice. · 

4. Candidate Molten Salt System Description 

a. General 

b. 

The following molten salt system description was used for the alternate 
system concept evaluations only. The system is similar but not identical to 
the system adopted in this study for Solar 100 (described in Section tV). 

The baseline molten salt system plant operates at c capacity factor of 0.6 
and includes two collector fields, each with a tower end receiver (each 
collector field is located north of its tower) OAd-=one--set of thel"fflOI st-orog!t­
tenks, steam generator, turbine geAerator and balance of plant, all hx::oted 
"1t the-south tower. 

Collector System 

The collector system is divided into two independent systems occupying o 
total of obout 0 909- acres. The selected north-south orientation is shown on 
Figure 111.C.3. Ec;ch field contains 7,620 MDC Model 50 heliostat~ with 
approximately 57m- each of glass for a total '21irror area of 433,000 m each 
of glms for a total mirror area of 433,000 m • The heliostats are arranged 
in a radio I-staggered-array concentric to the north of the tower. 
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c. Receiver Svsterr. 

A receiver svstem is provided for each collector system, Each receiver 
system consists of on omegc, pcrtic!-covity absorber unit with its support 
structure, doors, control elements, interconnecting piping and o receiver 
towei, 

The receiver tower is c tapered, slip-formed concrete structure which 
cSVpperts the rece1 ver at on op-ti col hei-ght of 663 feet. Approximate sec le 
end dimensions for the receiver tower ore shown on Fiaure 111.C.8. The 
receive:- support structure attaches to the tower top. Ref~r to Section IV.D 
for details of tower construction and features. 
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Figure 111.C.8. Receiver Tower 

The main salt riser and downcomer ere suppotted on the inside of the tower 
shell and include expansion loops at the appropriate intervals. The 
downcomer is 12-inch diameter stainless steel and the riser is 16-inch carbon 
steel (AST M, A 106). Both ore insulated with calcium sfliccte insulation 
(8 inch on downcomer, 6 inch on riser). 

Each receiver is constructed of factory-assembled absorber panels (mode of 
lncoloy 800) and arranged in o portiol-ccvity configuration. Each panel is 
complete with strongbock, insulation and lagging, instrumental, structural 
attachment points, piping, and piping attachment points. 

The general arrangement and components of the receiver are shown on 
Figure 111.C.9. 
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Figure 111.C.9. Panial Cavity Receiver SALT llitt'T 

d. 

The r.eceiver design point power level (absorbed) is _306 MYfth· 24 is designed 
to operate ct o peak heat flux of less than· -0.6 M:WYm end metal 
temperature less than l200°F with a peak salt film temperature less then 
I I00°F • 

. The design point flowrate is 5.63 x !06 lb/hr. The minimum flowrate 
capability is 25% of rated flow. Hot salt flows from the receiver to the hot 
storage tank except at startup or when the receiver fluid temperature drops 
below 1000°F. In this case, the fluid is recirculeted to the warm storage 
tank. Each receiver is fitted with doors to close the aperture and limit heat 
losses during ovemi ght end extended daytime shutdown. The doors counter­
ba lonce each other end are weighted to automatically shut if electrical 
power is lost. The doors have an ablative outer coating to prevent structural 
damage in the event of a total loss of electrical power to both the receiver 
and collector. 

Storage and Transport System 

The storage and transport system includes the thermal storage tanks and all 
piping between the receivers, steam generator, and the tanks, and the 
associated pumps, valves and control instrumentation. 
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A Schematic is shown on Figure lll.C.10. A drag valve (LCV-1) controls tne 
fluid lever in o receiver outiet surge tank. ~pes'S·from-therecetver-tothe 
worm 'S'Toroge tcrik l)er-mits rece~ver cJrcuLaton during startup and low 
insotct ion periods without degrading storage temoerot ure. 

From Receiver (Tvoi~I 1 

2 Receivers 
Outlet Surge Tank 

Receiver Feed Pumos 
Typical = 2 Receivers 

Figure 111.C. 10. Storage and Transport System Schematic 

To 
Tanks 

To Hot 
Tank 

Air 
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Natural Gas 

To Steam 
Generator 
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A312 

Salt 
Flow 
Cont. 

FCV-1 

The hot storage tonk accumulates the salt flow from the receivers for use on 
demand by the steam generator system. Arrc::ut1age- ,e,xponsion -tonk .:and, 

trCfl'Sfer=#ne'is=used t0ctronster-ary O:il"-eover--gas between tne· hot :anctwarm 0 

stp,i;,a,,Qe=tanks,,--a flowing· for- temperature changes. 

Two pumps operating at half capacity each feed salt to the steam 
generator. Each multistage, cantilever pump · is capable of delivering 
2950 gpm at 250 psi (3001

)_ head. Each pump operates at 75% efficiency and 
requires 380 kW when running at full capacity. 

Bypass dump lines to the hot tank provide pump· flow control, A bypass 
around the steam generator through BV I (Figure lll.C.10) permits salt 
circulation to the~m:m.--=tank:-,to maintain warm tank temperature. Another 
bypass line through BV2 is provided to the worm tank outlet for blending 
with salt from the hot tank during startup and overnight temperature 
maintenance of the receiver. 

So It returns from the steam generator to the W.Qfm:::=tonk> where it 
accumulates for on-demand circulation to the receiver. A fl.ow control valve 
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Inner Tank 

(FCV-n reaulotes total sclt flow. This valve is anolocous to the bumei 

control in o fossil fired unit. Opening FCV-1 increases the heating rate and 

steam ;,reduction rote in the evaporator. _ A line from the worm tank 

circulates salt to c nature! gas-fired heate~ to aid initial svstem charging, 

startup and temperature maintenance during long-term shutdow:,. Solt 

heated in tnis manner flows to the hot storage tank. 

Two pumps_ operating ct half capacity each feed sett to each of the 

receivers. Each multistage, cantilever pu:-no is capable of delivering 

3250 gpm ct o 900 psi ( 11001
) head. :och pump operate~ at 75% efficiency 

and reqiJires 1403 k'N when running at full capocitv. Bv;,ass dump lines to 
The warm tank provide pump control. A bypass line through BV3 permits 

graduol temperature increase during steam generator startup. A flow 

control valve regulates fluid leve! in a receiver inlet surge tank. 

The drag valve is a 12-incn angle valve which is preferred for its self­

draining capability. 

The hot and warm tanks are illustrated on Figure 111.C. I l end ere similar in 

desig:,. The tonks hove an 0.6 height-to-diameter ratioto resist overturning 

during earthquake. The=m·r-=tcnk-is=00mode_ e>_f' 304 st~s stee:l, and the 

warm tank of carbon steel. The wall thickness of each is stepped to reflect 

the hydrostatic pressure. 
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, .. Calcium Silicate 
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• Cerbon Steel for 
Cold Tank 

. 304 Stainless 
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Hot Tank 

tf 

1_ ...... ~---~--------ll'""",~.:.. ___ ,....,_ _ __,.,_ 
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00 
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~ 
T 
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'79i6" 
~ oi 

tu 0.306" om· 
ti 1.45" 1.5" 

~ ~ z 
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Figure 111.C. 1 t-ihmnafitorage Tanks 
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The tank foundations are an insulating-concrete over lightweight-concrete 
and ore designed for stability in a seismic environment. The inner tank shell 
is not restrained by the anchor bolts; he-nee. it is relotivelv free of thermal 
stresses. An outer shell serves as logging end provides attachment to the 
anchor bolrs. Expanded perlite insulation absorbs compressive strains 
resulting fro'Tl exoonsion of the inner tank shell. 

Steam Generation System 

The steam generator system includes the heat exchangers (preheater, 
evaporator with integral steam drum, superheater, and reheater) and the 
interconnecting piping, valves, and control instrumentation. 

A schematic of the sytem is shown on Figure 111.C. I 2. A mixing valve blends 
the hot end warm salt for gradual worming of the steam generator heat 
exchanger~ during startup. 

Molten salt flow follows three paths. One path flows through the 
superheater. The valve, FCV-3, on the superheoter outlet is used primarily 
to fine tune superheater pressure drop and regulate superheater steam outlet 
temperature. The single pass superheater does not provide any convenient 
entry points for spray ottemporation of outlet temperature. "f--he---nomtl'¼Gb 
-s-ett-inletcondi-ti~are+'° psig-, ~ea 

Another path flows through the reheater. The valve FCV-2, is the primary 
point of regulation of salt flow between the superheater and the reheater. 
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Figure 111.C.12. Steam Generator System Schematic 
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f. 

g. 

The hot reheat steam temperoture is controlled primarily by regulating salt 
flow. Secondary control is provided by spray cttemporctor ct the inlet to 
the rehecter. 

The third path is a bypass line around both the rehecter end superhecter. 
This path merges with the salt outlet flow from the rehecter and 
superhecter. The valve, FCV-4, regulates the amount of bypass flow. FCV-4 
will be operated to minimize the amount of attemporction required on the 
reheoter. The valve will be positioned cccording to total steam flow, with a 
slow response correction for attemporctor flow. 

All these flow paths merge, and c single path flows through the evcporctor 
end preheoter, in series. The valve, FCV-1, on the prehecter outlet, 
regulates tote! salt flow. This valve is analogous to the burner control in a 
fossil fired unit. Opening FCV-1 effectively increases the firing rote and 
the steam production rate in the evaporator. 

All feedwater flows to the preheater end exits to the steam drum of the 
evaporator. A recirculation pump draws water from the drum to blend with 
the feedwcter and ensure a feedwater inlet temperature safely above the 
freezing temperature of the salt. 

Water flows through the evaporator by natural circulation. Steam from the 
drum flows through the superheater, and warm reheat steam from the 
turbine flows through the reheater. 

All heat exchangers are vertical, with water/steam flowing upward. 
Wm:er:/s:t.eom:c-t-vb-~-1n_tbe_!iem-exchongers•e:re-str-ei~'h-~Allellows:an-the, 
she-H st~ provides for ~xpansioR. The preheoter, super.heater, .and-rehecter 
are :counferflow and the evaporator is paroHel-flow." 

EPGS and Balance of Plant 

The EPGS and balance o'f plant for the molten salt system is as described in 
description of the selected plant, Seeton IV. 

Plant Control Svstem 

The plant control system is a computerized system capable of semi­
automatic operation. The basic schematic diagram for the control system is 
shown on Figure 111.C. 13. The collector control systems for the two modules 
(north and south fields) are identical. They share a single additional 
redundant Heliostat Array Controller (HAC) in the main plant control. The 
main plant control equipment and the collector field HACs are located in the 
main control building. Heliostat Field Controllers (HFCs) are located on 

· each individual heliostct pedestal. T~ control and power wiring for each 
HC, HFC and the leads to the HAC are connected with buried underground 

cables. 

The receiver controls are located in the control building and are connected 
to the respective equipment with cabling which is carried in cable racks in 
the plant area and with underground cables in the field areas. The two 
receiver controls provide identical control of salt flow rate to maintain salt 
outlet temperature. Combined signals from the two receiver controls are 
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Figure lll.C.13. Plant Control System - Molten Salt Configuration 
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i. 

supplied to the thermal storage controller. The thermal storage controller 
controls the moss flow rate and distribution of molten salt to the receivers. 
Thermal storage control is located in the control building. The cabling 
between the thermal storage controller and the thermal storage system is 
carried on instrument trays in overhead pipe rocks. 

The steam generator control is located in the control building. This 
controller controls salt and water flow to the steam generators. The cabling 
for the steam generator system control is carried on instrument trays in 
overhead pipe rocks. The turbine-generator control controls steam flow 
through the turbine, excitation and cooling for the generator· and interfaces 
with the grid. The turbine-generator control is located in the control room. 
The connecting cabling is carried on the instrument troys in overhead pipe 
rocks. 

The plcnt control system is assembled from commercially available 
minicompvters and microprocessors. The operator's control panel is 
equipped with color CRT displays and hardline printers. The operational 
software for the control system is stored on disks. 

Final Baseline Salt System Sizing Dato 
I 

The baseline molten salt system component sizes and capacities are 
summarized on Table lll.C.I. 

Bose line Solt System Costs 

The estimated costs of the baseline molten salt system are shown on 
Table lll.C.2. These costs were based on the system as described in the 
preceding text. 
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T ASLE 111.C. I 
BASELlhlE MOL TEr-1 SALT 

SYSTEM CHARACTERISTICS 

Capacity Factor 

Annual Energy to Steam (G\\'ehr) 

Land Area 

He.liostats 

Glass Area m2 

Tower Height (m) 

Optical 
Rec~ 
Top o1 Tower 

Receiver Design Pt. Power MWt fi~~h) 

Rec. Geometry H X W (m) 

Rec. Area (m2) 

Design Pt. Flow Rote (lb/hr) 

Cold Salt Pipe (A I 06Gr8) 

Riser {m) 
Horizontal (m) 
Total (m) 

Hot Salt Pipe (304H) 

Downcomer Cm) 
Horizontal (m) 
Total (m) 

Receiver Pump 

Number 
Size = .75 
Head (ft) 

Storage Size (MWthr) 

Type 
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0.6 

909 

202 66 i 

205 
180 : ½'o 

306_,,.y-

24.6 X 19 

I 

470 ,,.-0-~ 

5.63 X 106 

260 
1920 
2180 

260 
1920 
2180 

4 
5 MWe 
900 

2510 

Two Tonk 
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TAB~E 111.C.2 
BAS:Ll!-.J: MOL TEN SAi.. 1 SYSTEM COSTS 

0.6 Capacity Factor 
( 1981 $ Millions) 

1.0 Solar Steam Supply System 
• I Collector . 

• I I Co I lector Purchase Pr ice 
.12 CollectOl' Erection 

.2 Major Solar Steam Supply Hardware 

.3 Solar Process Mechanical Equipment 

.4 Solar Electric:al 

.5 Solar Civil and Structural 

.6 Solar Piping and Instrumentation 

.7 Solar Yardwork and Miscellaneous 

2.0 Turbine/Generator 

3.0 Process Mechanical Equipment 

4.0 Electrical 

5.0 Civil and Structural 

6.0 Process Piping and Instrumentation 

7 .0 Yardwork and M isce I loneous 

8.0 Switchyord 

70.0 Distributable Construction Costs (CM&SU) 

80.0 Engineering & Home Office 
-A&E 
- Solar Integrator 

Subtotal 305. 7 

Contingency 

Total $314.-::s:::1 

~ ') 

Dollars per MWhre 
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$127.0 
21.8 
34.1 
12 
2.0 

l 0.1 
:1!;.$, 

3.3 

9.1 

9.5 

6.2 

4.2 

8.7 

.6 

0 

13.9 

8.3 
12.0 

8.8 

$606 

.1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

J• Bose line Solt Svstel"'r, Performance 

The baseline molten salt system performance is shown on Figures 111.C.14 
and 111.C.15. The first figure shows the oerformance on a waterfall chart for 
the design point conditions. The second figure shows the corresoonding 

annual overage dote. The oJxiliary power requirements ct the design 
conditions ore shown on Tobie 111.C.3. Tobie 111.C.4 gives the annual energy 
requirements for system parasitics. 
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Figure 111.C.14. Baseline Motten Salt System Performance 

5. Technolooy Readiness 

Molten salt has been used in industry for more than/4€)::~s~~-a:t 

t~ti.-ng solvtto1·vandc.o-heot' transfer- medium. Extensive design and operotfonal 

experience has been gained with the material and the equipment used to handle and 

control it.- This industrial experience and the comprehehsive DOE technology 

development programs already completed or underway have been instrumental in• 

advancing molten salt system technology for solar plants. The additional 

technology dote required to build large commercial molten salt systems in the near 

term ore being generated now and are scheduled to be completed within the time 

frame of Solar I 00. 
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TABLE 111.C.3, 
MO:... TEN SALT SYSTE/\1, AUXILIARY ROWER REQUIREMENTS 

(LOADS 11\I KW~~ 

0.6 Ccoacity Factor 

Collector/Receiver Steam Cycle 

Collector 

Receiver 
Feed Pumps 
Hect T rec ing 

Thermal Storage & Transport 
Heat Tracing 

Steam Generator 
Circulating Pum;:, 

Master Control 

Steam Cycle 
Variable Load* 
Cooling Tower Fons 
Circulating Water Pumps 
Heating/ Air Conditioning 
Misc. Fixed Load 

Totals 

'1(6E 
\Jilt,... Design 
sniO<( Point 

------01 ?__) 1100 

00,r o 5612 

50 

7676 

*F eedwcter end Condensate Pumps 

Shutdown 

610 

1000 

1000 

30 

2640 

Design 
Point 

440 
300 

5640 

Shutdown 

560 

The programs which have been completed or are underway for molten salt include 
the following: 

0 

0 

Completed testing at CRTF of a molten salt cavity receiver which achieved 
the test goals ot produc~ng a I 050°F outlet: salt temperature, o~erating °: a 
~f=.:25:-.M:W+W (well over the design flux of .63 MW/m ), operating 
a receiver in transient insolction conditions, demonstrating -overnight 
shutdown and next day startup, and operating c closed loop molten salt 
system. 

Current DOE Subsystem Research Experiments (SRES) which are addressing 
the following areas in molten salt use and equipment: 
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TABLE 111.C.4 
BASEL!Na'. SALT SYSTEM AUXILIARY 

EN[RGY REQUIREMENTS 

ANNUAL ENERGY 
(GWehr) 

Heliostats 

Receiver Feed Pump 

Steam Generator Pumps 

Master Control 

Variable Loac:t-' 

Cooling Tower 

Circulating Water Pump 

HVAC 

Miscel laneous-M 

Total 

*F eedwater and Condensate Pumps 
...,Trace Heating and Miscellaneous Fixed Load 

4.31 

10.99 

4.80 

.30 

15.9 

2.9 

4.73 

3.3 

12.3~ -
59.59 

Steam generator design, fabrication and operation. 

Thermal storage system design, fabrication and operation. 

Continued molten sclt properties determination. 

~ vJ~ 11v\ i -'\ 

Operation of a small (2.5 kWe) molten salt central receiver electric 
generating plant in Fronce. 

Data ova ii ab I e from thesecP@__grams :mat-eriaH y imlffl)ve t-echnology reediness 
for:destgn end operation of e near-term large -power p¼ant u-sirigmolt-en saJt. 

Key results already available or being generated include significant data on a 
receiver design and operation, materials compatibility, and molten salt 
maintenance. These results, in addition to the extensive industrial 
background with molten sclt and related equipment developments for use in 
liquid sodium service (pumps, valves and steam generators) provide a high 
level of confidence for technology readiness using this media. 
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The forthcoming Soiar I operation, of c~urse, also applies to c large measure 
to this plant fo:- solar readiness independent of heat transfer medium 
considerations. Residual concerns requiring validation for this medium are 
the extrapolation of results to larger scale (common to oil technologies) end 
extended operating times. 

111-D. LIQUID SODIUM SYSTEM DEFINfTION 

I. Functional Descriptio:i and Key Attributes 

The system, shown schematically on Figure 111.D. l, consists of a tower-mounted 
sodium-cooled receiver heater by a fi.eld of MDC Model 50 heliostcts OOE/Sondio 
second generation). Sodium heated in the receiver is routed through c 
sodium/water steam generator, through the thermal storage system. The steam is 
then used in c conve,1tioncl manner to power a reheat turbine generator set to 
produce electricity. The cooled sodium is returned through the thermal storage to 
the receiver. The thermal storage system buffers the steam generator from soler 
transients as well as supplying energy during extended periods of no insolation (i.e., 
after sunset). The use of a high temperature storable fluid, such as sodium, in the 

· receiver and thermal transport loop not only decouples steam generation from solar 
transients, but permits a high efficiency turbine reheat steam cycle at 
temperatures end pressures standard to utility practice. 

Use of sodium as a high temperature heat transfer. fluid hod its genesis m the 
nuclear industry. Liquid sodium is thermally stable at the elevated temperatures 
r.equired for this application. The vapor pressure ct 1100°F is only slightly above 

MDC 2nd 
Generation 
Heliostats 

Receiver 

Pump 

Thermal 
Storage 
System 

Figure 111.D. 1. Solar Central Recelver System - Liquid Sodium 
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ct:-nospheric pressure. Mc_ior sodium equipment, simiia:- to thct required for soler 
use, has u:iciergone extensive development for use in breeder rea~tor systems. This 
includes pumps, valves, lines, and steam genercto:-s. Millions of dollc;irs hove been 
spent designing, building and testing these components. 

The relatively high thermal conductivity of liquid sodium permits receivers to 
operate at higher flux levels than with other fluids being considered for solar use. 
The hign conductivity in the sodium limits front-to-back receiver tube temperature 
dif.ference which permits higher flux for the some allowable stresses than could be 

permitted witn other fluids. The major advantage of operation at high flux is a 
reduction in receiver size (area) for a specified power level. This theoretieally 
reduces the cost of the receiver as well as improving its thermal efficiency 
(reduces area dependent losses, convection end radiation). Although these benfits 
are realized for external cylindrical receivers (externally heated), cavity receivers 
(internally heated) may be aperture size limited (heliostat spot size) end may not 
realize this benefit. 

Relctively high cost end low specific heat limit the economical usefulness of liquid 
sodium as a sensible heat storage media. Sodium's lower volumetric specific heat 
(product of density and specific heat Cp) also drives up the cost of storage tanks. 

Also, the highly reactive nature of sodium end water is important in the design of 
sodium components (primarily steam generator systems) and increases the cost of 
these compone!"ts. 

2. Options for Trade Studies 

The foregoing discussion suggests several alternate configuration concepts for the 
receiver and thermal storage systems. In addition, receiver tower selection was 
based on the steel versus concrete tradeoff conducted for the baseline Molten Seit 
System definition (Section 111.C). Economics, performance, and relative 
development status of these system. configuration candidates were evaluated to 
select the system for use in the final plant concept seiection. 

The two candidate receivers are shown on Figure lll.D.2. The external cylindrical 
receiver is a derivative of a~RockweH/E'.SG design (Reference 111.D. I), while the 
partial cavity receiver is based on cri MDC designed salt receiver 
(Reference 111.D.2). The partial cavity operates with a collector field located north 
of the receiver (north field), while.the external cylindrical receiver operates with a 
360° surround field. 

The external receiver desig, is based on 24 identical tube panels with single poss, 
parallel flow. Previo:.,s studies by Rockwell identified an operating problem for this 
receiver with an optimized surround field. The preponderance of heliostats are 
located in the better performing north portion of the field. This north biasing of 
the field yields an unacceptably high ratio of north to south incident power (order 
of 5: I) on the receiver, Unreasonably low flow in the south receiver panels is 
required to maintain 'the desired outlet temperature under this condition. 
Therefore, it is necessary to bias heliostats to the south portia, of the field to 
reduce the north/south power ratio. This results in a lower efficiency collector 
field with more heliostats than an optimized field. This impact was included in the 
trade study. 
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Figure 111.0.2. Candidate Sodium Receivers 
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The sodium thermal storage options considered in the trade studies are shov.rn 
schematically on Figure 111.D.3. The two-tank system consists of two nearly equal­
volume insulated steel storage tanks end appropriate plumbing to allow the 
alternate filling and draining of the tanks as the system operates. Hot {I I 00°F) 
liquid sodium flows from the receiver into the hot tank, from where it flows on 
demand through the steam generator to the warm (5S0°F) tank (after giving up heat 
to generate steam). The co Id tank serves as a supply of sodium for the. receiver 
during receiver operation. To provide the necessary operational flexibility, both 
tonks must be large enough to hold the entire sodium inventory. The amount of 
sodium available with any significant storage capacity is inherently adequate to 
buffer the steam generator from receiver transients. Low specific heat end high 
cost of sodium make this sytem costly ct high storage capacities. 
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Figure 111.0.3. Candidate Sodium Storage Systems 
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3. 

T:"le a!'ternate storage co:icept (air-rock tnerr:iocline) uses rock as c low-cost 
storaae medic. T',e therrnocline rock bed is alternate1y heatec! end cooled b'l-' 

cir=u!ating air through tne re.ck bed and o two-way sodium heat exchanger located 
©ove the rock bed. BecaJse the heat is stored in rock, t~ sodium inventory is 
reduced fro:-:-: l~ge storage tank quantities to small (order of 15 minutes operating 
ti~) hot one warm b'Jffe: tank quantities • An additional advantage of t;,is 
concept is tiiat the sodium operates in o cl~ed loop, allowing recovery of the 
sodium static head in the downcorner, thus reducing the receiver pump head 
requireme:it. On the other hand, tiie cost of lc:-ge pressurized storage tanks 
;::,rec!udes tnis advantage for tlie two-tonk syste.,,. The te!Tlperatvre differential 

required to transfer heat to crid from air-rock storage reduces the sodium 
temperature entering the steam generator compared to that for the two-tank' 
system. This involves trade-offs among steam generation size, electrical 
generation efficiency and storage size. 

Trade Studies 

a. Key Inputs, Assumptions and Results 

The insolation model used in all the trade studies is the SOLINS Barstow 
model (see Section .V-A.). 

All trade studies were based on the MDC Model 50 heliostot characteristics 
(see Section IV-C). 

A slipform concrete tower was selected for the sodium system as a result of 
cost trades done for the baseline salt system, which is discussed in 
Section 111-C. 

Receiver 

Where necessary, receiver area was scaled directly with design-point 
power. Performance estimates for the external receiver were based on 
published performance data for the Rockwell hybrid system receiver. The 
value used for absorptivity is 0.95. The radiation and convection efficiency 
factor was derived from the published design-point value of 0.94, which was 
assumed to vary proportionally to receiver area. This resulted in an annual 
radiation and convection efficiency factor of 0.920 for the receiver size 
determined for this application. A first order analysis lec:l'to the conclusion 
that the radiation and convection losses from a sodium partial cavity 
receiver, on the basis of total receiver frontal area, would be equivalent to 
the more rigorously derived losses estimated for the molten salt partial 
cavity receiver. However, because the frontal area of the sodium receiver is 
smaller than the salt receiver, at the some design-point power level, the 
radiation and convection efficiency factor for the sodium partial-cavity 
receiver is slightly higher than that for. salt (0.964 vs 0.940). Reduction in 
frontal area results from sodium's higher allowable flux. However, this 
reduction is limited by heliostat beam size to minimize spillage losses. The 
higher flux also allowed a reduction in the internal cavity area which 
translated to reduction in cavity depth, relative to the salt receiver. For 
this reason, the cavity effect of improving absorptivity by capturing first 
reflected energy is less for the sodium receiver. The assumed value for 
absorptivity was 0.975 compared to 0.980 for the salt receiver. Table 111.D. I 
summarizes the receiver performance factors (both design point and annual 
average) used in the trade studies. 

111-52 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 

_I 

I 
I 
I 
I 
I 
I 
I 
I 
I 

Absorptivity 

TASLE 111.D.1 
SODIUl-1, RECEIVER WATERFALL 

PERFORMANCE FRACTIONS 

Receiver TyPe 

External Cylinder Partial Cavity 

Desion Point Annual Ave. · Design Point Annual Ave. 

0.95 0.95 0.975 0.975 

Radiation arid 
Convection 

Overall 

0.940 0.920 0.964 0.953 

0.893 0.874 0.940 0.929 

Receiver costs were derived from reported values from the previously 
referenced studies of these receiver concepts by MDC with consultation by 
Foster Wheeler. 

The collector field size, shape and performance is based on SNLL DELSOL 
collector field computer code optimization runs for the system. DELSOL 
runs for the external receiver were constrained to limit the ratio of north to 
south receiver power to less than two to one. 

The results of the receiver trade study are shown on Table 111.D.2. The table 
shows about a I 0% cost advantage in favor of o collector field with a 
partial-cavity receiver, due mostly to the reduction in heliostats caused by 
the field performance advantage of a north field over a constrained surround 
field. This advantage is offset somewhat by the higher cost of the receiver 
and taller tower of the partial-cavity system. 

Storage 

Both system concepts were sized to provide 923 MWthr, corresponding to a 
plant capacity factor of 0.38. Costs for the two-tank system were estimated 
by MDC, based on a Stearns-Roger design reported in the Rockwell/ESG 
hybrid study. Bechtel estimated the costs for the air-rock system based on 
modification of system described by Rockwell/ESG (Reference 111.D.3). The 
modifications, which involve reducing the capacity of the buffer tanks from 
30 min. to 15 min. and resizing the fans and air/sodium heat exchanger 
capacity from 390 MWt to 260-M'A::t, were at the suggestion of Rockwell/ESG 
personnel contacted by Bechtel. The cost comparisons of these systems are 
summarized in Table lll.D.3. 

As shown on the table, potential savings are on the order of 7.4 million 
dollars (roughly 3% of total plant cost) with an air-rock system. The bulk of 
the savings comes from the reduction in sodium inventory. The savings in 
sodium storage tonks is more than offset by the cost of the air-rock peculiar 
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TABLE 111.D.2 
SODIUM RECEIVc:R COMPARISON DATA 

Capacity factor @ I IO M We = 0.38 

Configuration 

Armual Energy (GWt/hr) 

Overall Efficiency (annual) 

Total No. of Heliostats 

Num~er of Fields 

No. of Heliostats per Field 

Tower Height (Optical) 

Receiver Des. Point Power 

Receiver Area 

Aperture Area 

DELSOL Level Dir. Cap. Cost+ 

Dir. Cap. Cost 

Ann. Energy to Base of Tower 

External Cy!. Partial Cavity 
Surround Field North Field 

858 

.222 

11,138 

11,138 

492 ft. 

. 377 MWt 

6,734 ft2 

6,734 ft2 

$119.SM 

$.139/ 

kWthr 

858 

.. 257 

9,720 

s>,720 

745 ft. 

387 MWt 

9,973 tt2 

5,382 ft2 

$108.5M 

$.126/ 

kWthr 

+ Includes collector field, receiver, t~wer, receiver pump, and piping. 

Based on heliostat costs of $ l 50/m • 

b. 

equipment. Even greater savings can be obtained at higher plant capacity 

factors (larger storage capacity). The potential savings at a capacity factor 

of approximately 0.6 were estimated to be about 5% of total plant costs. 

This trade study did not· include the cost impact of reduced sodium 

temperature at the steam generator inlet. This would negate a portion of 

the storage savings through cost increases in other parts of the plant. 

Risk Considerations 

Both candidate sodium receiver manufacturers (Rockwell and General 

Electric) have opted for external receiver configurations, so all design 

studies and test hardware to date support this approach. Although a sodium­

cooled partial cavity receiver is not expected to present any sodium-peculiar 

problems, there is simply a lack of design definition and hardware 

fabrication for this approach. 
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Tb.BL~ 111.D.3 
THERMAL STORAGE COST COMPARISON 

Plant Capacity Factor 

Capacity (,V,Wt hr) 

Costs(l981 $millions) 

Hot end cold tanks 

Heat exchangers 

· Fons 

Rocks 

Rock containment 

Rock foundation 

Piping 

Sodium 

Total* 

Two Tank 

0.38 

923 

6.90 

1.08 

11.40 

19.38 

*Does not include allocations (distributables and solar int.+ A&E). 

Air Rock 

0.38 

923 

0.47 

5.97 

1.37 

0.87 

0.78 

0.35 

1.08 

I.OB 

I 1.97 

Large-scale high temperature air-rock storage has been defined 
conc-eptually, but there ore many basic technology issues which remain to be 
demonstrated. These include rock stability at .elevated temperatures 
(1100°F), minimum operating temperature differential in the system, air 
pressure-drops and the corresponding fan parasitic power demand, and 
thermocline stability in an air-rock bed. Two-tank sodium storage does not 
involve these issues, although there is always the unknown of large-scale 
increases in size. 

c. Cone lusions 

The selected receiver for the baseline sodium system is on external 
cylindrical receiver. The lack of design definition and demonstration for the 
partial-cavity sodium receiver outweighed its potential cost savings, 
considering the near-term first-of-a-kind plant for this project. If the 
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4. 

sodiu!'T'\ svste"Tl a;:,pears crttrac:ive comoored to alternate svste!"T\S, t!ien the 
savings for a partiol-ccvity receiver should be considered for future plants. 

A twc-tcnk sensible heat storage svstem is selected for the sodium svstem. 
The cost benefit of t~ air-rock system doesn't warrant introducing the 
uncertain technolo~y issues in c near-term first-of-a-kind olant for th1s 
project. 

Ccnd:date Liouid Sodium Svstem Descriotion 

c. General 

b. 

c. 

The base line liquid sodium system plant operates at a capacity factor of 0.38 
and includes the collector field surrounding the tower and receiver, thermal 
storage tanks~ steam generators, turbine /generator and be lance of plant, all 
located in an crec of the base of the tower. 

Co!lector System 

The 713-acre collector field is approximately circular, as shown on the plot 
plan (Figure 11!.D.4} 2nd contains 11,261 MDC Model 50 heliostats with 
approximaiety 57 m each of glass area for a total mirror area of 
640,075 m.!. The heliostats are arranged in a radial staggered array around 
the tower. 

Receiver System 

The receiver svste~ consists of a cylindriccl absorber unit with its support 
structure, control elements, interconnecting piping and a receiver tower. 

The receiver tower is a tapered, slip formed concrete structure v.tlich 
supports the receiver ct an opticcl height of 505 ft. Approximate scale and 
dimensions for the receiver tower are shown on Figure 111.D.5. The receiver 
support structure attaches to the tower top. 

Refer to Section IV.D for details of the tower construction and features. 

The main sodh.,m riser and downcomer are supported on the inside of the 
tower shell and include expansion loops ct the appropriate intervals. The 
downcomer is 12.75 inch diameter, stainless steel and the riser is 24 inch 
dicr.neter, carbon steel. Both are insulated with calcium silicate insulation 
(5 inch on downcomer, 2 inch on riser). 

The receiver is constructed of 24 factory-assembled absorber pane Is (made 
of lncoloy 800) and arranged in cylindrical configuration. Each panel is 
complete with strongback, insulation and lagging, instrumentation, structural 
attachment points, piping, and piping attachment points. The general 

arrangement and components of the receiver are shown on Figure 111.D.6. 
The receiver design point power level is 3"'9 MWth· It is designed to operate 
at a peak heat flux of less than 1.5 MW/m and tube metal temperature less 
than 1200°F. 
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I I 
I I 
: I 
... ---,' 10.4 m 134 ftl 

l 7! J' OD l\~ 0.23 m 19 in.l 
\ Wall Thickness 

\\ Reinforced 
•I~ Concrete 
\1 Tower 
I 

139.35 m 1457.2 ftl l--1.00°T~ ,, 
'I ,, 
:1 
:1 

\\ 0.28 m (11 In.I 
':~Wall Thickness 

L:=c:=:::== .. ==r--

L~~,s.2m 3.8m 
112.5 ft) 

Figure 111.D.6. Sodium ReceiYer Tower 
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d. 

The design point flowrate is 7.9 x 106 lb/hr. The m1n1mum flowrate 
capability is 60% of rated flow. Hot sodium flows from the receiver to the 
hot storage tonk except startup or when the receiver fluid te"Tlperature drops 
below 1090°F. In this case, the fluid is recirculated to the warm storage 
tank. The receiver is drained for overnight shutdown. 

Storage and Transport System 

The storage and transport system includes the thermal storage tanks and all 
piping between the receiver, steam generator, and the tonks, and the 
associated pumps, valves and control instrumentation. 

A schematic is shown Figure 111.D.7. A dreg valve (LCV-1) controls the fluid 
level in a receiver outlet surge tank. A bypass from the receiver to the 
warm storage tank permits receiver circulation during startup and low 
insolation periods without degrading storage temperature. 

The hot storage tank accumulates the sodium flow from the receiver for use 
on demand by the steam generator system. 

Two pumps operating at half capacity each feed sodium to the. steam 
generator. Each multistage, cantilever pump is capable of delivering 
6500 gpm at 100 psi (300!) head. Each pump operates at 75% efficiency and 
requires 400 kW when running at full capacity. Bypass dump lines to the hot 
tank provide pump control. A bypass around the steam generator through 
BV I (Figure lll.D. 7) permits sodium circulation to the warm tank to maintain · 
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Figure 111.0.7. Sodium Storage and Transport Synem Schematic 
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0 

~!550 Fl 

To Steam 
Generator 
20" Sch JO 

A312 

Sodium 
Flow 
Cont. 

FCV-1 

warm tank temperature. Another bypass line through BV2 is provided to the 
warm tank outlet for blending with sodium from the hot tank during startup 
and overnight temperature maintenance of the receiver. 

Sodium returns from the steam generator to the warm tank where it 
accumulates for on-demand circulation to the receiver. A flow control valve 
(FCV-1} regulates total sodium flow. This valve is analogous to the burner 
control in a fossil-fired unit. Opening FCV-1 increases the heating rate and 
steam production rate in the evaporator. 

Two pumps operating at half capacity each feed sodium to the receiver. 
Each multistage, cantilever pump is capable of delivering 9,300 gpm at a 
310 psi (8001

) head. Each pump operates at 75% efficiency and requires 
1650 kW when running at full capacity. Bypass dump lines to the worm tank 
provide pump control. A bypass line through BV3 permits gradual 
temperature increase during steam generator startup. A flow control valve 
regulates fluid level in a receiver inlet accumulator tank. 

The drag valve is a 12 inch angle valve which is preferred for its self­
draining capability. An Argon pressurization system provides a slight 
positive ulloge pressure (I psig) on both storage tanks. Storage tanks, 
interconnecting piping and valves are similar to those described for the 
molten salt system (Section 111.C). 
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5. 

e. 

f. 

g. 

h. 

i. 

j. 

Steam Generator Svstem 

The steam generator system includes . the heat exchangers (preheater, 
evaporator with integral steam drum, superheater, and reheater) and the 
interconnecting piping, valves, cr.,d control instrumentation. 

The construction and operation of these is similar to the steam generator 
described for the molten salt system (Section 111.C), except the steam 
generators are designed to contain any reactants of a sodium/water leak 
within tne heat exchangers. This is accomplished through the use of 
appro;,riate relief valves, piping, and c reactants containment tank. 

EPGS end Balance of Plant 

The EPGS and balance of plant are common to the sait system. 

Plant Control System 

The plant control system provides coordinated control of all of the plant 
systems. Its characteristics and operation are the same as described for the 
molten salt system (Section lll-C), except it is simplified for the single 
collector field and receiver of the sodium system. 

Final Baseline Sodium System Sizing 

The baseline sodium system component sizes and capacities are summarized 
on Table 111.D.4. 

Baseline Sodium System Costs 

The estimated costs of the base Ii ne sod-i um · system are shown on 
Table 111.D.5. These costs were based on the system as described in the 
preceding text. 

Baseline Sodium System Performance 

The overall system performance at the design point and for the annual 
average are shown in waterfall format on Figure 111.D.8 and 111.D.9. The 
auxiliary power requirements at the design conditions are shown in 
Table lll.D.6. Table lll.D.7 gives the annual energy consumption for system 
parasitics. 

I 
I 
I 
I 
I 
I 
I 
I 
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Technology Readiness 
I 

The development of sodium technology for cooling breeder-reactors and steam f 
generation .hos brought about the design, construction and operation of a family of 
sodium components which are directly applicable to use in a sodium solar system. 

Significant experience in this development i_ncludes: I 
Argonne National Laboratory (Naval Reactors Program) power-plant-scale 

1 heat transfer and steam generator system, 1947 to 1954. 

I 
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TABLE 111.D.4 
BASELlhE SODIUtv, SYSTEM CHARACTERISTICS 

Capacity factor 

Ann1Jal energy to steam (GWehr) 

Land area (km2/acres) 

Heliostats 

Glass a~eo m2 

Tower height (m) 

Optical 
Rec,,.. 
Top~ tower 

Receiver design pt. power MWt 

Rec. geometry H X D (m) 

Rec. area (m2) 

Design pt. flow rate (lb/hr) 
(gpm) 

Cold sodium pipe (A I 06GrB) 

Riser (m) 
Horizontal (m) 
Total {m) 

Hot sodium pipe (304H) 

Downcomer (m) 
Horizontal (m) 
Total {m) 

Receiver pump 

Number 
Size T/ = .75 
Heed {ft) 

Storage size (MWthr) 

Type 

0.38 

865 

2.88/713 

11,264* 

640,075 

147 
150.5 
133.9 

385 

13.2 X 15.5 

642 

7.883 x I 06 
17,836 

2411 Sched 80 

195 
195 
390 

12. 75" 

195 
195 
390 

2 
2200 
800 

923 

2 tonk 

*Final heliostot quantity increased from trade study result in final computer 
perform<:Jnce run. 
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I 
TA3L: 111.D.5 I BASELINE SODIU!v1 SYSTEM COSTS 

0.38 Capacity Factor 
( I 981 $ Millions) I 

Account No. Eguioment Costs I 
1.0 Solar Steam Supply System 187.2 

I • I Collector 
• I I Collector purchase price 94. l 
.I 2 Collector erection 16.0 I .2 Major Solar Steam Supply Hdwe. 25.5 

.3 Solar Process Mech. Equio. 10.4 

.4 Solar Electrical 1.8 

I .5 Solart Civil & Structural 3.5 ,, 
Solar Piping & Instrumental 32.2 ob· 

.7 Solar Yardwork & Misc. 3.7 

2.0 Turbine/Generator * I 
3.0 Process Mechanical Equipment * I 
4.0 Electrical .. 
s.o Civi I and Structural * I 
6.0 Process Piping & Instrumentation 5.1 

7.0 Yardwork and Miscellaneous 
,. I 

8.0 Switchyard * I 
70 .. 0 Distributable Const. Costs (CM&SU} 6.5 

80.0 Engineering & Home Office I 
-A&E 3.0 
- Solar Integrator 9.7 I 24.3 

Subtotal Solar 21 (.5 .I 
Total BOP (Bechtel, 8/6/81) 50.9* 
Total $262.4 

I MWhre 332,600 

Dollars per M Whr e $789 I 
*50.9 is sum of asterisked items I 
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Figure 111.0.8. Baseline Sodium System Performance 

Argonne National Laboratory Engineering Breeder Reactor (E~R-1), early 
601s. 

The Sodium Reactor Experiment (SRE) experimental test facility to generate 
electric power, 1957 to 1965. 

Hallam.Nuclear Power Facility generating electric power, from 1962. 

Argonne National Laboratory EBR-11 20 MWe integrated fast breeder reactor 
and power plant, since 1965. 

Fermi nuclear plant, 1962 to I 966. 

Successful operation of sodium-cooled reactors in the United States attracted the 
attention of several European countries, and sodium-cooled reactors were designed 
and constructed there. Second generation reactors are now operating in Russia, 
France, and U.K. The third generation of these concepts is being designed. It is 
interesting to note that all sodium-cooled reactors, taken together, have completed 
about I 15 operating years to date. 

Because of this vast experience with sodium as a heat transfer fluid, it has not been 
considered necess.ary to initiate separate sodium steam generator scientific 
research experiments for solar applications. In addition to numerous test loops 
involving steam generators, there are currently seven domestic reactors produ_cing 
power using sodium steam generators. 
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Figure _111.D.9. Baseline Sodium SVstem Performance 
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T A.BLE 111.D.6 
SODIU 1v'1 SYSTEM AUXILIARY POWER REQUIREMENTS 

(LOADS IN KWe) 

0.38 C9Eccity Factor 

Co I lector /Receiver Stea'TI Cycle 

Desigh Design 
Point Shutdown Point Shutdown 

Collector 720 

R~ceiver 
Feed Pumps 3530 
Hect Tracing 320 

Thermal Storage & Transport 
Hect Tracing 500 300 

Steam Generator 
Circulating Pump 280 

Master Control 50 30 

Steam Cycle 
Variable Load* 3020 
Cooling Tower Fans 550 
Circulating Water Pumps 900 
Heating/ Air Conditioning 440 300 
Misc. Fixed Load 320 260 

Totals 4300 850 5510 81SO 

*F eedwater and Condensate Pumps 

The only major sodium solar component which does not hove o counterpart in 
already developed reactor systems is the receiver. However, the vast experience 
gained in the development of high temperatvre sodium components in general lends 
credibility to sodium receiver designs. In order to verify the design further, o test 
of sodium-cooled receiver panels was started late last year and is currently under 
solar testing at 5RTF. The panels -are being tested at up to 2.5 MWt and a peak 
flux of 1.5 MW/m has been demonstrated. 

Operational experience associated with overnight drain and next-day startup is 
being obtained along with transient solar operations. This test will provide the 
development experience leading to a commercial type receiver. 
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TABLE 111.D.7 
8ASELlhlE SODIUV, SYST:.M AUXILIARY 

ENE:RGY REQUIREMENTS 

Heliostats 

Receiver feed pumps 

Steam generator pumps 

Master control 

Variable load+ 

Cooling tower 

Circulating water pump 

HVAC 
.. 

· Miscellaneous..,. 

Total 

*F eedwater and condensate pumps. 
'"'Trace heating and miscellaneous fixed load. 

Annuo I Energy 
(GWehr} 

3.10 

5.61 

2.66 

.33 

10.13 

1.84 

3.02 

3.10 

2.48 

32.27 GWehr 

As for the previous concepts, the forthcoming Solar I operation also applies to o 
large measure to a sodium solar plant readiness independent of heat transfer 
medium considerations. Residual concerns requiring validation for this media are 
the extrapolation of results to a larger scale and extended operating time for the 
receiver. 

SYSTEM SIZE/CAPACITY FACTOR SENSITIVITY 

"l=hi:s_~y deter-miAed that -a 11cr MWe (gross}-solar-t-herma.f--power ptant wftrn:r capacity. 
f-acror of 60$ wo.old produce the lowest bus bar energy costs.J This conclusion was based 
on cost analysis of various system sizes at different capacity factors. Another primary 
consideration is determining the size and capacity factor of the plant was the 
requirement that 75,000 heliostats would have to be built in order to produce a cost­
effective design. Accordingly, six plants were assumed to be required and the number of 
heliostats assumed for one plant· (assuming a molten salt design) was approximately 
15,000; based on MDC's design, thi~ number of mirrors would produce about 650 MW t of 
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heat. The plan~ size and capacity facto:- were therefore trie variabies and the size of the 
collector field enc tower/receiver were fixed. The pJrpose of this section is to discuss 
the methodology used in retermining pla:,t s;ze and c;apacity factor from both on Edison 
view.i)oint end a generic perspective. '' 

Edison Svste"'!": Dispatch 

The Edison system consists of roughly 15,000 MWe of generating capacity consisting 
primarily of oil/gas units although coal, nuciear, hydro end purchased power also make 
sign i fi cent con tr ibut ions. ~ormoll)'; c utTii:ty system 7s-aispofcfiea:--on--econom1t:~. , The 
unit which will produce the next increment of electrical power for the least cost is 
dispatched (or loaded) into the system grid first. However~ Edison is unique in its 
dispatching system due to the air pollution problem indigeneous to the_ Los AngeJes 
basin. In order to minimize NOx (nitrogen oxides), [g_i~_-mustJocd tbe .next i-ncrem-ent 
of ~jectri~l power to prod:.ice the least amount of NOx. 

The !'✓Ox dispatch appiies only to those units located within the Los Angeles basin; the 
remaining system is then subject to economic dispatch. Due to this unique dispatch 
system, the Edison system evolved such that 

a) the in-basin units were relegated to "swing load'' units, and 

b) the out-basin areas were used to site base load units (e.g., cool and nuclear) 

c) ~i:s=0strong p:r--essure en-Edison to purchase _pa:we:- from out-of-state to:mini-mi:ze 
f~~ioo and-sttingof }er~ base ioooeGurnts., 

Accordingly, Solo:- 100 must be dispatched in such a way to produce maximum economic 
benefit to the Edison Company given the above restraints. 

I. Dispatch Analysis - Edison 

In order to cnol)'ze, the dispatch requirement of Soter 100, a computer simulation 
of the dispatch system was used. This "Simulation" program was not specifically 
developed for Solar 100 as the program is used by Edison for a variety of uses. 
Simulation is used by Edison1s System Development Department to· determine 
generation mix, forecast capacity factors and, for each unit on the system, 
projected fuel requirements. The program loads each unit on the system on a bi­
hourly basis (based on inputted load and capacity forecasts) to minimize NOx 
emission in the basin. In other words, the program looks at each unit and 
calculates the incremental increase in NOx that would occur and choses that unit 
which produces the least NOx emission. The load is increased in increments until 
the forecast capacity is met. All out-of-basin units are "loaded" before basin units 
based on economic dispatch, i.e., those units which cost the least to load hove 
priority. 

There are various parameters ·which ore inputted into the Simulation program which 
include: 

o Maximum/Minimum unit loads 
o Energy forecasts 
o Capacity forecast 
o Doy shapes 
o Starting sequence 
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o Heat rates 
o NOx curves 
o t✓icintenance schedules 
o Forced outages expected 
o Fuei type end price 
o Purchased power 

Wnile there are various out?uts of Simulation, this Solar I 00 Study is primarily 

interested in the foliowing: 

c. 
b. 
c. 

Capacity factor 
Oil displaced/fuel savings 
I\IOx reduction 

In performing the Simulation analysis, it became apparent that one of the governing 

cri-teric that effected capacity factor of Solar I 00 was minimum load. Edison hes 

built so much capacity in base load units and is able to purchase so much power 

{available at under avoided cost) that the in-basin units cannot be "backed oftn 

sufficiently without unit shutdown. By shutting down a unit the ability to meeting 

the ne·xt days peck load is impaired. In order to avoid the risk of not meeting peak 

load, Edison must refuse the offer of purchased power and incur an economic 

penalty. Referring to Figure lll.E.1, Edison's load duration curve for a typical week 

in May 1986 is illustrated with the various components of: ·· -

0 

0 
0 

0 

system load 
load after sales/purchases 
load after hydro 
base load operation (coal and nuclear) 

• 

As noted, base load operation is forecasted to be backed-off in order to 

accommodate purchased power. Accordingly, when Edison evaluates the worth of 

power from Solar 100, it must evaluate the worth of the power that it replaces. In 

other words, by displacing economy or base load energy, the worth of Solar 100 

power to Edison cannot exceed the value of energy that it is replacing. Therefore, 

the dispatch of energy must be at those times when Edison load is the highest. As 

in most other southwest ut-ilities, maximum load occurs during the summer days, 

and accordingly, Solar 100 will hove to be dispatched essentially during daylight 

hours in order for Edison Company to value its energy at its optimum. Since the 

amount of annual energy is constant (i.e., mirror capacity is fixed) the capacity 

factor varies as shown in Figure lll.E.2. This figure was computed using the 

simulation program to ascertain the dispatch sequence. By restricting the hours of 

operation, the net result -is that the capacity factor is red1,1ced and the net output 

(during Edison's peak load) is increased. Contract purchase forecasts are not neces­

sarily firm, consequently, more time and analyses ore r~uired before Edison 

specifies an actual design capacity factor. However, for purposes of this report it 

is anticipated that Edison would require a 40% capacity factor which therefore 

would dictate a capacity output of 150 MWe. A particular concern to prospective 

third party owners is the time of dispatch since Edison pays a premium for "on­

peok" energy. 
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Figure 111.E.1. System Simulation Results -Weekly Load Curve 
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111-F. 

I. 

Dis;:>atch Anolvsis - Generic 

In determining the dispatch one capacity factor from c generic perspective, the 

worth of electricity is calculated from the amortization of capital. In other words, 
the cn:iualizeci carrying charge (olus expenses) is divided by the annual energy 

o•.Jtput to derive costs in mills/kWh. It was from this perspective that the least bus 
bar energy costs were deterrnined. All previous investigations into solar tnermcl 
use this methodology and it was also used in this report to determine the size and 

capacity factor of 100 M We and 60%. 

EVALUA TIOJ\I AND SELECTION 

lntroducti on crid Approach 

Each of the alternative systems described in the foregoing sections were designed 

to conform to the requirements and criteria specified in Section II. The preferred 

plant concept was selected by an evaluation process that considered the system 

selection parameters specified in Section 11.C. Some of these were evaluated 

quantitatively and others were evaluated qualitatively. The parameters evaluated 

quantitatively are: 

o Performance 
o Capital cost. 
o Ratio of capital cost to net annual output 

The parcmeters evaluated qualitatively are: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Technology readiness 
Technical risk 
Nonrecurring costs 
Operating and maintenance costs 
Reliability, maintainability, availability 
Safety hazards 
Operability 
Schedule 
Generic odaptabi Ii ty 

Two parameters, levelized busbar electric costs and cash flow, which were 

originally identified for the evaluation, were not evaluated directly. The trade 

study scope did not include quantitative estimates of operating and maintenance 

costs for the alternative systems, so levelizecl busbar electric costs could not be 

colculated. However, because operating and maintenance costs con be generally 

estimated as a percentage of initial capital costs, the ranking of systems by ratio of 

capital cost to net cnnual output is equivalent to a ranking by levelized busbar 

electric costs. Therefore, this ratio is used in lieu of levelized busbar electric 

costs. Likewise, the trade study scope did not include definitive schedule estimates 
for the alternative systems, so meaningful cash flows could not be generated. 

However, within the relative accuracy of the evaluation, rankings based on the 
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2. 

3. 

ratio of ca;::,ital cost to annual net output should approximate a ranking by cash flow 
requirements. The system definitions and date presented in the preceding sections 
were used in the evaluations. The quantitative ~valuation is presented in 
SectiO!"l 11!.F .2. The qualitative evaluation is presented in Section 111.F .3. A 
conclusion of the recommended baseiine configuration is presented in 
Section 111.F .4. 

Quantitative Evaluation and Ranking 

Tables 111.F. 11 2, and 3 present the key sizing and system definition data, system 
performance data, and system cost data, respectively, for each of the alternative 
systems. 

All systems data ere derived from published literature and ore based on the same 
insolation and computer performance models. 

Figure 111.F.I presents data for system capital costs vs. net annual electricity 
output. The cost data do not include switchyard costs, because these were judged 
to be common to all systems. 

Figure 111.F .2 presents the ratio of capital cost to net annual energy output for oil 
three candidate systems over a range of capacity factors and net annual electricity 
outputs. 

Based on this .data, it is apparent that the high capacity factor (0.6) molten sa!t 
system provides the best cost/performance ratio. 

Qualitative Evaluation and Ranking 

For the qualitative evaluation, the candidates were organized by major systems 
(collector, tower, receiver, energy transport and storage, steam generators or 
storage heat exchangers, EPGS, and plant control) end each of these systems were 
evaluated in terms of the qualitative parameters. In this evaluation, the qualitative 
relative rankings were developed by assigning a plus (+), zero (0), or minus (-} for 
each parameter. A plus is indicative of superior quality of a parameter for a 
particular candidate's system relative to the other candid0tes' systems; a zero is 
indicative of c norm for all candidates' systems; and a minus is indicative of 
inferior quality. For example, a Solar I once-through receiver was judged to be 
relatively superior to either salt or sodium receivers with respect to technology 
readiness and nonrecurring costs. This is based on the Solar I progress and 
demonstration status, as opposed to only single panel tests at CRTF for salt and 
sodium receivers. However, the water/steam screened-tube receiver (best choice 
primarily for improved controllability) represents too -much of a departure to 
benefit to this degree from Solar I. And because it hasn't been subjected to even 
single panel tests at CRTF, it is judged inferior to the salt ond sodium receivers. It 
should be noted that, although a single receiver configuration (screened-tube) was 
selected for the water steam system in Section lll~B, the level of readiness 
exhibited by the Solar I receiver (once-through) forced consideration of it in this 
evaluation to the point of determining its influence on the system choice. 

Table 111.F.4 presents the results of the relative ranking between candidates for 
each system and qvalitative evaluation parameter. 

111-71 



TABLE 111.F.I 
1~1ADE STUDY COMPAHISONT>7(YA-·:.-sr2&1G AND SYST[M DITIMI rlON --------- ---- .., ___ ., _______________________ ----- --·-·•-·- ·-- -·· ....... ---••-- .... -- - - .. - ... --

Wofor/SIMm 
(ZP-ro Slornc1d Mollr.n Srtll I .i,111irl «;rnli11111 

---- -----.. -------- -·----------------·- --- ------- . - . -- .. --- .. - -- . - -- .. - -- . 

Copocity factor 0.264 0.397 0.482 0.299 0.396 0.51 '• D. r;911 0.250 O.lRO 0.5'.,111 

Net. onn. elcc. 
(GWchr) 231.8 J/18.0 1,1. I .9 262.I 3117.3 1,so.2 520.6 219.I 1:17..6 !i?O.I 

Tot. No. of 
H-slals 8175 I 31,20 17250 7620 IOIOO 13217 152110 7376 11261 11600 

No. of coll. flds. I I I I 2 I 2 I I 

1·1-stats/ 
coll. fld 875 IJlt2lJ 17250 7620 5050 13211 7620 1376 11261 l"/690 

. Tower ht. (fl) 363 ft8li StiJ 597 475 703 591 158 11'16 560 

Rec. des. pt. 
Pow (MW1) 292 467 ·600 306 20ft 525 106 1.55 305 598 

flee. diam. 
(wldth)(fl) 116 58 66 63 52 81 ~] 35 l13 51, --' Rec. height (f I) 61, 81 91 81 61 I07 81 ,, I 51 611 

jj 
Aper. area (ft2) 9215 14726 1891t6 5123 Jll(i] 8790 5123 4560 6908 IOORI 

Abs. area (ft2) 9215 IIJ726 18946 12939 8757 22199 12939 l1560 6908 IOOOI 

Storage cop 
(MW1hr) 0 1396 2660 250 800 1700 2SIO 130 92:J 10,,6 

Stor. r.op (hrs 
at design power) · 0 ,,.o 9.2 .97 3.1 6.6 9.72 o.s 3.6 11.n 

Wt. of slor. 
1.0x1o61<n 13.0x 106 /( I) 1ft. 7x I06 3 I .3x io6 46.0x io6 2. 7x to6 I0.9xlo6 6Vtxlo6 . media (lbs) 0 f1.6xi06 

67000 125,000 

Gross turh. 
I I0/77(2) 11111<2> roting (MWe) 110 110 110 110 110 110 110 110 

Gross turb. 
.111 I .260<2> .l17 / .26tfH cycle eff. .317 .427 .427 .427 .1,21 .,,21 .1,21 .421 

Turb. type Non rch. Non-ruh Mon-rr.h Hr.hr.at Hdumt Hellf!ol H«•hr.at Hrhr.ot llchr.ol nclmol 
wllh odm. wilh 11d111 

----
(I) Gal. of oll/tons of rock 
(2) Throtlle operations/admission opcrotlons - - - - - - - - - - - - - - - - - - -
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TABLE 111.F.2 
TRAD~ STU:)Y COMPARISOhl DA i A - SYSTEM PERFO~tv1ANCE 

A\INUA:... ISOLATION WITH WEATH~R = 2570.4 kWhr/m2 DELSOL PERFORMAhlCE DATA 

Fluic Water Molten Salt Liquid Sodium 

Rec. Tvpe E,ct. Cy!. - Screened Tube Partial Cavity External Cylinder 

Ftd. Type Surround North Surround 

Cap. Factor .264 .397 .482 .2~ .396 .514 .595 .250 .380 .594 

No. of Coll. I 2 I 2 I 

Ftds 
Annual Avg. 

Perf. Factors 

Cos. .768 .768 ~768 .848 .849 .847 .848 .752 .752 .753 

Ref!. .900 .900 .900 .900 .900 .900 .900 .900 .900 .900 

Blk & Shod. ,964 .965 .965 .960 .959 .960 .960 .965 .965 .966 

Atten. .94B .933 .930 .924 .936 .906 .924 ,948 .937 .926 

intercept .994 .995 .995 .989 .989 .989 .989 .987 .988 .9B9 

Recab .972 .972 .972 .980 .980 .980 .980 .950 .950 .950 

Rec. Rad/Conv, 9.5 .916 .916 .949 .950 .950 .949 .921 .921 .920 

Piping .992 .992 .992 .992 .980 .992 .979 .992 .992 .992 

Subtotal .544 .547 .545 .618 .619 .606 .610 .530 .525 .520 

Turb. Cyc. .377 .347* .333* .427 .427 ,427 .427 .427 .427 .427 

.928 .932 .920 .894 .898 .897 .896 .894 .900 .906 
• 

Overall .194 .1n .167 .236 .237 .232 .233 .202 .202 .201 

Gross Therm 
to Stor (GWthr) 663 1075 1377 687 916 1175 1361 573 865 1346 

Gross Elec. 
(GWehr) 249 374 459 293 391 502 581 245 369 575 

Net Elec. 
(GWehrt) 232 348 422 262 351 450 521 219 333 521 

*Average of .377 throttle cycle eff and .268 admission cycle efficiency weighted by fraction of energy to throttle 

and to admission 

Discussion of the individual rankings is organized by both system and evaluation 
parameters. Of necessity, there is some duplication. However, in this way, c more 
comprehensive overview of the important issues is presented both with respect to 
any individual system and with respect to any single evcluotion parameter. 

a. Summery of Evaluations by System 

Collector Field - Collector field rankings were generally zero because there 
are no qualitative differences that ere dependent on system alternatives. 
The only nonzero rankings ore in operating and maintenance costs and 
reflect the relative numbers of heliostats required for the different receiver 
fluids normalized to net annual output. 

Tower - There are no fundamental differences in tower characteristics 
relating to system alternatives. Therefore, ell tower entries are zero. 
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TABLE 111.F.3 
THADE STUDY COMPAHISON DATA - CAPIT Al COST ($M - 190 I) 

Woler/Sleam 
Receiver Fluid Uer(?_Storogc) Mollen Soll____ _ ___ Llqolcl Socli111n ______ 

CflfXICltY factor 0.26ft 0.397 0.,,02 0.299 0.396 0.51lt 0.5911 0.250 0.300 0.5'Jlt 

Code of occls. 

1.0 Solar stm. sup. 107.1 192.6 250.6 119.5 I 6'1.R 190.S 213.1 128.6 187.6· 2?8.1 

2.0 Turb. gen. 8.,, 8.9 8.9 9.1 9.1 9.1 9.1 9.1 9.1 9.1 

3.0 Process mech. 
equipment 9.1 10.3 10.3 9.5 9.5 9.5 9.5 9.S 9.5 ,.s 

lt.0 Eleclrlcol 6.1 6.1 6.1 6.2 6.2 6.2 6.2 6.2 6.2 6.2 

s.o Civil & 
slruclurol ,,.2 lt.2 lt.2 lt.2 lt.2 lt.2 lt.2 ,,.2 ,,.2 ,,.z 

6.0 Process pip. 
& lntsr. 9.3 9.8 9.8 8.7 8.7 8.7 8.7 8.6 8.6 8.6 

T" 7.0 Yordwork "' .13, & Misc. 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 

e.o Swltdtyord 9.0 0.0 o.o o.o o.o o.o o.o o.o o.o o.o 
70.0 Dlstr. conslr. 

costs 9.6 12.7 llt.6 10.1 11.6 12.s 11.9 '°·'' 12.4 16.i 

eo.o Eng'r. & 
home ofc. 10.2 llt.5 17.3 13.2 16.2 17.3 20.3 14.0 17.7 25.I 

Suhlotol I 6lt.6 259.7 322.4 IOI.I 230.9 258.6 305.6 191.2 255.9 ]71.5 

ROP contingency• 8.5 · 8.9 8.9 e.e 8.8 8.8 0.8 8.8 8.8 e.n 

Total 173.1 268.6 311.3 189.9 239.7 267.lt J' "·'' 200.0 u.1,.1 386.1 

Am.Eneregy 
(MWhr) 232 3118 ,,22 262 351 lt50 512 219 313 520 

Cop. cosl/net 
onn 
($/MWehr) 71t7 772 785 725 6R1 5911 6()/t 913 796 11,1 

---
•Solar plmt r.onllnqenr.y Is dlslrlhuled 0tnonq lmlivldttol Items 

-------------------
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Figure 111.F. 1. System Com Vs Net Annual Electricity Produced 
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Figure 111.F.2. Cost/Net Annual Electricity Vs Net Annual Electricity 
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Technolo;·..­
R.e.Jdiness 

TABLE 111.F.4 
COMPARISON MATRIX - CRlTEi=tlA NOT QUANTIFIED 

0 

0 0 

Water /Stea.,, 

(Ii 

. 
. ... 
' 0 
~ 
< 

0 - 0 

0 D 

D 0 0 

Q 

Re:eiver Fluids 

rv',olter. 5Te0l""\ 

0 0 . 0 0 0 0 0 0 

0 0 . 0 0 o : ·o 0 0 

::. 
,5 .. 
j - ' 

0 (I 0 0 G 

0 · 0 0 0 0 Technical Risi.: 

hlon-recwring 
Costs - C O .rn • : + 0 0 :' 0 (I - 0 0 o(2) 0 0 0 0 0 0 + 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 C O O O O O O O 0 

Maintenance 
Costs 0 0 Q I Q Q Q 0 0 0 0 0 0 0 0 · 0 0 0 0 0 

Reliability 
Mair,toinability 
Avoiiability 

0 0 _(I) 
)0 

0 0 0 0 0 0 : 0 , 0 , 0 0 0 0 0 .0 .Q O O 0 

Safety Hazards 

Ooerability 

Schedvle 

Generic 
Adcmtability 

Totals 

Plus 

Zero 

Minus 

0 0 : 0 o:o o o··oo c o;o 0 0 0 0 

0 0 :0 + 

o o + o I o 

I 
: 0 1 0 , C 0 : 0 

I 
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0 • 0 
! 
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0 I ! i 

(I) Top numbers for once-through (Barstow receiver); bottom numbers fer either forced circulation er natural 
circ:ul~tion, Forced circulation·usecl for cost/performance comparison, 

(2) Assumes successful completion of molten salt steam generator SRE Phase II under government funds. 

(3) Does not include auxiliary electricity; this is incluclecl in estimate of net annual output. 
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Receivers - The oarorneters with significant differences for receivers ere 
technologv readiness O!"ld technical risk, nonrecurring costs, reliability, 
mointainabilitv, availability, and safety hazard, 

Molten salt and liqt.iid sodiu:'TI receivers are judged equivalent in technology 
rea::liness and technical risk based on their comoaroble level of 
demonstration in CRTF panel testing end DOE/Sandie receiver SRE 
progress, The once-through water/steam receiver is judged superior in 
technologv readiness because of its Soler I demonstration, 

The other water/steam receivers ore inferior based on lack of any 
demonstration. Complications of multiple phase-of-state heat input 
distribution requirements and direct coupling of variable steam flow to 
turbine throttle lead to the conclusion that all water/steam receivers hove c 
higher technical risk then salt and sodium receivers, 

Based on the degree of design end testing of receiver panel hardware to 
date, the molten salt and sodium receivers were ranked as the norm in 
requirements for further development end thus nonrecurring cost. The 
Solar l receiver is judged superior (that is, less nonrecurring costs) and the 
other water/steam receivers are judged inferior (that is, more nonrecurring 
costs), 

Due to stringent water-quality requirements and orificing, the Solar I once­
through receiver was judged much more likely to hO-'e maintainability and 
availability problems than the other receivers. To a degree, panel removal 
and replacement capability for the Soler I receiver will offset this 
disadvantage, especially relative to quad-cavity receiver configurations. 

The fire hazard associated with sodium in contact with water leads to o 
rating below the norm set by water/steam end molten salt. Extensive 
experience in process industries and soler central receiver system component 
testing has verified the benign nature of molten salt. 

Direct coupling of steam flow from the receiver to the turbine leads to all 
water/steam receivers being judged as significantly less desirable from the 
standpoint of operability. However, this disadvantage for water/steam 
receivers is offset by freeze protection requirements for molten salt end 
sodium end the added requirements for safe handling of sodium. Overall, no 
relative advantage or disadvantage was perceived. The Soler I once-through 
receiver hos a substantial schedule advantage over all receivers because of 
the extensive design, fabrication, and testing already completed. 

No relative advantage or disadvantage is seen for any receiver with respect 
to generic adaptability. 

Transeort and Storage - All candidates were .judged equal for all parameters, 
except as follows. With .respect to technology readiness and technical risk, 
the Solar I advantage for water/steam was offset by the limited experience 
with dual-media thermocline, so water/steam was judged approximately 
equal to molten salt tw.o-tank storage. The sodium air-rock storage is judged 
lower in readiness and risk for lack of demonstration and uncertainty in 
performance, respectively. 



b. 

I 
Howeve:-, tiie construction status of Solar I and the extensive utility I 
operating experience at temperatures, pressures, and flow rates of interest, 
give the water/steam transport and storage sy~tems an advantage with 
respect to nonrecurring costs. Additionally, this operating experience and I 
the lock of fr~zing or other handling problems give the water/steam 
transport and storage systems an advantage .with respect to operability. 
Because of the fire hazard, liquid sodium was judged to have a relative I 
disadvantage as a safety hazard. 

Steam Generators and Thermal Storooe Heot Exchanoers - All candidates 
were judged equal for all parameters except as follows. . Sola:- I and the I 
breeder reactor program developments give water/ steam and sodium a 
relative advantage in nonrecurring costs compared to molten salt. However, 
the work planned in the DOE/Sandia Steam Generator SRE program was I 
considered in setting the molten salt steam generator as a norm to avoid an 
interpretation that would fail to account for this significant development. 

The fire hazard associated with the sodium-water reaction gives liquid I 
sodium a substantial disadvantage as a safety hazard. · 

With respect to operability, direct coupling of the storage charging heat I 
exchanger with the receiver gives water/steam systems a definite 
disadvantage in operability. 

Electric Power Generating Syst~m (EPGS) - The only substantial difference 
in EPGS characteristics relates to the potential problems associated with 
coupling receiver steam output directly to the turbine throttle. Therefore, 
water/steam· EPGS is considered to have a relative disadvantage with 
respect to technical risk and operability. There are no other relative 
advantages among any of the receiver fluids. -

Plant Control - Control complexity associated with multiple phase-of-state 
flow in the receiver and direct flow of receiver steam to the turbine throttle 
and to the thermal storage charging heat exchanger gives plant control for 
water/steam a clear disadvantage with respect to technical risk and 
operability. For all other parameters, there were no clear-cut relative 
advantages. 

Summary of Evaluations by Evaluation Parameters 

Technology Readiness - The extensive Solar I progress for a water/steam 
system with a once-through receiver gives it a relative advantage compared 
to other water/steam candidates, as well as molten salt and liquid sodium 
receivers. 

Technical Risk - Higher technical risk for water/steam is associated with 
receivers, EPGS, and plant control and relates to direct steam flow from the 
receiver to the turbine throttle. 

Nonrecurring Costs - Solar I once-through receiver water/steam transport 
and storage (including heat exchangers) and sodium steam generators are 
considered to hove relative advantages in nonrecurring costs. These 
advantages relate directly to the work already accomplished on the Solar I 
program and the breeder reactor program. 
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c. 

Operatin end Maintenance Costs - Excluding auxiliary electrical costs 
wnicn are cons, ere in pant net annual output, the only clear-cut relative 
differences in these costs is for the collector field. The smeller north-field 
molten salt collector system hos o relative advantage on o per unit power 
basis. 

Reliability, Maintainability, Availability - Stringent water quality 
requirements and receiver pdnel orificing give the Soler I receiver c 
disadvantage with respect to reliability, maintainability, and availability. 

Safety Hazards - Only liquid sodium containing elements (that is, receiver, 
transport end storage, and steam generator) were considered to hove a 
relative disadvantage due to the sodium fire and water/steam reaction 
hazards. 

Operability - Water/steam transport and storage is judged superior with 
respect to operability because of the minimal requirements for freeze 
protection or special handling of media os required for sodium. However, 
_this relative advantage is more then offset by the control complexity due to 
the direct flow of steam from ·the receiver to the charging heat exchangers 
and turbine. 

Schedule - A water/steam system with c Soler I once-through type receiver 
has a significant schedule advantage. Lack of any receiver testing to date 
gives the other water/steam approaches a relative disadvantage with respect 
to schedule. 

The two key schedule drivers are receiver development and heliostat 
commercial production. Heliostat production developments are clearly 
independent of system candidates. 

Generic Adaptability - No relative advantages are perceived for any 
candidates. 

Recommended Baseline Configuration 

Based on the cost performance advantage of the molten salt receiver 
(particularly at high capacity factor) and the I.eek of substantial overoll 
relative differences in the qualitative evaluation, the molten salt system hos 
been selected os the baseline configuration. 

On reflection of discussions in the preceding sections, it can be summarized 
that a molten nitrate salt system was chosen for Solar l 00 because of a 
number of unique advantages. Among these ere: 

0 

0 

0 

Low media cost allows efficient thermal energy storage to be used 
to "'!Oximize the plant's cost effectiveness. 

Solt stability at high temperatur-e allows operation of a reheat steam 
turbine. 

A conventional utility turbine and turbine control con be used 
because solar transients ore decoupled from steam generation. 
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C 

0 

0 

Low pressure and good heat transfer characteristics of molten salt 
permi'T or. economic, efficient and easily controlled receiver ciesign. 

These some heat transfe:- characteristics permit a ver)' compact, 
low cost and easily controlled stea."T'l generator system. 

High energy density ~tu/tt3) of the molten salt helps keep the 
storage concept and tank size within the state-of-the-an. 
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JV. ocscRIPTION OF SEL!::CTED PLANT 

The molten salt syste'."11 which was functionally described in Section 111-C was chosen cs 
the system with the lowest b1.1s bar energy cost. The purpose of this section is to 
physically describe (via P&ID1s, heat balCll'lce end general arrangement drawings) the 
selectec! molten salt system end to functionally describe the plant's operating 
characteristics. In addition, those systems which ore soler related (end therefore 
innately unique) have c comprehensive system description; those systems which ore more 
conventional designs (e.g. tower design, cooling water, service cir, etc.) are only briefly 
described. 

JV-A. PHYSICAL DESCRIPTION 

The pla:it ccn best be described by reviewing the Flow Diagrams which were generated 
for each system and also the physical drawings (e.g. site arrangements, elevations, 
etc.). In addition, a heat balcnce and one line diagram were also developed. The 
drawings included in this report are: 

Figure 
Number 

IV.A. I 
lV.A.2 
IV.A.3 
IV.A.4 
IV.A.S 
IV.A.6 
IV.A.i 
IV.A.8 
IV.A.9 
IV.A. IQ 
IV.A. I I 
IV.A.12 
IV.A. 13 
IV .A.14 
IV.A. IS 
IV .A.16 

IV.A.17 
IV.A. IS 
IV.A.19 

Title 

Plot Pion 
Basic Flow Di-ogram 
Thermal Transport and Storage System 
Steam Generator and Steam Cycle 
Receiver System 
Service and Deminerclized Water System 
Cooling Water System 
Circulating Water System 
Compressed Air System 
Chemical Feed System 
Heat Balance 
One Line Drawing 
Power Block - General Arrangement 
General Arrangement (Sections) 
Molten Salt Piping 
Receiver Support Towers Interior 
Arrangement and Details 
Pum~ Pit 
10S0°F Motten Salt Tonk (Hot Tank) 
SSC°F Molten Salt Tank (Warm Tank) 

These drowi ngs were generated not only to provide pl ant description to the reader, but 
also to more accurate!)' define design for cost estimating purposes. 

IV-B. OPERATIONAL DESCRIPTION 

The Soler 100 plant is designed to be operated by o single control operator from the 
Control Room. All startup, shutdown, normal and, emergency operations are automated. 
The actual operating crew will include additional personnel, as indicated in 
Section VIII.B. 
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! • Operating Modes 

Piant operating modes ere most easlly described by separating the plant into o heat 
collectio:-: and c power generation function. The heat collection function involves 
the receiver, collector, and receiver salt loop equipment. The function is to 
circuiote salt from the worm tonk through the receiver to heat the salt, and return 
it to the hot tonk. The power generation function involves the steam generator, the 
turbine and feedwater system, the circulation water system, and the steam 
generator salt loop. The fonction is to circulate salt from the hot tank through the 
steam generator, produce steam, and return the salt to the warm tank, expand the 
steam through the turbine to generate electricity, and return preheated feedwoter 
to the steam generator. 

c. Heat Collection Ooerating Modes 

The two operating modes for heat collection are normal operation (including 
startup and shutdown), and warm or overnight hold. There is an additional 
nonoperating mode of cold shutdown. 

Normal Operation - In this mode, salt is supplied ·to the receivers at about 
550°F with adequate pressure to maintain receiver flow and control. The 
salt flow is regulated by a throttle valve downsteam of the receiver feed 
pumps. The throttle valve adjusts the salt flow-to maintain the salt level in 
the warm surge tank. 

There ere three half-copocity receiver feed pumps for each receiver. The 
system runs on one pump ct up to 50% roted flow and two pumps from 50 to 
100%. One pump is kept in reserve. Pump startup time is sufficiently rapid 
to maintain minimum receiver flow rote in the event of transition to the 
reserve pump. 

A receiver worm surge tank serves as o buffer to protect the warm salt line 
from hydraulic ram. The tonk also provides o reservoir of salt to maintain 
receiver flow in the event of o receiver feed pump shutdown. 

The sett flow through the receiver is regulated by control valves for each of 
four parallel circuits. Under normal operation, the salt flow is regulated to 
I OSOVF outlet temperature. Under conditions of low receiver flow (less than 
20% of maximum flow) or rapid insolation variation (due to partial cloud 
cover), the system automatically transitions to bypass flow operation, as 
discussed in the following. 

The receiver control utilizes outlet temperature feedback as the outer 
control loop. An inner control loop senses heat flux to provide rapid 
response feed-forward control under variable insolation conditions. 

A second surge tank is provided on the receiver outlet to protect the hot salt 
line from hydraulic ram. Level in this tank is controlled by a throttle valve 
near the hot tank inlet. The outlet surge tank is kept at ambient pressure. 

In early ·morning and late aOernoon, energy is available from the collector 
field in quantities worth collecting. However, the receiver may not be able 
to operate at rated conditions for one or more of these reasons: 

lV-23 



b. 

o Tre flow ir. one of the receiver circuits mcv ~ slow enouqh to 
transitio:, to laminar flow with c resultlng heat· transfer co-efffcient 
too low for receiver tube temperature to stay within operating 
conditions. 

o The flux disrribiJtion on a circuit may peak too high for tube 
temperature to stay within operating conditions. 

o The control valve for a circuit may be driven out of its desired range 
of operation. 

A minimum of 20% roted flow is maintained in each circuft under low 
receiver power conditions. Tnis condition results ir. a receiver outlet 

· temperature ~ess than 1050°F. A bypass loop allows the sa!t flow from the 
receiver to be diverted to the warm storage tonk. Salt below 1045°F is 
diverted to the warm tank when the hot storage tank temperature is 
approaching I 045°F. 

Under most conditions ·of insolation transients, the feed-forward control on 
the receiver will maintain adequate salt outlet temperature controL When 
large, opaque clouds come over the field, the 20% rated flow minimum 
condition mcy be reached. The reasons are the some as those for early 
morning and late afternoon. The minimum flow constraint of 20% is a;>pliec 
under oil insolation conditions. 

Warm or Ovemioht Hold - During periods of no insolation, such as nightti:11e, 
the heat collection system is put in a warm hold mode. The receiver door is 
clmed, and the collector system is stowed. Salt circulation is halted, and 
trace heaters are used on demand. 

Power Generation Operating Modes 

The two operating modes- for power generation are normal operation 
(including sliding pressure operation and low power operation) and warm 
hold. There is also an additional nonoperating mode of cold shutdown. 

Normal Operation - In this mode, salt is supplied to the steam generator at 
I 050°F. The steam generator produces primary steam at I 005 F and 1850 
psi and reheat steam at I 005°F. The salt is returned to the warm tank at 
SS0°F. F eedwater is supp Ii eel at 460°F. 

The salt flows through the superheater and reheater in counterflow. The salt 
flow rate is regulated to produce the desired steam outlet temperature 
without attemporation. A salt bypass around the super-heater and rehecter 
is provided to bolcnce the soft flow. The salt streams merge and flow 
through the evaporator. ·water flows through the evaporator by natural 
circulation. An integra I drum separator provides dry, saturated steam to the 
superheater-. From the evaporator the soft flows through the preheater in 
counterflow. Total salt flow is regulated by a control valve on the preheater 
outlet. This valve also provides positive back pressure on the salt at all 
times. 

Two half-capacity pumps circulate the salt. A redundant pump is provided 
to ensure availability. 
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c. 

The turbine is required to exe::ute daily off-or. cycling. Sliding pressure is 
used to start up al"\d shut down the turbine and minimize the thermal cycling 
effects on the turbine. Turbine pressure control is achieved by varying 
eva;:,o:-ctor drum pressure. The drur, pressure is, in tum, controlled by the 
salt flow rate. 

DUiing startup, the feedwoter preheaters operate at a reduced 
temperature. Drum steam is fed to the final prehecter to peg its 
temperature at 460°F. The pressure ramp rate is controlled to keep the 
superheoter inlet temperature romp rate below 150°F per hour. 

Startup is initiated with one steam generator salt pump. The second pump 
will be started when the salt flow rate approaches 50% of rated flow. 3elow 
35% load, steam flow is controlled by the turbine throttle valve. Solt flow is 
adjusted to maintain .drum pressure. 

Warm or Overnioht Hold - Under warm shutdown, the superheater and 
reheoter are isolated by shutoff valves on both salt and steam sides. The 
temperature change is slow, and these units do not require the use of .trace 
heating. 

The evaporator and preheater are similarly isolated. The preheater requires 
almost immediate trace heating. The evaporator requires no trace heating 
for two or more days. Evaporator drum pressure is monitored because heat 
contained in the salt at shutdown continues to make steam until equilibrium 
is established. When the steam generator undergoes rapid shutdown (no 
sliding pressure), steam is vented from the drum or steam is blown to the 
condenser. 

Trace heating is required in the sett line from the preheater to the warm 
tank for overnight rold. Other salt lines require trace heating only during 
extended shutdown. 

Typical Daily Operation Timeline 

Operation on a typical equinox day is shown on Figure IV.B. l. lnsolation is 
depicted in the first chart. Usable energy levels ore reached at about a 10° 
sun elevation angle. The insolation appears to be significant below 10°, but.

1

, 
the field cosine angle is too low to provide much useful energy on the, 
receiver. However, some of this energy below 10° can be used in receiver 1 

startup. 

The afternoon is depicted with insolation dropouts typical of a desert site. 
Approximately 17% of the time cloud transients are experienced. Hence, 
cloud transients ore sufficiently typical that they are included in a "typical" 
day. The insolation level is typical of a clear day. However, bright days can 
have insolation 10% higher. 

The receiver response to the insolation is shown in the second chart. For 
simplicity, the receiver is shown as starting at the IC° sun elevation angle. 
Note that at startup, the receiver is above the 20% power level threshold. 
However, a short period of bypass salt flow is still required for a controlled 
startup. 
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The first afternoon clouds cause a complete receiver shutdown, and 
necessitate a restart. The second cloud is not totally opaque. The receiver 
continues to operate through this transient, although a period of bypass sa1t 
flow may be reqJired. 

The energy collected by the receiver is stored in the molten salt hot tank. 
As shown in the third chart, there is about one-half hour reserve in the tank 
for morning startup. The startup cycle begins at about sun up. The steam 
generator and turbine are operated at reduced pressure when the receiver is 
started. Energy collected in excess of turbine demand is accumulated in the 
hot tank. The relatively small impact of the cloud transients on energy 
stored indicates the degree of buffering provided by storage. 

Storage is exhausted about midnight. The turbine goes into sliding pressure 
operation at about 11 :00 p.m. to keep the super-heater inlet temperature 
ramp rate within the allowable range. 

During the day, the turbine generator output varies only in the startup and 
shutdown operations. Chart 4 depicts this, as well as small variations in net 
station output resulting from changes in auxiliary power load. 

The heat collection system operating modes are shown in Chart 5. Cold 
shutdown is atypical, and rarely used. The transition to warm shutdown 
caused by the afternoon clouds is also indicated. Similarly, Chart 6 shows 
the power generation system operating modes. The full extended period of 
normal operation is uncff ected by cloud transier.t~. 
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2. Scf etv =>rovisions 

The scfetv proceaures c:id features for the plait are, in ge:,ercl, covered by 

exist:~g standards, codes, and procedures (see Reference Vll!.8.1). Some of the 
hiif'lli~ts are described in the following paragraphs. 

Collector - Safety precautions for the collector system are conventional and 
coverec by OSHA-type requirements. Tne only unique hazard concerns the energy 
in reflected beams for heliostats. Extensive analysis for Solar I at Barstow 
(Reference 111.B. I) shows that the reflected beams fro'TI one he liostat are safe for 
personnel er. anv point in the beam, biJt c point which is in the beams from two or 
more heliostats may be unsafe. The dominant damage mechanis'TI is a bum on the 
retina of .the eye, but cornea {eye} or skin bi;rns must also be considered. 

Ope~ation of the collector field requires that many beorns from heliostats converge 
at specified points. An example is the standby cimpoint for the collector used in 
collector /receiver startup. Areas in the airspace above the site which have unsafe 
bea.-n conditions will be designated cs exclusion zones. A preliminary estimate 
indicates that safe conditions always exist at an elevation 1000 feet above the 
tower. Even 500 feet above the tower is likely to be safe, but further validation is 
required. 

All beam conditions on the ground within the collector field are safe. South of the 
collector field,. unsafe conditions potentially exist. Personnel and equipment 
exclusion zones are established to protect the operations and maintenance crews. 
'Norkers in the field are required to wear lightweight protective clothing and 
glasses. 

Receiver - The receiver system design is governed by Section VIII of the ASME 
Boiler and Pressure Vessel Code. The piping is designed to ANSI 831.1. Insulation 
is provided to prevent excessive temperature on the external surfaces of the 
receiver and salt loop piping. 

The receiver unit is drained into the warm storage tank to prevent freezing in the 
event of extended shutdown and to allow personnel access to the ;nterior of the 
receiver for maintenance or replacement. 

Tower - The receiver tower requires aircraft warning lights and listing on air 
navigation maps. 

The tower requires ventilation to prevent the buildup of heat leakage through the 

insulation. Natural convection is expected to provide adequate ventilation. 

Storage and Trans~rt - A berm and salt containment area is provided around the 
ther.-ncl storage tan s to contain salt leakage. 

Steam Generator - The steam generator heat exchangers are designed to Section 
VIII of the ASME Boiler and Pressure Vessel Code. 

Steam piping and interfaces with the existing plant will be designed to the ANSI 
831. i power piping code. 

Plcnt Control - Plant control is provided with appropriate interlock logic to assure 
safe operation. Mode changes end trip conditions are coordinated to provide safe 
transitions and shutdown. 
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Storage of he liostots end transition between stowage and standby is under the 
co:itrol of the I...\AC and is programmed to assure safe beam intensity. 

Turbine Ge:,er,:Jtor one 8al~ce of Pl~t - Safety precautions for these systems will 
be co:ivention:!. 

.:). Trios a~d ::meroency ()perctions 

Syste--n trips and emergency procedures will be designed to assure safe operation 
and to prevent damage to eq.,ipmen1. Analysis of trips will be determined in 
p~e liminary engineering. 

IV-C. COLLECTOR SYSTEM 

I .. 

2. 

3. 

Functioncl Description 

The collector sys1em consists of two fields of heliostats, the required power 
elements and control elements for directing individual heliostats and groups of 
heliostats. The purpose of the collector system is to redirect solar radiation and to 
focus it onto the rec7iver absorbing surface. The field supplies 326 MWt incident 
energy to the 5598 ft- receiver aperture ct winter solstice noon. 

Each heliostat automatically tracks the sun and continually directs reflected 
sunlight onto the receiver. The heliostat control and drives position the heliostct 
reflecting surface such that the pointing accuracy meets specified requirements for 
receiver flux distribution. In addition, the control and drives reposition the 
reflecting surface from any operational orientation to c position for night stow, 
periodic maintenance, high wind stow, end emergency or planned defocusing of the 
heliostats (standby). 

An aim strategy is used to achieve a power distribution on the re~iver absorbing 
surface end to preclude exceeding the design flux limit of 0.6 MW/m • A number of 
heliostats ere assigned to each cimpoint. During the day, the peak flux will vary 

along with the receiver intercept factor. The resulting flux distribution is 
described in the receiver system, Section IV-E. Command end monitor of the 
collector system originates in the plant control system described in Section IV-J. 
Plant electrical power is provided to operate the heliostats. 

General Arrcnaement 

Each of the two collector system fields occupies 509.3 acres within the plant site. 
They ere adjacent to each other in north-south positions, as shown on the site plot 
plan, Figure IV.A.I. Each field contains 7712 heliostcts in o radially staggered 
orientation, as shown on Figure IV.C. I, where the individual heliostat positions ore 
shown with respect to the receiver t~wer. 

Major EguiP!!!ent Descriptions 

The major equipment items associated with the collector field are the heliostats, 

the field control (including a beam characterization system (BCS)) and field 
electrical power and wiring, as shown on Figure IV.C.2. 
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Figure IV.C.1. Heliostat Layout 

Hel iostat Array 
Control (HAC) 
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HAC Output Data/Commands 

Feedback Data 

Field Control and 
Power Distribution 

Figure IV.C.2. MDC Collector System 

Heliostat Power 
208VAC 3o 
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c.. l-leliostc'!'s 

The: heliostcr. oes!g., is the MDC Model 50 configuration illustrated or. 

Fig~re lV.C.3. The N1ode! 50 is the WDC second generation heliostat which 
h~s been cua!ified to t'."le Sa;-idia National Loboratorv Specification 
Ref. l\'.C. I) fo:- performance, environmental and life testing. It is the only 
heliostot su!:>jectec! to tnese tests which has met the specificction in cl! 
respects F,ef. IV.C.2). 

~: .. ;._.,, .. ,.,, ... '',,,,' /•',-.., --~, ·;. 

Figure IV .C.3. MDC Second Generation Heliostat 

The Model 50, which evolved from four previous hardware prototypes, has 
been designed with the following considerations in mind: 

o A factory design to aid in volume protection. 

o Simple functional configuration with tow parts count. 

o Minimum site assembly labor • 
. 

o 30-year lifetime 

o Economic goals for central receiver plant reediness in the 1980s. 

0 Technical specifications from DOE/Sandia 

Specific design features are presented in Table IV.C. I. 
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T~BLE IV.C.I 
D:SIGN r:ATURES or' H::LIOSTAT COMPONENTS 

;h,e M":>C rv',ode! 50 Heliostat design uses prover. processes one materio!s with 
flexibility to apply future cost reducing processes and materials. 

Subsvste1T1 

Refiecto:-

Desian Feature 

• Conventional Auto Safety Glass La..,,inate 

• Bonded Stiffeners - Double Curvature 

Sup;,ort Structure • High Volume Roll Formed Parts 

• Automated Spot Welded Assembly 

·orive • Proven Azimuth Harmonic Drive 

• Conventional Ball Screw Elevation 

• Only Two Reduction Stages, Both Drives 

Controls • High Reliability Extended Temperature 

• High Pointing Accuracy Software 

Foundation • Poured in Place Reinforced Concrete 

• Taper Fit Pedestal Joint 

• Compatible With Any Soil 

Site Assembly • Three Self-Jigging Field Components 

• Factory Alignment of Mirrors 

• Software Field Alignmen-:-

The heliostat is manufactured in three subassemblies. These subossemblies, 
which ore shipped to the field for heliostot asserpbly, are the two reflector 
panels {one-half of the reflective unit) and the drive unit, which includes the 
heliostat controller electronics and sensors and the pedestal. Basic design 
characteristics are shown on Table IV.C.2. Complete characteristics are 
provided in the final report on the second generation heliostat program 
(Ref. IV.C.3). Each reflector panel is composed of seven laminated mirrors 
on a support frame. Each mirror is 48 by I 32 inches. A thin second surface 
silver/glass mirror is bonded to a glass back panel. The mirrors ore bonded 
to stringers which are, in tum, bolted to support beams. This assembly is 
adjusted for focal length in the factory. 
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T A3LE IV .C.2 
D~SIGN CHARACTERISTICS OF THE 

MDC S::t:Ot-.J:)-GEhl:::C..ATION HELIOST AT 

Reflector Arec 

Reflector Shape Rectangular 

l ~::i:-mai Stowage Position 

Severe Wind Stowage Position 

N;;':lber of Panels 

Panel Dimensions 

Minimum Azimuthal Spacing 

Minimum Radial Spacing 

Control 

Power 

56.85 m2 (612 ft2) 

8.56 m wide, 6.87 m high 
(28.4 ft X 22.5 ft) 

Reflector -2° from vertical 

Reflector face up 

14 

1.22 x 3.36 m (4 x 11 ft) 

13.3 m (43.6 ft) minimum 

I 0.6 m (35.5 ft) 

Open Loop 

335 W per motor 

The drive unit is composed of o rotary azimuth drive, o jack elevation drive, 
control sensors, a main beam, a controller, and a tapered pedestal. All drive 
motors are three-phase, 208 VAC. This unit is also ass~mbled and aligned in 
the factory. A partially prewired circuit breaker junction box with the 
heliostat-side cable installed is also provided to the field To be installed 
during field wiring operations. 

Heliostat Installation 

The foundation is a conventionally drilled and poured column with a tapered 
cone extending 4 feet above grade. The configuration and dimensions are 
shown on Figure IV.C.4. The foundation also provides for electrical 
grounding of the heliostot. Integral conduits are provided to allow for 
(I) electrical wires at ground level to be routed through th~ cone, and (2) 
water drainage from the top of the cone to ground level. The cone is mode 
during the foundation pour with a reusable form which provides the integral 
conduits, as well as pull down cavities on the periphery · of the cone. 
Foundation reinforcement is a rebar cage of twelve 116 rebors spirally 
wrapped at a 16 inch diameter. Rebar is allowed to extend above the pour to 
allow grounding of the drive unit pedestal to the rebor and attachment of the 
junction box. 

Because of the existence of rock outcroppings in some of the hefiostat 
locations, some of the foundations will require drilling into rock. Specific 
designs for these conditions will be determined in the plant design phase. 
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Figure N.C.4. Foundation Configuration 

At heliostat installation, the drive unit pedestal is placed over the cone and 

drawn down into place by tooling which connects to the pulldown cavities on 

the base of the foundation cone. The engagement overlap of the drive unit 

pedestal with the foundation is greater than 2 feet before on i:iterference fit 

requiring a pullc:iown force is required. Consequently, no vertical control is 
req-.,ired in this operation. Rotational control is provided by alignment of 

scribe marks on the foundation cone and the pedestal. Pulldown requires less 

than I minute. The operation is illustrated on Figure IV .C.5. 

Tlie electrical interface connection requires connecting the junction box 

cable assembly into the heliostat controller. Each heliostat in the field also 
has a ur,ique address for communication which must be set. Tnis requires 

opening the heliostat controller box and adjusting the DIP switch mounted on 
the processor board. The switch is set in accordance with the master field 
layout plan so that each heliostat address code corresponds with the 

surveyed coordinates of the heliostat. 

The reflector assemblies are canted at the factory for focal length. Each of 
the two complete shipped assemblies is installed in one operation. 

Installation inwlves placement on the drive unit main beam and fastening by 
bolts, as shown on Figure IV.C.6. 

b. Control 
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Heliostat beam pointing is achieved using open-loop command algorithms. A I 
set of ephemeris equations is used to calculate the azimuth and elevation of 

I 
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Figure IV .C.6. Reflector Installation 
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tiie s1.r. for a given time of the d=iy. Knowing Me relative position of the 
receiver 0'1d heliostat. t:ie reqJirecl heliostat gimbc: angles To reflect the 
i:>e:J'.'r. to t:ie receiver oimooint are cclculated. The calculation accounts for 
ot"':1ospheric refrocti~, gravitational structured bending, &.-ive pivot point 
error, fo-Jndotion ti !t error, and location error. Tne transfer fu:iction of the 
azi:T10th end eievation drive system ere used to transfom--. the modified 
gl:-nbci a:igles into drive !TIOtor turns. The motors ore energized until the 
desired number of motor turns, cs indico1ed by er, incremental encoder 
:T1ounted on the motor shaft, have .been achieved. 

There ere fo~ basic electronic ccrnponents used in controlling the heliostats 
ir1 the co liector fie le.. These components ere a Heliostat Array Controller 
(HAC), a 1-ieliostat Field Controller (HFC), c !-ieliostat Controller (HC), and 
o Motor /Sensor. The functions of these components and the information 
flow between them is sum'Tlarized on Figure lV.C.2. The specific equipment 
making uo these components end the co1T1munication paths between them ere 
iliustrated on Figure l\'.C.7. Tnere is also c Beam Characterization System 
(BCS) which is c video-based system for updating beam pointing.accuracy. 

One HAC for each of the two collector fields is located in the plant control 
room. Each of the two HACs consists of two minicomputer systems, each 
capable of independently controlling the heliostats. One minicomputer­
based system will be designated as the primary HAC and the ot~er as the 
backup HAC. Each HAC computer will have c dedicated associated set of 
peripherals and will be capable of independent two-way communication with 
the plant control system, including the data acquisition system (DAS), and 
with the beam characterization svstem (BCS). The two HAC minicomputers 
will also receive, and make available to the HFC, data from a time-of-day 
generator located at the control room. Tne two HAC computers will 
function concurrently, with each redundantly processing all commands end 
data. Switchover from primary to backup H.AC will be controlled by the 
Plant Control System computer/operator upon sensing a fault in the HAC. 

The HAC control panel will incorporate provisions· for the operator to coll 
from software subroutines to startup and operate in normal, high wind and 
defocus modes. These subroutines provide automatic control of heliostots to 
increase or decrease flux to the receiver and move to selected positions. 
However, individual heliostats are addressable through HAC keyboard. 
Positioning heliostats for maintenance will thus be accomplished through 
keying in motion commands at the HAC keyboard. Positioning heliostats for 
BCS operations will be accomplished automatically on c computer-to­
computer basis. 

The HAC communicates with the HFCs via a redundant data highway. Each 
HFC contains c microprocessor with capability to control up to 32 HCs. An 
HFC receives all commands and data from either the main or backup HAC. 
A message error check is mode of the received message and, if there are no 
errors, the HFC will echo bock the received message or the received 
message with the requested data. The HFCs will check the echo message 
against the transmitted message before declaring the transmission good. 
The HRCs are co-located with the power/control distribution centers 
described in the next section (IV.C.3.c). 
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Figure IV .C.7. Collector Field Controller Hardware 

The HC also contains a microprocessor; it executes position commends, 
determines its associated heliostat's position, performs diagnostic tests and 
monitors transmission signals. As shown on Figure IV.C.2, it is located in a 
housing on the drive unit pedestal. 

A manual ·controller can be plugged into the heliostat circuit breaker 
junction box for local control of the heHostat. Local manual control isolates 
a heliostct without affecting control of any other heliostat. 

The elevation jock motor and azimuth drive motor each have on incremental 
encoder. These encoders, in conjunction with position reference switches 
ore used to update incremental counts end reference position during 
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c. 

I 
recoeve:-y from c power failure. Soth drive motors are three-phase, I 
208 VAC. 

:-ieliostct Alianment 

The alignment technique uses a Digital Image Radiometer (DIR) Beem 
Characterization System SCS), consisting of a white target beneath the 
receiver, a T\ camero located in the field to view the target, and o video 
digitizer int~:-foce too control computer. Two targets are provided to allow 
a shorter time period for initial field alignment. The heliostat's reflected 
beam is projected onto the target and the DIR/BCS used to scan the beam 
and determine centroid and power distribution. For alignment, only the 
centroid doro are required. 

A coarse track alignment is done in order to acquire the BCS target. First, 
the heliostcts are commanded to move to the aimbal refererice sensors 
whe!"e a zero estimate is used as the elevation and azimuth reference 
position. A standby aimpoint is then commanded that is a distance from the 
BCS target aimpoint. A search mode is used to find the target and acquire 
the target center. A second estimate is then mode of the azimuth and 
elevation reference position. This estimate is accurate enough for the 
control system to keep the beam on the target or find the target the next 

time it is unstowed. In the fine I step, the beam is put on the target and the 
BCS is used to take measurements and calculate the beam centroid. This is 
done at one-half to one-hour intervals from early morning to late 
afternoon. ~sing these measurements, the errors in the heliostat orientation 
are determined. These error ·terms are then used by the HFC to determine 
the gimbal position which should be com.mended in order to move the beam 
to the desired aimpoint. Structural alignment and location errors are 
accommodated. 

Electriccr Power Wiring 

Collector field power is distributed from 4160 VAC plant power source 
through Power /Control Distribution Centers (PCDC). 

A field distribution center for each field feeds parallel redundant primary 
power to PCOCs on each side of the field. A fiber optics link from the HAC 
in the control room also runs to the field distribution center where data are 
converted for transmission by wire to the ~Cs. The PCDCs are 
environmental enclosures dispersed throughout the field which contain power 
eq.,ipment (prim cry power auto-transfer switches, switch gear, transformer 
and secondary distribution breakers) as well as the HFCs and an 
uninterruptible power supply (UPS). Figure IV.C.2 illustrates the PCDC. 

The arrangement for power distribution in the field is shown on 
Figure IV.C.8. Control lines parallel power lines as shown on the figure. The 
T blocks represent PCDCs containing the secondary transformer and six 
HFCs. Distribution from this point is made typically with 32 heliostats 
interconnected to each field controller and power circuit breaker, as shown 
schematically on Figure IV.C.9. The sector letters refer to the field layout 
sectors. 
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4160 VAC 
Source 
BuE 

Approx 5500' Field 1 
400" Field 2 

SeClor A 

Notes: 
1. Wes: Field Half Shown, 

East Side is Mirror lma9e 
2. Parallel or L.oop Feed to 

Each Transformer (Tl 
3. Communication Ckts Follow 

Same Routing 
4. Field 1 Shown, Fiel0 2 

Identical ExcePt tor 
L.ength of Main Feeder 

Figure JV .C.8. Electric Power Distribution Schematic 

HFC 

2 3 4 5 6 
00000 

Notes: 1. Feeder Arrangement .:.,. SeClor A 
Rows 1 Thru 27 (2400 Heliostats) 
Ave 28 Per Feeder, 84 Feeders 
From 14 Substations 

Communication 
L.ine 

2. Loop Feed Power 

/ ._ _____________ Power L.ine 
3. Power Cable - 4C No. 10 With 

Sheath Similar to Okonite C·L.•X 
iype MC 

4. Route Control Line with Power Line 

HC-28 

Secondary Feeders 

HC-1 HC-2 

Figure IV.C.9. Electric Power Distribution Sector Layout 
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5. Control Line Similar to RG-131 
but with Outer Jacket 

6. Average Loop Length is 2500 ft 

7. Sector A Requires 2-4160 V AC 
Sut:>feeders and 14 Substations 

8. Comffll.lnication Ckn Match 
Secondary Power Feeders on 
a 1 to 1 Ratio 

HC-3 



4. Syste'.'Tl Su;>:)o:-t 9 ecr.; ire:-r,ents 
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5. 

The sUP::>ort reaJire'.'Tlents for the heliostct field are electrico! power end the 
avail CD ii itv of deionized water for heliostat washing. The water source for tne 
stea.,, loop mokeup wiil be sized for heliostct washing requirements also. Tne 
wasning ccp:::ri:>ility reqvirement is 3000 gal/day. This is based on total fieici washing 
! 2 times per year. 

Power provisions are reqi.Jired for ell operating modes. Power system sizins 
req:Jirements are as follows per field: 

hlormo! operation 
Hig". wind stow 

Operatio:ial Features 

Peak Power Reauirement 

KW 

1125 
2400 

Total Energy (Annu~!I 

MW 

3727 

In addition to normal operation, maintenance and night stow, repositioning of the 
whole field, or individual heliostats is accomplished in high winds and in the event 
of emergencies such as failure of the receiver fluid control sytem. Beam safety is 

a major consideration during this period with individual heliostat motion controlled 
in a manner to preclude concentrated beams on the ground, on the unprotected 
tower structure or above the clearout air space over the plant. These operations 
may be acco:i,plished with the MDC heliostats by sequenced travel in elevation 
only. For both high wind and emergency defocus, a face-up position is desired. As 
a result, beams at ground level are never produced. In the defocus case, azimuth 
travel may also be employed, but is probably not required. In both cases, heliostots 
are controlled by positioning to a known location and path. Heliostat washing will 
be acomplished at night. For this operation, the heliostats are in the normal nig!,t 
stow position (vertical). Cleaning is accomplished by a truck which continuously 
travels through the field. A boom-mounted spray cleaning unit is used with 
deionized water, as shown on Figure IV.C. 10. 

IV-D •. RECEIVER SYSTEM 

I 
I 
I 
I 
I 
I 
I 
I I. Functional Description 

The receiver is a tower-mounted heat exchanger that converts the radiant energy 
reflected from the collector field into thermal energy in the receiver coolant, a I 
molten heat transfer salt. The net thermal power

2
outpJt from the receiver at the 

design point (winter so~tice noon with 1000 W/m insolation) is 312 MWt· At the 
design point, 5.52 x 10 lbs/hr of molten salt (60% wt. traction of NaNO3 and 40% I 
wt. fraction of KNOi ore heated from an inlet temperature of SS0°F to an outlet 
temperature of I0SOVF. Salt is received from the worm salt storage tank and 
returned to the hot salt storage tank for subsequent use in the steam generator. I 
For Solar 100, each of the two collector fields has a receiver which operates in 
parallel flow with the other. The receiver interfaces with the plant control system 
as well ~ the collector, tower and thermal transport and storage systems. 
Electrical power and other support is provided by the balance of plant system. I 
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Figure IV.C. 10. Large Field Cleaning 

The receiver includes absorber panels, support structure, insulated doors, and flow 

distribution and control elements (interconnecting piping, surge tanks, valves end 

controls). A crane is included for installation and removal of equipment at the 

tower top. 

2. Genera I Arrangement 

3. 

Figure IV.D. I shows the general arrangement of the receiver in its support 

structure at the tower top. The receiver tilts forward 25 degrees toward the 

colleetor field to improve the view factors for heliostats at the eastern and western 

edges of the field. A service crane will be mounted on top of the support 

structure. Figure IV.D.2 shows the general arrangement of the receiver panels and 

interconnecting piping. There are 10 internal side panels, 8 internal rear panels and 

2 external wing panels in on omega shape. The midpoint of the receiver aperture is 

675 feet above grade. · 

Major Component Descriptions 

a. 

,, Q 'v _ ____.-,-----· .. ~------"--..."" 

Absorber Pone Is \ "\ 
I 

Figure IV.D.3 shows a typiccl/4anel. The panels ore identical in length, but /
1 

the two wing pone Is hove I 18 tubes each, while side and rear pane Is have 94// 

tubes. All panel material is lncoloy 800. The panel and jumper tubes are I·· 

in. O.D, with 0.065 in. minimum well. The_ inlet end outlet headers are 10 in. 
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Figure IV.D. 1. Receiver Support Struciure 

Schedule 40 pipe with two 6 in. nozzle connections for feeders and risers. 

Foster Wheeler has successfully welded small test sections of these tubes 

end is developing the required weld procedures during Phase I of the DOE 

Molten Salt Receiver SRE program. 

The figure also illustrates the pcnel support. Support lugs are welded 
between every fifth panel tube and vertically spaced 4.2 ft. apart. The 
central lug at each elevation is fixed to a bu.ckstay which traverses the panel 

width. Lateral expansion of the panel is permitted by movement of the 
remaining lugs relative to the buckstay. The buckstay is attached to the 

support structure by support links which permit longitudinal panel 
expansion. The central support links position the center of each paneL 

The panel is hung from the support structure by hangers attached to the 
support lugs. The jumper tubes connecting the panel to the header are 

designed with sufficient flexibility to permit expansion between the fixed 
panel top and the upper header, which is fixed to the support structure. The 

lower header is permitted to move with the longitudinal expansion of .the _ 
pane 1. A support Ii n k is provided to posit ion the lower header, which is 
supported by the pane I tubes. 

The receiver floor and ceiling are uncooled surfaces consisting of ceramic 

materials anchored to a carbon steel plate. Ceramic materials were 
selected for the uncooled receiver ceiling and floor because of their ability 
to withstand the incident solar flux levels with minimum expansion and 
interference with the receiver panels. 
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The ceiling is forrnecl by two staggered layers of ceramic fiberboard, 0.5 in. 

and I h. thick. The ceramic fiberboard (alumini silicate fiber) is anchored 

with Set-Lok ceramic anchors stud welded to a 25 in. thick, reinforced 
carbon stee I plate rigidly supported from the receiver support structure. hlo 

aliowance for vertical expansion is reqJired because the top of the receiver 

panels is fixed. 

The floor is formed by a ICl)'er of castable concrete atop two staggered 

layers of ceramic fiberboard, both of which are anchored with KSM Wav-Lok 
anchors we lc:ied to a carbon stee I plate. The castable concrete consists of a 

mixture of A I 283 aggregate bonded with hi~-purity, low-iron calcium 
alu:-ninate hydraulic setting cement and reinforced with stainless steel fiber 
(!;. percent by weight}. A flexible seal is provided between the floor and 
panels (see Figure IV.D.3) to minimize thermal losses from the receiver. 

;:"igure IV.Q.4 shows typical receiver panel absorbed heat flux profiles 

determined from two-dimensional heat flux maps from the MDAC computer 

program CONCEN. Tube-to-tube flowrate variations within a panel were 
determined to be very insensitive to heat flux variations. Figure IV.D.5 

shows salt inlet temperature end loterol outlet temperature distribution for 

each panel. Based on Foster Wheeler past experience, the high temperature 
distribution on the RI wing panel may result in panel stresses which are not 

tolerable. Detail analysis is reqJired to determine the acceptable limits, but 

solutions are available if this condition is not acceptable. These include 
dividing the panel, orificing tubes and orificing feeders. 

The tube panels are .arranged in flow circuits, as shown on Figure IV.D.6, to 

minimize overall pressure drop through the receiver and to account for the 

differences in heat flux and tube wall temperature from panel to panel. 
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Figure IV .0.4. Winter Solstice Absorbed Flux Profile 
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Figure IV.D.5. Winter Solstice Salt Temperature Profile 

b. 

• 
Thus, tube temperature gradients and resultant tube stress levels are 
controlled. Desig, point 

2
trictional pressure drop through the complete 

receiver circuit is 124 lb/in • 

Individual receiver tubes were analyzed using a Foster Wheeler computer 
program to determine tube and salt temperature. The Dittus-Boelter 
correlation is used to determine salt film coefficients. Significant results 
for the hottest tube at eq.,inox noon conditions are plotted on 
Figure IV.D. 7. The tube l.D. temperature shows that local salt film 
temperature in a small region can reach approximately l 120°F. 

Although only ·a small quantity of salt will reach this temperature for a short 
time, it is preferred to reduce this temperature to minimize salt 
compositional degradation end corrosion probl.ems. This can be accomplished 
in detail design by optimizing salt side flow characteristics and heat flux 
distribution. 

Support Structure 

Table IV.D. I lists the estimated weigl'ts of the structure required to support 
the ~ceiver. The structure was sized for an 0.57-g seismic load and a 50 
lb/ft wind load. 

Referring to Figure IV.D. I, the front is open to allow an uninterrupted path 
for solar radiation. A latticed column on both sides of this opening transfers 
the shear load resulting from the side-to-side seismic and wind loadings to 
the roof and to the base of the structure. The shear load, which is 
transferred to the roof truss, is transmitted to rear bent Hand then down to 
the base. This causes torsion in the structure which is resisted by o couple 
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Figure IV .0.7. Receiver Tube Temperature Profile 

TABLE IV .D. I 
RECEIVER SUPPORT STRUCTURE WEIGHT BREAKDOVv'N 

Structural Item 

Columns. 

Roof steel 

Horizontal steel 

Platforms and ladders 

Vertical bearing 

Connections 

IV-48 

Weight (103 lbs) 

258 

60 

635 

110 

323 

139 

1,525 

MW1m2 

0.60 

0.45 

0.3_0 ~ 
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c. 

d. 

whose forces are transmitted to the base of the structure vie side bents 6 
and 8. Seismic and wind loads in the front-to-rear direction are continuously 
transrrii-:-ted to the base through shear vie side bents 6 and 8. 

The receiver gravity loads are taken to the roof via hangers and then 
transmitted to the base of the structure via bents 6, 8, end H. Lateral lodes 
originating ct the receiver and external wind loads are taken by horizontal 
ties tc the structural steel. Horizontal trusses on both sides of the receiver 
at each level transmit the loads to the appropriate bents. 

The structure was arranged to provide space for panel doors in the open 
positior.i thereby minimizing gravity uplift o:, the H column. With a tower 
diameter of 66. 7 ft., tJ,e seismic uplift on the rear bent columns is 
approximately 2.05 x 10° kg (4.5 x !0° lb). This load will require special 
design consi derotion in transmitting the load to the concrete tower. 

.411 components of the support structure that may be exposed to 
concentrated solar flux (such as the front bent) are insulaied and covered 
with o stainless steel radiation s.1-iield. The remainder of the support 
structure is covered with aluminum sheet. 

Insulated Doors 

The receiver includes c door to minimize thermal losses when the receiver is 
not in operation and to protect the receiver from interruption of coolant 
flow. "ihe door consists of four sections, each of which spans the receiver 
aperature horizontally. When opening and closing, the door sections move up 
and clown parallel to the face of the receiver. Two sections move upward 
and two downward, nesting in poirs in the open position so that o minimum 
area is exposed to the wind. The lower sections ore counterbalanced by the 
upper sections, minimizing the power required for opening and closing. The 
upper sections ore heavier so thct the doors con close by gravity in the event 
of power failure. Each door section has large cam-follower bearings which 
run in fixed guiderails mounted in the outboard sides of the receiver wing 
panels. The door is covered on the outside with on ablative materiel that 
protects the door assembly and receiver until the motion of the sun moves 
the reflected beam away from the receiver aperture. The aperture side of 
the door is faced with insulation. 

Flow Distribution and Control Elements 

The receiver flow schematic is shown on Figure lV.D.6. All interconnecting 
salt piping is comp.letely drainable. Headers, feeders, and risers ore 10 in., 
6 in., and 6 in. Schedule 40 pipe, respectively. Sizes were selected to 
minimize header flow imbalance, pressure drop, and length required for 
flexibility. Drain and vent lines are 4 in. Schedule 40 pipe. 

Molten salt flows upward through all absorber panels in the combination of 
series and parallel paths illustrated in the figure. The upward flow in the 
panels minimizes the possibility of thermal hydraulic instability. Four 
control valves. are used to maintain the desired outlet temperature by 
controlling both the amount and distribution of salt flow. This flow 
arrangement accommodates both diurnal and seasonal flux distributions and, 
combined with the collector field aim strategy, minimizes control problems 
caused by panel-to-panel input power vo~iations during cloud transients. 
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The control valves enc the drain end vent valves shown in the figure are self­
draining glohe-type valves witr internal bellows seals. All valves are ca­
pable of both manual end pneumatic actuation. 

Figure IV.D.6 also depicts the surge tanks. The warm surge tonk in the riser 
at the inlet to the receiver isolates the receiver and control valves from the 
dynamics of the pump and water hemmer in the warm salt piping. A level 
sensor on this tonk controls the feed pump throttle valve. The hot surge 
tank in the downcomer at the receiver outlet isolates the downcomer and 
drag valve from the receiver dynamics end water hammer. A level sensor on 
this tank, with appropriate modulation to prevent rapid valve motions, 
controls the drag valve at the bottom of the downcomer. Set points for both 
tank levels are set at one-half to provide c control margin and a ready supply 
of salt. The worm tonk also provides an emergency 60 seconds of salt flow 
to protect the receiver in case of a feed pump or power failure and is 
pressurized to provide the driving pressure for salt circulation. The hot 
surge tank connected to the 12 in. primary downcomer is located at an 
elevation above the highest absorber panel. Surge tank specifications have 
been selected, as shown on Table IVeD.2. 

TABLE IV .D.2 
HOT AND COLD RECEIVER iANKS SPECIFICATIONS 

Tank diameter, m {ft) 

Tank height, m (ft) 

Salt capacity, kg (lb) 

Operating pressure, kPa 

gage (lb/in2g) 

Material 

• 

Cold Tank 

3.2 (I 0.5) 

7.0 (23) 

48, I 00 { 1 06,000) 

945 (137) 

SA-515 - GR.B 

Hot Tank 

3.2 (I 0.5) 

7.0 (23) 

48, I 00 ( I Oo,000) 

35 (5) 

SA-240 (304-55) 

Compressed air for the surge tanks is supplied from an air storage tonk 
located at the top of the tower. The air storage tank also drives salt from 
the warm surge tank through the receiver during an emergency. It is sized 
to provide salt flow for one minute. 

Figure IV.D.8 illustrates the receiver unit instrumentation and control 
valves. Air-cooled flux sensors and rear wall thermocouples will provide 
data to the valve controllers. Header salt thermocouples at intermediate 
locations and at the receiver unit exit are also provided. Thermocouples are 
distributed throughout the pipework, headers, and valves to indicate cold 
spots so that appropriate actions (e.g., trace heating adjustment, draining) 
can be taken to prevent salt freeze-up. Salt flow rates are measured by a 
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Figure IV .O.B. Receiver Panel Sensor Arrangement 

e. 

wedge-type flowmeter which can be completely drained. Pressure 
measurements are made using silicone-oil-filled lines with diaphragms to 
isolate the sensing units from the high-temperature salt. 

Three sequential flow-control loops, bvffered from each other by the two 
surge tanks, control the receiver. Feed pump flow control is accomplished 
by throttle valve control responding to the level in the worm surge tank. 
Receiver salt flow is .controlled by four valves, as shown on Figure IV.D.6. 
These valves modulate flow to control outlet temperature from four parallel 
flow paths. The hot surge tank level then controls the drag valve and output 
to the hot storage tank. 

Control of the individual receiver flow paths will include both flux and 

temperature data to anticipate requirements for flow control. The design of 
these algorithms will reflect considerations of both low noise steady-state 
control and rapid response transient control during cloud passage. 

Auxiliary Support Equipment 

Thermal conditioning is required to maintain all molten salt equipment above 
430°F to prevent salt from freezing during overnight and extended cloudy 
period shutdowns. Conventional electric heat tracing (thermostatically 
controlled, single conductor Ml cable) will be used on oil pipework and 
valves, and on the surge tonks and drain sump. 

The absorber panel wi 11 be heated from three separate systems: I) back flow 
of hot salt from the hot salt surge tank, 2) electric trace heaters installed 
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oe:,ind the ·wing well poneis at rhe factory, and 3) radiant heaters installed in 
the covitv floor. 

?re ii mi nary calculations hove indicated that the I 00,000 lbs. of hot sa!t 
stored in the hot salt surge tank ct I 050°F can provide enough heat to 
maintain the cavity pailels above 550°F for up to nine hours. Once the 
thermal energy stored in the hot salt has been expended, then the radiant 
hearers will be activiated to compensate for the ongoing thermal losses due 
to conduction throug., the insulation and structure and convective losses 
througr. gaps in the door seals. 

The radicr,t heaters will be located in tne cavity floor, as shown on 
Figure IV.D.9. These heaters are flat resistance Chromalox heaters with 
woven ref2actory cloth (black ceramic coating). At 1600°F, they emit 
25 watt/in at a peak emission wave length of 2.5 microns, a wavelength 

within the high absorptivity part of the spectrum for the receiver coating. 
These heaters will be recessed in the cavity floor to protect them from 
incident radiation during normal receiver operations. 

The wing panels wi II be fitted with factory-installed trace heaters because 
they can't benefit from the radiation and natural convection within the 
cavity during shutdowns. Bcckwall temperature of less then 700°F will 
permit weld or braze, as shown on Figure IV.D. 10. Ten parallel heaters, 
running the length of the panel, will operate ct 0. 7 /ft resistance and 
49W/ft power. The total available power per panel will be 37~ kW. 

I 

----- --

28 Radiant Heaters Total 
600 KW 

Figure IV .D.9. Heater Panel Layout - Plan View 

IV-52 

Trace 
On Wing Panels 
75KW 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
.I 
I 
I 
I 
I 
I 

i I 
I 

I 
I 
I 
I 

• 
To 
Controller 

11 
4BOVAC 
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Section A-A 

, Tack Weld 
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Figure IV .D.10. Panel Heater Configuration - Wing Panels Only 

All equipment containing molten salt will be insulared. Table IV.D.3 lists 
materials and thicknesses for all insulation. Standard aluminum lagging will 
be used for all pipework and the surge tanks. The cavity roof and floor, end 
bock sides of the absorber panels will be encosed in aluminum sheet to 
provide weather protection. During on extended shudown period with the 
electric trace heaters maintaining the salt in the receiver circuitry at 
550°F, the heat loss through the panel, piping, header enclosure, floor, roof, 
and door insulation is approximately 0.42 MWt based on o calm day with 
60°F ambient temperature. 

f. Receiver Crone 

g. 

The receiver crane is o 10-ton bridge crone with a 50-foot span and 730 ft. 
of hoist lift. The hoist will have a variable speed drive with a range of 
speeds from IO ft/min minimum to 100 ft/min maximum. Remote radio 
control will enable personnel to operate the lift from anywhere in the 
receiver structure. 

Receiver Construction 

After erection of the receiver support structure on the tower top and 
installation of the receiver crane, the following steps will be taken to 
complete construction of the receiver; 

0 Preparatory work - setting scaffolds, hoists, and worker safety 
protection equipment in place. 
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T AS!...E IV .D.3 
RECEIVER INSULA. TIOi'J SUM!v',ARY 

Item Thickness -
Interconnecting piping 6" for al I 12" transfer pipes 

end downco:-ners 

Materiel 

Calcium 
Silicate 

4" for the remaining piping 

Tu!::>e panels 4" for Pass I panels Mineral 
Woo! 5" for Pass 2 panels 

611 for Pass 3 panels 
7" for Pass 4 panels 

Roof, floor and header 
enclosures 

411 Mineral 
Wool 

Surge tanks 4" for inlet tank 
6" for outlet tank 

Calcium 
Silicate 

4. 

0 

0 

0 

0 

0 

0 

0 

Erect receiver panels - erection of panels beginning with pass fJ3 (rear 
panels) and progressing through passes 114, #2, and IJ I, respectively, to 
the front wind panels. Includes setting panels in place by using the 
tower to crane and connecting the panel assemblies to the support 
structure. 

Erect receiver floor and roof. 

Erect receiver door - Rigging and placing the door frame/track and 
controller assembly is first. This is followed by installing the four 
sections of the door into the frame. 

Install door operating mechanism, air compressor, and storage tank. 

Erect all piping and valves. 

Install all instrumentation and controls. 

Install heat tracing, insulation and logging. 

o Erection phase-out - checkup, demobilization and cleanup. 

System Supoort Requirements and Interfaces 

Primary system support for the receiver will be electrical. Electrical power at 
480 V will be required for trace heaters, radiant cavity heaters, door and pump 
motors, and welding equipment for maintenance. The trace heaters will use 
approximately 75 kW. The cavity radiant heaters will use approximately 500 kW. 
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''bne of t~ese u:,its will ordincrilv be active during normal davti'Tle operations. 
Additional cower is used o!"l er. cs-needed basis for trace heating of tanks, pumps, 
valves, Or"\-: interco!"ln~cting p::,i:1;. The door motors will use power during startup 
enc s~utdov,m operations enc t!-ie sumo pvrnp motors will use power on a periodic 
basis. 

Comoressec cir will be required to charge and maintain instrument air and cover 
gas for v-.1arl"i' and hot surge tanks. 

5. Ooeratio'ial Features 

Receiver operations include: rold startup, morning or warm startup, normcl 
operation (including .load changes), cloud transient operations, overnight or warm 
s:-i•Jtdown end conditioning, e'Tlergency shutdo~rn, and cold shutdown. 

Col~ startup begins with sclt in the warm storage tank and the receiver system 
em::tv. The oanel trace heaters and cavity radiant heaters will be activated to 
preh;at the panels. Trace heating will be turned on to condition all pipework, 
sumos, vo Ives and tanks. Alf vent and drain vo Ives are opened. The riser and 
downcorner, surge tanks, end pane ls are then fi lied from the bottom upward. 

During filling, pressure in the worm surge tank increases to control its fluid level as 
the panels and hot surge tank fill. Completion of fill is verified by level in the hot 
salt surge tank which is ct the high point in the system. 1Nhen filling is complete, 
vent and drain valves ore ciosed 011d salt in lines which are not in the operating 
panel flow paths is drained into the drain sump. 

Morning or worm startup begins with panels full and receiver doors closed. Salt 
circulation is initiated. The doors ore then opened and a few heliostots ore rapidly 
focused onto. the receiver. Then the remaining heliostats ore focused on the 
receiver. 

During normal ooeration, the desig, salt outlet temperature is controlled by varying 
flowrctes in response to input power, as discussed in Section IV.D.3. During cloud 
transie11ts, the receiver is operated normally until a predetermined minimum outlet 
flow rote is reached. Then temperature control ceases ond the receiver continues 
to operate ct the minimum flow rote. When the outlet temperature falls below 
design specification, salt is circulated either to the warm surge tank (for a short 
duration) or to the warm storage tonk for longer periods. Vvhen salt out~et 

temperature returns to the required value, flow rate modulation resumes end the 
salt is supplied to the hot storage tank. When dictated by weather or storage tonk 
conditions, extended periods of low flowrate operations are terminated -and warm 
shutdown is initiated. 

Overnight or warm shutdown begins with the field defocusing and the receiver doors 
closing. Salt stays in the receiver panels and is kept hot· by the thermal 
conditioning equipment. Emergency shutdown occurs when receiver flow or flow 
control is lost because of pump, control system, or power failures or after collector 
field failures caused by power or control system failures. When a flow-related 
failure is detected, the field is defocused while the warm surge tank empties under 
pressure. The receiver doors close (under gravity load if power has failed). Based 
on salt receiver operating e~perience at the DOE/Sandia CRTF, a limited amount 
of time (several minutes) is available after the doors are closed before salt must be 
drained. During this time, assessment of the problem is mode and appropriot~ 
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octior. taken. If it is not possibie tc maintain molten salt in the panels, the panels 
ore drained to the warm surge tank. Once the po:iels are drained, cm additional 
hour or more ls cvcilable to cietermiiie whether it is necessary to drain oil salt back 
into t:ie stora9e tanv..s and go too cold shutdown condition. 

In the event of collector field failure, maximum salt flow rote is initiotec in the 
panels to prevenT overheating while oil operable heliostots are remove::! from the 
receiver. Duri:,g this time, panel encl flow temperatures are monitored and 
receiver doors are closed if unsafe temperatures are detectec. 

RECEIV~ TOWERS 

Two reinforced concrete towers are provided to support the two solar receivers. Each 
tower is c hollow, slightly tapered cylinder, similar to a concrete chimney and will be 
designed and constructed with conventional technology. Tentative dimensions are: 

0 

0 

0 

0 

!-ieiaht 
Outside diameter: top 

bottom 

585 feet 
71 feet 
86 feet 

Wall thickness varies, 13 1/2 to IS inches 

Foundation I 05 foot octagon, 
6 feet thick 

A 16 inch diameter carbon steel riser pipe inside each tower carries the warm salt to the 
receiver while 12 inch stainless steel downcomer carries the hot salt down. A staircase, 
access platforms, elevator and lighting are provided inside the tower for maintenance of 
the pipelines and access to the top. (See Figure IV .A.16) A work platform is also 
provided on top of the tower. 

An open steel framework, 160 feet high, supports the receiver and associated equipment 
above the tower. A staircase, access platforms, aircraft obstruction lights, electric 
power and br'idge crane are provided. The bridge crane is supported near the top of the 
steel framework. It has o capacity of IO tons and is used to erect the receiver and for 
subsequent maintenance. The crane hoist is provided with 730 feet of lift so that items 
can be raised from or lowered to grade levet, inside the tower. 

IV-F. THERMAL STORAGE AND TRANSPORT 

I. F'unctional Description 

a. General 

The thermal storage and transport system provides storage for a portion of 
the collected energy and transports the energy between the receivers, 
storage tanks and the steam generator. The system consists of the molten 
salt receiver coolant, two storage tanks (one for hot salt at 1050°F and one 
for warm salt at SS0°F), a receiver pipe loop and a steam generator looJ· 
The receiver loop consists of a set of pumps and piping which carry 550 F 
salt from the warm tonk up the towers to the two receivers and additional 
piping which takes I0S0°F salt from the receivers to the hot tank. The 
stecim generator loop has a set of pumps and piping which carry I0S0°F salt 
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b. 

c. 

d. 

from the hot tonk to the steam gener.ator and additional piping which takes 
550°F so It fro:-n the steam generator to the warm tank. 

The static heed of the hot salt in the receiver downcomers is dissipated in 
throttle valves prior to discharge into the atmospheric pressure hot salt 
tO"lk. An o;:>tion is available for by-passing receiver downcomer flow around 
the hot tank directly to the steam generator. This ovoids the necessity of 
operating the steam generator pumps and permits a corresponding savings in 
auxiliary power. This operating option is exercised only during clear weather 
when it is not possible for receiver transients, due to cloud passage, to be 
transmitted to the turbine. 

The thermal transport and storage system has a number of features which 
ore discussed below. They include: 

o Drainability 

o Heat treeing of oil lines and components. 

0 

0 

Enclo.sed cover gas system. 

Mini-flow loops for pump protection. 

0 Auxiliary fossil heater for freeze protection and use in initial salt 
eharging operation. 

• 
o Blending tee for controlled mixing of warm and hot salt during steam 

generator start up. 

o Make up salt charging system. 

All of these features ore shown in the flow diagram on Figure IV.A.3. 

Coolant 

Fifty six million pounds of molten nitrate salt, 60% potassium nitrate, and 
40% sodium nitrate, are used as the receiv~r coolant. 

Drainage 

All lines are sloped to provide complete drainage from the receiver and 
steam generator to the storage tonks. A drain sump tonk is located ct the 
bottom of the pump pit. During normal operation the drain sump pumps 
return receiver and steam generator pump seal leakage to the warm so It 
storage tank. The drain pumps also provide the capability for pumping the 
entire system salt inventory into either of the two storage tanks. 

Heat Tracing 

All lines and components ore electrically heat traced. The heat tracing is 
used to preheat equipment prior to the introduction of molten salt and to 
reduce salt cooldown during overnight standby, as required. It will also be 
used to melt frozen salt in pipes and components, if required. 
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g. 

h. 

i. 

j. 

;,l';i:,;-!='low Locos and Auxillarv Heater 

In orde:- to ovoid ou"""'I:> damage from prolonged operation at verv small flow 

rates, minl-flov.1 looos ore provided around the pum;,s. Thev return flow to 

the supplv tonk as necessarv to sustain the minimum fiow required tnrough 
the pumps. The receive:- and steam generator pump mini-flow loops shov.-n ir, 

Ficure IV.A.3 hove volvinc orranaements which per"nit inclusion of Cl!" 

auxiliary fossil heater. This' heater -is available for heating the salt in either 
tonk. The mini-flow looos ore potential locations for salt corrtamina:it 
rel"l"'fovcl eq,Ji;,ment? should they ever be needed. 

T(J!"\ks 

The hot sclt tank stores SL•fficient salt from the reciever, ct 1050°F, to 
o:>erate the turbine cenerctor plant ct maximum ccpacitv for nine hours. 
The warm tank stores- the so It, ct 550°F, after it hos gone through the steam 

ger,erator prior to being 'O'Jmoed back through the receivers. 

Cover Gas Svstem 

A cover oas is used above the salt in both storoae tanks to avoid 
contamination ·of the salt. The cover aas is air from ~ich moisture and 
carbon dioxide hove been removed by dessicant tvpe air dryers and activotec 

car!:>or'I filters. The upper portions of the tanks, above the highest salt levels, 
are connected to each other and to an ullage tank, which maintains the cover 
gas Pressure slightly above atmospheric, and allows the cover gas to move 

freely between the tonks, as the salt levels go up and down. All salt-air 
interface cavities in the system are vented to this enclosed atmospheric 
pressure air supply, including the pump sec! cavities and the drain sump. The 

ullcge tank has a moveable diaphragm which separates the cover gas from 

ctmospher i c air. 

Sa It T emperoture Blendino 

A blending tee is provided to permit a _controlled mixing of warm end hot 
salt delivered to the steam generator during startups which . follow on 
extended shutdown period. The mixing permits progrc_ming of sett 

temperature at a rote within the IS0°F per hour limitation of the steam 

generator. For normal overnight shutdown hot salt is kept in the steam 
generator supply line maintaining the steam generator ct or near operating 

temperature. 

Solt Makeuo 

Makeup salt. requirements ore provided by means of a pneumatic system 

which blows salt prill to a hopper on top of the warm salt tank. The 
pneumatic system uses air from the warm salt tank and discharges salt ihto 

the tank where it is melted. 

Charg ino Procedure 

The initial charging of the salt inventory is done by the salt supplier. The 
cost of this service is included in the cost of the salt. Prior to charging,. 
however, the warm so It tonk is heated to a temperature of 550°F with heat 
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tra:ing 0:'1 the tC"'l~ ceiling, or: the walls and in the soil beneath the tank. 

Th-= neat tree in9 is designed to ore heat the tonk ct 5°~ per ho:..,r. Th is 

~ro~ua I rote of heoti ng brings the tank to 550°F in a::>ovt fou!" ci::1ys and 
avoids t:-ie occurrence of large temperature differences and thermal stresses. 

The heating beneath the tank prevents the thermal 'il0Ss of the soil frorr 

cousin9 thermo I gradients between tl-ie tank bottorr and tne ta11k wo !ls and 
top. 

Once the worm tank is at 550°F, the salt melter is provided its initial charge 

of salt and the filling process begins; it will take approxi'Tlotely 90 days to 
fill the Tank. When the war'Tl tonk is near twenty percent full, the hot tonk 

is preheated to 550°F over a period of four days just cs the warm tank was 
previously. The receiver pumps ore then primed with 550°F salt from the 

warn tani< and approximately ten percent of the desig-, inventory is 

transferred to the hot tank. The steam generator pumps are primed v-1ith 
550°F salt from the hot to:1k end pump mini-flow through the au>~ilicrv fossil 
heater is established. The fossil heater is fired at the rate required to bring 

the hot tank from 550°F to I OS0°F in approximately four days. Natura! 

convection and radiation cause the unwetted tonk walls and roof 

temperatures to closely track (within I0°F) the temperature of the salt. The 

fossil heater con thereafter be used to heat salt from the warm tonk or the 

hot tank cs needed to keep either supply fror:, foiling below rated 

temperature. This capability is used for temperature maintenance during 

prolonged periods of cloudy weather. 

Freeze Protection 

Calculations based on the conservative assumption of no lateral rnigration of 

cooled fluid indicate the following: When the salt lines to the receiver and 
steam generator are filled and the system is shutdown at night, normal heat 
loss causes cooling of a almost 8°F per hour for the insulated hot piping and 

about 3°F per hour for insulated worm piping. If allowed to continue 

cooling, salt in the 12 inch hot pipe would begin to freeze in about three days 
one would be completely frozen in e~ght cioys. Salt in the 16 inch worm salt 

lines would commence freezing in one and half days and would be completely 

frozen in eight days. These cooling rates indicate that overnight operation 

of the heat tracing may not be necessary except possibly at the base .of 
vertical runs of the warm salt piping. 

Upon lengthy shutdown due to cloudy weather, the salt can be maintained at 

temperature by means of the electric heat tracing. If the cloudy weather 

persists, the salt may be drained to the tanks. In the tanks, if permittec, the 

warm salt would cool to the freezing temperature (430°F) in approximately 

three months. It would ta-ke well over six months for the salt in the hot tank 

to begin to freeze. Maintenance of salt temperature in the tanks is possible 

by means of heat tracing, mini-flow pump recirculation with heat from 
pumping losses, and mini-flow pump recirculation with heat from the 

auxiliary fossil heater. The many redundant defenses against freezing make 

the likelihood of such an occurrence essentially nil. Nevertheless, should 

freezing ever occur, the tank heat tracing system is capabl.e of thawing out a 

frozen system. The major function of the pipe and tank heat tracing systems 

is the required preheating prior to charging with solt. 
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3. 

General Arrcnoement 

The plant general arrangement is shown in the Figure IV.A. I Plot Plan and in the 
Fig..sre IV.A. I 3 and 14 General Arrangement drowings. 

The major salt loop equipment is shown eost of the turbine-generator. The steam 
generator is closest to the turbine generator. The warm and hot salt tonks are east 
of the steam generator. The pumping pit, containing the receiver pumps, steam 
generate:- pumps and the salt drain sump system, is located between the tanks ond 
the steam generator. One set of. warm end hot salt lines supply a receiver located' 
o·ver 600 ft. above grode on the tower at the southern edge of the power block. 
Another set of salt lines supply the second receiver located on another tower, 
4200 ft. to the north. The salt tanks are located within berms that are designed to 
contain the entire salt inventory in event of a major spill. Tne cover gas tank, 
makeup sclt storage bins and the salt charging area are located next to the warm 
salt tank just outside of the berm. The auxiliary oil fired salt heater is adjacent to 
the pump pit. 

Component Descriotion 

a. 

b. 

c. 

Salt Storage Tanks 

The storage tanks are shown on Figures IV.A.IS and 19. The major features 
of the storage tanks are: 

Warm Tank Hot Tank 

Salt temperature, °F 550 1050 
Maximum 9perating 414,440 454,330 
volume, ft.., 
Maxi mum salt storage 
at 550°F (nonoperational), ft3 

467,850 467,850 

Material Carbon steel, Stainless steel, 
SAS 16-Gr. 70 type 316 

Diameter, ft 120 120 
Height to spring line, ft 44 44 
Plate thickness, inches 1/4 to I 1/2 1/4 to 2 1/2 

Each tank is supported on a sand foundation, enclosed by o concrete ring 
wall. Refractory concrete is used as required. Provisions are mode for 
thermal expansion of the tanks. 

Cover Gas Tank 

The cover gas tank is 64 feet in diameter by 48 feet high to the spring line. 
It is supported on a ringwall foundation. The tank is manufactured from 
carbon steel plate. Gas containment volume is varied by means of a 
counterweighted piston which maintains the air pressure at 0.1 .,. 0.1 psig. 

Molten Salt Pumps 

The receiver arid steam generator feed pumps are vertical, multi-stage 
pumps, similar to those used in condenser hotwell service. Shaft sealing is 
by throttle bushings; throttle bushing leakage is routed to the sump tank and 
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d. 

pumped from there to the warm storage tonk. Three-half capacity pumps, 
two operating end one on standby, SLJ?ply hot salt to the steam generator. 
Simila:-ly, two i:>a"lks of three-ha!f capacit}' pum;:,s supply warm salt to each 
of the receivers. Pumps requirements are given below. 

Warm Solt Pumos Hot Salt Pumps 
North South 

Receiver Receiver 

Number Required 3 half 3 half 3 half 
capacity capacity capacity 

Head, ft. 1265 1042 294" 
Capacity, gpm 3212 3212 2690 

Fluid Temperature,r 550 550 1050 
Fluid Density, lb/ft 107.6 107.6 118.9 
Viscosity, cp 3.50 3.50 I •. 13 
Stages 0 7 3 ., 
Materials 31655 impeller 31655 

C.S. bowls 

Pipelines 

The main warm and hot salt transport lines are 16 inch and 12 inch diameter, 
respectively. The warm pipelines are manufactured from carbon steel; the 
hot pipe from type 316 stainless steel. The lines are looped to facilitate 
thermal expansion. Piping support details ore shown in Figure IV.A. I 5. 
Piping specifications are given below. 

'.Norm Salt Piping Specification 

South North Steam 
Receiver Receiver Generator 
Supply Supply Return 

Design Pressure PSIG 860 1,045 70 

Design Temperature, °F 575 575 575 

Pipe Material A 106, GR. C AI06, GR. C A 106, GR. C 

Code ANSI B31.1 ANSI B31.1 ANSI 831.1 

Pipe Size 16 inch 16 inch 14 inch 
Schedule 60 Schedule 80 Schedule 20 

Weight Per Foot Lb. 

Pipe 108 137 46 

Salt 140 133 116 
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I 
lnsularion 27 27 20 

Toro! 275 297 182 I 
Insulation I 

Type Calcium Silicate Calcium Silicate Calcium Siii cote 

I 
Thickness, Inch 4 4 4 

Heat Loss, W /Ft. 77 n 70 I 
9tu/hr-ft 264 264 237 

Solt Temperature °F 550 550 550 
I 

Hot Salt Piping Specification I 
South North Steam I Receiver Receiver Generator 
Retum Return Supply 

Design Pressure, PSIG 545 610 220 I 
Design Temperature, °F 1,100 l, 100 1,100 

I 
Pipe Material A312 (3 l 6SS) A312 (31655) A312 (31655) 

Code ANSI 831.1 ANSI B31.1 ANSI 831.1 ·1 
Pipe Size 12 inch 12 inch 12 inch 

Schedule 60 Schedule 60 Schedule 30 I 
Weight Per Foot, Lb. I 

Pipe 73 89 44 

Salt 88 84 95 I 
Insulation 35 35 35 

Total 196 208 174 I 
Insulation I 

Type Calcium Silicate Calcium Silicate Calcium Silicate 

Thichness, Inch 6 6 6 I 
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Heat Loss, v,: /~ t. 

Btu/hr-ft 

I 19 

407 

149 

407 

119 

!J.07 

Sett T emperct ure °F 1,050 1,050 1~050 

IV-G. 

I. 

2. 

e. lnsulotiorr 

The molten soft pipe lines are insulated as follows: 

Warm pipe 
Hot pipe 

4 inches calcium silicate 
6 hches calcium silicate 

The storage tanks are insulated as follows: 

Warm tank 
Hot tonk 

4 inches fiberglass 
3 inches calcium si Ii cote, 
inner layers, plus 
5 inches fiberglass, 
outer layers 

Insulation on pipe and tank walls is protected by aluminum cladding, .016 and 
0.24 inches thick, respectively. The wall clodding will consists of corrugated 

sheets. The tonk roofs will be protected by 3/ 16 inch carbon steel plate, 

with welded seams. 

STEAM GENERA TOR SYSTEM 

Functional Description 

The steam generator system receives hot molten salt from the receiver or hot 

storage tank to produce superheated steam for use in the steam and condensate 

system. The warm salt exiting from the steam generator is sent to the warm 

storage tank for cycling to the receiver system. 

The steam generator system consists of four separate heat exchangers (preheater, 

evaporator with integral steam drum, superheater and reheater) and the flow 

distribution end control elements (interconnecting piping, pumps, valves and 

controls). All four heat exchangers are of the straight-tube type with salt on the 

shell side and steam/water on the tube side. The preheater, superheater, and 

reheater ore counterflow heat exchangers; the evaporator is a parallel-flow heat 

exchanger. A steam drum is located atop the evaporator to separate evaporated 

steam from the water. The steam generator system interfaces with the plant 

control system as well as the thermal transport and storage and the steam and 

condensate systems~ Electrical power and other support is provided by the balance 

of plant system. 

General Arrangement 

The steam generator system heat exchangers are located between the molten salt 

storage tanks and the turbine generator in the arrangement shown on the power 

block plan, Figure IV.A.13. 
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I 
The heat exchangers are ioccted close to the turbine to minimize the run lengths of I 
high pressure stec:-:, piping. The superhecter and renecter are located o~ t~e side 

closest to tiie turbine. 

The heat exchangers are hung from a steel beam superstructure. A catch basi:i I 
(berm) surrouncis the heat exchangers to contain a salt leak. 

Major Co:-noonent Descriotions 

a. Heat Exchanaers 

The heat exchangers ore the straig,t-tube, single-poss, s!ie!l-and-tube tY?e, 

each with a floating lower steam/water inlet head and double segmental 
baffles. An eXj)ansion bellows welded to the lower shell head and the 
steam/water inlet nozzle permits differential expansion between the tube 
bundle and the shell. F'ig..,res tV.G. I through IV.G4 illustrate the preheoter, 
evaporator, SU?erheater, and reheater designs. The superhecter and rehecter 
are built of Type 304 stainless steel. The preheater is mode of carbon steel 

and the evaporator of 1-1/4% CR-l/2%Mo (T-11) material. 

The designs of the preheater, superheoter, and reheater are similar in that 
hot salt enters on upper nozzle located in a flared-out section of the 
exchanger shell that forms an annular space-with a shroud surrounding the 
tube bundle in the flared area. The shroud acts as on impingement plate one 
is circumferentially slotted to distribute salt uniformly to the tube b-Jndle. 
Sufficient space is provided between the nozzle and distributor slots to 
create a uniform flow pattern. After passing through the distributor slots 
the so It flows downward through the tube bundle and out of the exchanger 
through a nozzle lo::ated in the shell head. Tie-rods attached to the upper 

tubesheet support the double segmental baffles, which function e5 tube 
support plates to suppress vibration and buckling. Heat-transfer tubes are 
welded to the face of the tube-sheet using the filiet wel.ds. The superheoter 
and reheater are vertically hung from a support skirt welded to the shell 
near the upper tubesheet. The preheater is vertically hung from lugs welded 
to the exchanger she II. 

The evaporator desi g, is similar to the preheater, superheater, and reheater 
designs except for the following: 

o Steam/water discharges into a verti ca I drum mounted on top of the 
evaporator. 

o Hot salt enters through a nozzle in the flared-out secton of the shell 
at the bottom of the unit and leaves through the upper nozzle located 
in the shell. 

The vertical steam drum, which is designed as an integral· part of the 
evaporator, is eqiipped with spiral arm separators and box type chevron 
dryers to provide dry, saturated steam. Feedwater enters the steam drum 
through a toroidal distribution pipe positioned below the drum-water level. 
Slowdown and chemical feed lines control the concentration levels of 
impurities in the evaporator water. A steam line feeding the first stage 
feedwater heater is attached directly to the steam drum. A manway is 

provided to gain access to the upper tubesheet for maintenance. 
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b. Flow Distribution and CO""ltro! 

A schematic of the steam generator system is shown on Figure IV.G.5. The 
control valves end their functions are shown on Table IV.G. l. Salt from the 
hot storage tank enters the system at I050°F and flows in paraliel through 
the superheate:- and reheater. After transferring heat to the reheat and 

main stea:-n, the salt streams exiting 'from the reheater and superheater 
combine with a bypass hot-salt steam dnd enter the evaporator, where the 
hot so It gives up heat to evaporate water. The so It is then routed to the 
preheater where the feedwater is heated. Warm salt leaves the preheater at 
approximately 550°F. 

Figure IV .G.5. Steam Generator Synem Schematic 

A feedwater pump supplies treated water preheated to 460°F to the 
preheater, where it is heated to nearly saturation before entering the 
evaporator. Saturated steam is generated in the nature 1-c ircu I at ion 
evaporator and routed to the superheater, where it is superheated before 
passing to the high-pressure turbine for power generation. Intermediate 
pressure steam from the turbine is brought to the reheoter for superheating 
and sent to the intermediate-pressure turbine. The exiting steam goes to a 

condenser, and the condensed water is then recycled through the feedwater 
pump-and feedwoter heater train. 

Feedwater is maintained at o temperature above· the saJt freezing point, 
430°F, during startup and port-load operation by regulating drum steam to 
the first stage feedwater heater. A fossil-fired heater is provided for cold 
startup feedwater heating. A drum water recirculaton pump circulates 
water through the fossil-heater during cold startup. A warm-.salt 
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c. 

TABL~ JV.G. I 
SO~A~ ST A!\1:)-ALON~ STEAM GENERA TOR 

SYSTEV, CONTROL VAL v;:5 

Valve 

A-

s 
C 

D 
... 
::. 

F 

G 

H 

I 

J 

K 

L 
M 

N 
p 

R 

s 
T 

u 
V 

W1, W2 
y 

z 

Function 

F eedwater Shutoff 

Water Recirculation Control 

Cold Reheat Steam Shutoff 

Su;,erheater Steam Shutoff 

Rehecter Steam Shutoff 

Re heater Turbine Bypass 

Superheater Turbine Bypass 

Drum Steam Shutoff 

Drum Steam Condenser Bypass 

Drum Steam Letdown 

Salt Shutoff to Reheater and Superheater 

{11.Feedwater Preheater Peg Steam Control 

Warm Salt Flow Control 

Salt Bypass Control 

Reheater Salt Flow Control 

Superheater Salt Flow Control 

Hot Salt Shutoff 

Total Salt Flow Control 

Condenser Bypass 

Deaerator Bypass 

Start-Up Evaporator Water Flow 

Hot Salt Start-Up Bypass 

F eedwater Start-Up Bypass 

recirculation pump controls the temperature of salt entering the system by 
blending with hot salt during unit startup and shutdown. 

Contro I System 

The control system for the steam generator system uses interlocking 
controls to e~ure safe and stable performance of the system over its 
operating range. ~_jJOQL_.rna.in_~am lel"l"l~rgf~r~~jCc:onffiilCecCm · 
~~ the SCilrflow !hroogh the supeiTie§ter_~jt,sttng-~utfer 

-------·------- --- ------ -----. __ ------· ---~------ -----~------- --- ~------~ 
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d. 

?const -

Feadwater 
Control 

~/ A sot urcted steam S?ray from the stea~ drum to the superheat er 
'outlet is used for emergency temperature control. CBeheat ~~ 
ct~_ff1__perature is control1ed:::tiy __ Q ___ Yalve at the reheg_t_ salt outlet_:=tticit controls~ 

paj[_11ov-: tnro.u.gh the rebea:t~r. A spray attemperature is located at the 
reheater steam inlet for secondary controi. ~~oter outlet....p.r~ss-Ure.---iµ' 

-~ r -~-to-'i:0-t- ' --i ring__rEf~R A bypass valve that bypasses 
hot so It around the superheater and reheater to the evaporator provides the 
ability to reg.J!ate total salt flow independent of superheater and reheater 
salt flow. The flov..'. of feedwater to the steam generator system is 
controlled by signals from t.he feedwater flow, superheater steam flow and 
drum-water level. 

The steam generator and turbine will operate in a sliding pressure mode 
above apoproximately 35% output. Above 35% load, the turbine throttle 
valves are wide open and turbine output is controlled by steam generator 

outlet pressure. Main steam pressure is controlled by varying the steam 
drum pressure. ~ di_QD"l pressure ___ :is:=cobfrolled _liy_ffie-so~t flov.q'.ot~, which 

is eq.;ivalent to drum pressure control by firing rote in a fossil system. 
~ ~~he--tt11 bine ___ is__J1e_M_ _ _constont :.li}'-.. Jhe__ action of ]6e 

(:-__~:QP!::::riieater oner Hle 1rehe-oter, Q.LJ;rr_evfoosly described. Figure IV.G.6 
indicates the basic control relationships. A variation of the standard 
integrated boiler-turbine-generator control system is used. The drum 
maintains a constant pressure of about 700 psi when the turbine lood is belov.• 
35%. Drum pressure is romped-up with load to I 00%. The ramp rate is 

controlled to keep the superheoter inlet temperature ramp. rate below 

I 50°F /hour. Figure IV .G. 7 shows the standard three-element contro I 
diagram for the feedwater. Figures IV.G.8, 9 and 10 show the detail control 
diagram for the boiler, superheater, reheater, and bypass salt flow controls. 

Auxiliary Support Equipment 

Electric trace heating is provided on all steam generator components 
containing molten ·.salt. The trace heaters are sized to preheat the unit 

Load >35% 

Boiler 
Control 

Evaporator 
Salt Flow 
Control 

Mepawan 
Load 
Control 

Load >35% 

0-Load >35~o 

Turbine• 
Generator 
Control 

Turbine 
Valve 
Control 

Figure IV.G.6. Control Relationships 
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Drum 
!.evet -----ml 

Leve1 
Set Point 

Figure IV.G.7. Feedwater Control 

Temo Set Control 
Algorithm 

&>ray Attemponnor 
Fiov. 

Outlet Temi,erature 

I ,. 

Water 
FI0\'11 

PIC 

Figure JV.G.8 •. Superheater, Reheater Temperature Control 

Pset poim 

Load set 
p;,int 

... Control 
Aigorithm 

Load >35~ 

Figure IV .G.9. Boiler Control 

SUPerheater 
lntet Tempennura 

PIO 

L.oad > 35~. 

P\ 

Seit Valve 
P or R 

Salt Valve 
T 

Boiler Pressure 

Megawatts Out 

Fume 
· Speed 

Con-:roi 

Super l-ltr., 
Rent~. 

Plant 

Position SetPOim --(2,_ ~- I ~~-ou~-\s ____________ • -~ PIO ..._Se_N_lt_v_,_iw __ l 
Position _ 

Algorithm 

Valve P 
Position 

Valve Fl 

High 
Select 

Position -----

Figure IV .G.10. Salt Bypass Valve.Control 
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initially and to compensate for ambient heat losses during warm standby. 
lnsulction and lagging are provided on oil components that might be a danger 
to personnel a-id on all components that ore potential sources for significant 
heat loss. Safety vales are provided on the preheater outlet, steam drwm, 
superheater outiet, end reheater inlet end outlet as required by the ASViE 
code, Rupture discs in the salt inlet and outlet of each heat exchanger 
prevent overpressuring of the exchanger shell in the event of a tube leak. 
The lines fro:-n the ru;,ture discs dump to the sump. Spray control devices 
are used to prever:it showering the area with hot so It. All steam/water and 
salt co:yiponents can be fully drained. Salt drains from the steam generato:­
system to a sump, from ¥.thich it is pumped back to the warm storage tank. 

System Support RegJirements 

The water treatment focility in the steam end condensate system will maintain the 
desired quality of feedwcter entering the steam generator system. Consldering the 
steam &um operating pressure in this application, the maximum limits on critical 
impurities in the feedwater are: 

0 

0 

0 

0 

0 

0 

0 

0 

Total hardness, Caco3 

Organics 

pH 

Oxygen 

Silica 

Iron 

Copper 

Hydrazine, as N2H4 

= 0ppm 

= 0 ppm 

= 8.5 to -9.2 
nonferrous tubes 
in heaters 

= 

= 
= 
= 
= 
= 

?.2 to 9.6 steel 
tubes in heaters 

a.on ppm 

0.02 ppm 

O.ot ppm 

0.005 ppm 

0.02 ppm 

The concentration of impurities in the evaporator water are limited by continuous 
blowdown from the drum. A blowdown rote of 0.5% is used in the design. 

Clean dry air at 100 psig is required for instrumentation and pneumatic control. 
Fossil fuel is required for the feedwater heater during cold startup. A salt sump 
tank is required to store the salt contents of all heat exchanger components and 
interconnecting salt piping. A salt sump pump is provided to circulate salt bock to 
the warm storage tank. 

Electric power is required to operate the recirculation pumps, heat tracing, and 
instrumentation and controls. Two identical pumps, each sized for I 00% capacity, 
are used in the recirculation loop for redundancy. Motor rating o.f each pump is 
20 HP. The trace heating load is estimated to be approximateJy 200 kW. 
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5. O:>erational Features 

Steam ge!"lerator operations in::lude cold startup, warm (or morning) startup, sliding 

pressure operation, normal opercrion, iow power operation, warm srondby, and cold 

shutdown. The coic startuo crocedure is illustrated on Fioure IV.G.11. This 

pro=edure is manuoliy cor.troile2. -

• 3: j(681 osig, Drum Pressu•e 

~ ! x---x---x-x-x---x-x---x-x-x 

]· l / Sh Pressure' x-x/x 
10500

1= 

~ -v X-X 5 PliS ./ ,X 1005DF 

c.."' X x,'_,,_.,.,\,eX X' 
. ~e • e'" _,, - 87501= 

i i 8d .. .., ~'-~ _,,, 
= I ~., _,,, 

i j Salt ,(,,.C~ e,~(f' ,,.x-x 7600F 

[; 650°!= x---x-x-x ~;;'/ 
:.. 1

1 ,' Drum Temperature 

1 X-X•X X•X---X-X 500CF 

i / I l X 4600F / 

X 35~ / f:~, 
Steam Flow 

----x-x-x---x-x---x-x 5,;. 
I 

-X BOOF 
+--....... --- X 
Fill Trace A'2 mit 
PH&EV Heaters 34 3oc 
with and Gas 165 OOFl 
Water Heater On Sa It to 

p H&EV 
hut Gas s 

H 
p 

eater & 
H,EV 
race T 

H esters 

Admil -~ SteRm 
to SH & ! 

E l:IH& 
Raise s 
Temp& 

~ Press. 
in SH e, ,~, 

lncreue { Increase • 0 Full .. -= Salt & Steam Salt & &. i'2 Load 
Temp C: Steam 0.::. Mocse ... :: 

..I~ Shut RH&SH Temp ii-
Trace · .5 r:: ,e i_ >= ~ co 
Heaters ,e Cl) I- -~ = .E~ I- (Normal 

Range I for Warm 
Startup) 

Time 

Figure IV.G.11. Cold Start-Up -100-MWe Solar Stand-Alone SGS 

The preheoter and evaporator are filled with water until the desired drum-water 

level is achieved. The recirculation pump is started to circulate water through the 

preheater and evaporator at approximately 12" flow. A gas heater at the discharge 

of the water recirculation pump is used to heat the water. The heated water passes 

through the preheater and the evaporator. Water from the drum is routed back to 

the recirculation pump. 

Trace heaters are started; when required temperature conditions are established, 

salt blended to approximately 650°F is admitted to the evaporator and preheater. 

Solt flow is adjusted to obtain 55% steam flow at approximately 500°F. Feedwater 

pump speed is regulated to maintain drum-water level. Steam from the drum is 

used for heating feedwater and for initial turbine warmup. (Initial turbine warmup 

takes approximately six hours.} Reduced-pressure steam- is admitted to the 

superheater and reheoter. 

When temperature conditions are stabilized, pressure in the superheater is allowed 

to rise to approximatley 681 psia. Solt at 6S0°F is admitted to the reheater and 
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superhecter (ct 5% roted flow) to generate 500°F saturated steam ct 5% flow. 
Blended salt temperature is increased ct the rate of 150°F /hour. 

Steo:-n te-n;::,erature in:;reases as a result of the increased salt temperature. Water 
sprays maintain steam temperature entering the reheater. When the main steam 
te'TI;,ercture reaches 750-°F, turbine roll is initiated. High-pressure turbine exit 
steam enters the reheater and reheater steam enters the intermediate-pressure 
turbine, Rolling is established in approximately 15 minutes. The turbine is 
synchronized when the main steam temperature is stabilized at 875°F. 

The load and steam te:nperature end pressure are increased linearly to 35% (1005°F 
end about 700 psio) by increasing the salt temperature to I0S0°F and salt flow to 
its 35°10 value. Turbine valves ere full open at 35% load. The load is increased at 
the rate of 3%/minute while maintaining steam to turbine temperature differences 
within specified limits. 

Following stabilization at 35% load, control is transferred from the turbine throttle 
valves to drum pressure end automatic control. This transfer is performec !:>y the 
operator. 

The sliding pressure operating load range is from 35 to 100%. For sliding pressure 
load operation, the feedwater flow to the preheater is controlled from the 
sUj)erheated steam flow and drum-water level. F eedwater flow is adjusted to 
maintain these parameters, To preclude salt freeze--up in the preheater, the 
temperature of the feedwater entering the preheater is kept ct 460°F minimum~ 
using drum steam feed to the No. 1 feedwater heater preheater. The preheated 
water enters the steam drum in the evaporator and is circulated, using natural 
circulation, through the downcomer. Saturated steam from the steam drum at 
495°F to 636°F enters the superheater, where it is superheated to 1005°F. The 

· superheated steam enters the high-pressure turbine to do work. A saturated steam 
spray from the steam drum exit to the superhecter steam exit is used for 
emergency temperature control. The superheated steam temperature is controlled 
primarily by regulating the salt flow through the superheater. Superheater outlet 
pressure is maintained ct the set point by controlling the superheater reheater salt 
bypass. 

Steam from the high-pressure turbine exit enters the reheater. The reheated steam 
exit- temperature is controlled by salt flow through the reheater. Spray control at 
the reheater inlet is also available to moderate the reheat steam exit 
tempteoture. All controls are on automatic during full- and part-load operation. 

The steam generator system is designed to operate continuously at any load 
between full and 35%. However, this mode is- normally used only to transition to 
and from full load operation at startup and shutdown. Load change between these 
operating points i.s achieved by adjusting the feedwater and salt flows using the 

· automatic control logic. · 

To increase load, salt flow is increased. The increased firing rate causes the drum 
pressure to rise and increases steam flow to the turbine. This increase signals 
increased feedwcter flow. The higher steam flow also causes o reduction in drum­
water level. The reduced drum-water level combines with the increased steam flow 
to demand higher feedwater flow. The increased load signal also adjusts salt bypass 
i-n anticipation of the increased load. Superheater and rehecter salt flow is 
balanced for higher salt flow. 
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Similar logic in reverse order is used for reciuctior. in load. All load changes are 
limited by t~ superneater steam inlet temperature ramp rate limit of IS0°F/hour. 

When full load is reached, primary sys1em control continues to rely on the drum 
pressJre. Hence, the Transition from sliding pressure control to no:-ma! operation is 
automatic, once the &.um ;,ressure set point is reached. 

~form startup is similar to cold startup, except for the initial conditions. At the 
beginning~ all lines an~ heat exchangers ere full of salt and/or water/steam. 
Temperatures ere stabilized at some point consistent with an intermediate stage in 
the ramping of the salt and steam temperatures to operating conditions. Usually, 
the drum pressure is above the 700 psia desired for startup. 

The superheater and reheater steam set points are matched to the warm turbine 
temperature. 

Following turbine roll and synchronization, the salt and steam temperatures are 
ramped cs with cold shutdown. 
~ 

The steam generator and turbine are normally operated at rated load at all times 
other than startup and shutdown. At rated load, the turbine-generator produces 
110 MWe (gross). The steam generator provides main steam at 1805 psio and 

I 00S°F. The turbine returns reheat steam at 491 psfc and 675°F. The reheater 
provides reheat steam at 442 psi a .and I00S°F to the turbine. Feedwater is supplied 
to the preheater at 460°F and about 2000 psia. The syster,:, operates at steady 
state. Attemporator flow to both the superheater and reheater is shut off. Figure 
IV .Go 12 shows the status of key operating parameters over the complete load 

I profile. · 
~--

Wnen the hot-salt storage tank level reaches the one-hour mark, o procedure is 
initiated for daily (warm} shutdown. The steam generator system is brought down 
at a rate governed by the1 IS0°F/hour superheoter inlet temperature ramp rate to 
35% load and at 2%/min te beyond that. The steam generator is tripped ct 15% 
loo T superheote alt inlet and steam outlet temperatures are. I 050°F and 
I 00S°F ~ The""~'..,.,_,,"' generator is isolated. 

During the overnight shutdown period, the salt and steam reach a common 
temperature at every point in the sytem. The temperatures at the top and bottom 
on the superheater are I0I 1°F and 770°F, respectively. The temperatures at the 
other levels vary linearly between these values. The reheater salt and steam 
temperature reaches I003°F at the t~ and 76 I °Fat the bottom. The turbine first­
stage temperature cools down to 925"F during this period. The temperature of salt 
and water in the preheater is 510°F at the bottom and 640°F at the top as a result 
of cooldown. 

Residual thermal energy in the salt causes evaporator temperature to rise. The 
evaporator is isolated to prevent excessive loss of drum water. With the evaporator 
isolated, the temperature and pressure will rise to 572°F and 1244 psia, 
respectively. 

(J':race:lieatrng1i~-eck,~=tfie_~trn~~t-OiiiafTeasf -~ ~: 

i;;~::-m;,es--not--requlce--troee:::-heorlng~emigA-tJ-wfd-~r~ 
~st~twtor3wo~rfseee:nve=-days.~The ce~~cit~r=wllwequ-1re-~ttace neminq, 
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Figure IV.G.12. State Point Variation with Load at Sliding Pressure 

- In the event of a turbine trip, the steam generator executes a rapid shutdown. Seit 
flow is terminated ct a controlled rate. Steam is shut off to the superheater and 
reheater. Excess pressure in the superheater and reheater is bled off by automatic 
control and the preheat er and evaporator are isol cted. 

The evaporator pressure tends to rise above the design point of 1955 psic. 
Automatic control prevents evaporator overpressure. F eedwater flow is resumed to 
prevent low water level as drum steam is vented. 

As in the case of warm shutdown, the preheater requires trace heating. The 
remaining heat exchangers will not require trace heating unless there are several 
consecutive days of shutdowns. 

Shutdown to cold CO!'ditions begins at warm standby and terminates in long-term 
cold shutdown of the steam generator system in a cold, dry, ambient state. 

Trace heaters are shut off and salt is drained from the steam generator system. All 
salt-side drain and vent valves in the heat exchangers and the piping are opened. 
The salt is collected and routed to the warm-salt tank. The salt side of the steam 
generator system is then purged with nitrogen and drain and vent valves are closed, 
leaving a nitrogen blanket on the salt side of the steam generator system. 
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Weter is drained from the steam generator o~ter the salt-side draining has been 

completec. Stec:n is blov.-n to the condenser. After atmosp:ieric pressure is 
a:::hieve~ the system is purged with nitrogen one all cirai!"'! end vent valves are 
closeci, leaving nitrogen or\ the steom/water-sicie of the heat exchangers c:,d 

;:,iping. The system is ollowec to coo: down to ar.,bient conditio!'1s. ~·1ore nitrogen is 
su;::,plied to keep pressure slig.,tly above atmospheric. 

IV-H. STEAM AND CON:):NSA TE SYSTEM 

I. Functional Description 

2. 

3. 

The steam end condensate syste~ is a traditional rankine power cycle that is 

typically fou~d in fossil end nuclear stations. Steam is generotec in the steo:-r. 
generator at a rote of approximately 742,000 lbs/hr ct 1800 psi g anci I 000°F. The 
steam is then expanded through tne turbine to produce shaft works which in turn 
ci:-ive the generator to produce 100 t,,f#e (gross). The heat source for the steam 

generator is the hot receiver fluid which is recirculated to the tower (or storage 
tanks). 

The steam is condensed in o conventional shell and tube condenser and the resulting 

condensate is then pumped through a string of five feedwoter heaters including a 
deaerator. The condensate is then fed bock to the steam generator at a 

temperature of 460°F to complete the steam and condensate process. A heat and 
moss balance is shown in Figure IV.A. I I. As noted, the net turbine heat rate is 
9\0320 Btu/kW. This heat rate is defined as the amount of heat contained in steam 
divided by the equivalent net power generated. It is therefore exclusive of any 
solar losses such as collector field losses or receiver/salt piping losses. 

General Arrangement 

The layout of the steam and condensate system is depicted in Figure IV.A • .13. The 

site of the power block was selected to minimize piping and transmission lines. As 
noted, both collector fields will be located north of their respective power blocks. 

Major Component Description 

The major equipment of the steam end condensate system can be categorized into 
three major topics: 

0 

0 

0 

a. 

Turbine 

F eedwater /Condensate System 

Condenser 

Turbine 

It is assumed that the turbine will be started up and shutdown every day 
during 30 years plant life. Accordingly, it is very important to select a 
properly designed turbine to meet. this requirement. The thermal stress 
caused by two-shift operation and the low-cycle fatigue must be minimized 
by design measures. The turbine selected is a sliding pressure, tandem 
compound, .double-flow, reheat condensing unit roted ct 110 MW at 2.5 in 
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Hgt:.. back pressure whe:1 ope:-ating with inlet steam cond:tions of 1805 psio 
one !OOS0 r and hot reheGt steam con:iitio:1s of 442 psic and I00:0 F". The 
turbine is designed for variable pressure full ere admission operation. The 
initial stages ore the reaction typ€.. The absence of o control stage enhon::es 
the machine operating reliability by avoiding the localized thermal and 
mecho'"lical stresses that occur as c result of u!"lsymmetricol steam admission 
particulc:-ly of low loads. 

The concept of variable-pressure operaton is that the steam pressure is 
romped with load while the moin and reheat steam temperatures ore 
maintained constant. The odvcntages of vario!:>le pressure operatior: with 
full ere admission ore as follows: 

0 

0 

0 

0 

The steam temperature at each stage of HP turbine remains almost 
constant in a wide load range. The turbine low-cycie fatigue cause:! 
by steam temperature voriatio!"l during turbine startup and shLrtdown, 
therefore, can be ovoi ded. 

Low steam pressure results in a small heat transfer coefficient and 
thus in lower thermal stress levels at the some temperature 
differential between the steam and the metal components during 
startup. 

Low pressure at low turbine output unloads all cycle components 
between the feedpump and the HP turbine, thus prolonging the life 
span of the system components, and it reduces auxiliary power 
requirements. 

Because of the absence of the H? control stage, the net turbine­
generator heat rate is improved over the full partial load range (refer 
to Figure IV.H. I). 

The thermodynamic implication of variable pressure operation iT'l conjunction 
with full ore admission and the co~stant pressure operation with nozzle 
control are shown on the Mollier diagram, Figure IV.H.2. In the case of 
constant pressure operation and nozzle control of the turbine, the 
temperature of the steam behind the control stage drops by 82°F when the 
load is decreased from I 00 percent with four valves open to 32 percent with 
one valve open. In the case of variable pressure operation with the turbine 
valve wide open, however, the temperature at corr-esponding point remains 
virtually constant over the some load change. The HP exhaust steam 
temperature rises very slightly as load is reduced from I 00 percent to 
36 percent under variable pressure operating condition, whereas the 
corresponding temperature of a same size turbine operated under 
constant pressure condition sinks about 130°F over the same load range. The 
almost constant cold reheat steam temperature would help the reheater to 
maintain a constant hot reheat steam temperature. 

The turbine is of triple-tandem construction with an HP cosing, an IP casing 
and a double-flow LP casing. Each casing rests, completely separate from 
the adjacent casings, on a bearing pedestal. Each rotor is supported by two 
bearings of its own. As a result, differing temperatures of the HP and IP 
steam flows do not develop large temperature differentials in any single 
casing. The rotors are machined from solid one-piece vacuum - degassed 
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Figure IV .H. 1. Net Heat Rate Differentials for Full-Arc Admission Turbines 

forgings for avoiding the high operating stress caused by providing cxial 
through-bores. The first critical speeds of HP and LP rotors lie well above 
3600 RPM because of the short bearing spcn and the stiff rotor. Dynamic 
stability is assured when the rotors are brought up to or down from 
synchronous speed. The HP outer casing is a barrel-type design. Because of 
the symmetry of its cylindrical shape, large localized accumulations of 
metal masses are avoided and thermal stresses due to temperature variations 
are. very -low. The steam can be admitted into the annular spaces between 
the outer and inner casings. The positive pressure acting on the outside 
walls of the inner casing permits it to be designed with just a slender axial 
joint that requires only relatively light bolting. 

The HP, IP and part of LP turbine blades are integrally shrouded reaction 
type. The lost several stages of LP turbine ore free-standing blades. Being 
completely devoid of the attachments of any kind, neither types of blades 
ore· subjected to the stress risers associated with riveted-shroud bands and 
lashing wiring. 

The steam-strainers are installed into the main and hot reheat steam pipes 
upstream of the control stop valves. The valve bodies are compact and 
symmetrical, thereby minimizing stress levels. The valve cones and stems 
are protected by guide sleeves to safeguard them against temperature shocks 
due to possible steam generator upsets. The IP turbine control valves also 
exercise o throttling control function at low steam flows, the precision and 
stability of speed and low-load operation is greatly enhanced. 
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Comparison of Effect of Variable and Constant-Pressure Operation on the Steam Temperature 

Feedwater/Condensate System 

The condensate and feedwater systems consist of the pumps, piping, heaters 
and controls in the fluid systems supplying the steam generator with heated, 
cieoerated, and chemicc:lly treated water. The condensate system is the low 
pressure portion of the system from the condenser to the boiler feed pump 
suction flanges. The feedwater system is the high pressure portion of the 
system from the boiler feed pump suction flanges to the preheater inlet. 
The condenser air removal system is the air and vacuum system from the 
condenser air off-take connection through the air ejectors to the 
atmospheric exhaust flanges. The condensate and feedwater system is 
illustrated in Figure IV.A. I I "Heat and Mass Balance." 

I) Condensate System 

Condensate from the condensed turbine exhaust together with 
cascaded heater drains and miscellaneous equipment drains and vents 
is pumped from the condenser hotwell by the condensate pump. A 
separate suction line is installed from each half of the divided hotwell 
with a crossover connecting the two lines so that either pump con 
take suction from one or both halves of the hotwell. 
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The disc+iarge pi;:>ing from the two condensate pumps is joined into c 
common heade:-. A valved conneciic"'l is providec in eoc~ condensate 
pu"":'lp discharge pipe through which the condensate can be discharged 
to waste in the event of circulating water contamination or other 
unsuitable condensate conditions. In the control room pressure in the 
condensate pump discharge header is indicated, low pressure is 
annuncicteci, (T,)d temperature is recorded. Hydrazine and ammonia or 
amine ere injected into the condensate header from separate lines 
fro:i, the Chemical Feed System. 

A connection is provided on the discharge header from which 
condensate is automatically drawn off to the distillec water tanks 
when the condenser hotwell level is high. 

A service connection with branches is provided to supply high pressure 
condensate for turbine exhaust hood spray, chemical feed, cooling 
water makeup and fill; and, through a pressure reducing valve, to the 
conder.sate pump seals~ vacuum breaker, and to miscellaneous valve 
seals. · 

The condensate header branches to permit parallel flow through the 
air ejectors and gland steam condenser and joins into a common 
header downstream of these units. The condensate flow is measured 
by a flow element which operates the recirculation control valve 
through a flow transmitter and flow controller to maintain a minimum 
flow through this portion of the system. Condensate flow at this 
point is recorded in the control room and flows below the set 
minimum flow annunciated. The condensate then enters the No. 6 
heater, flows from the No. 6 to the No. 5 heater and from there to 
the No. 4 heater and there to the No. 4 heater and then to the 
deaerctor where it is heated and deaerated by direct contact with 
extraction steam. 

F eedwater System ,~ 

The condensate leaves the deaerating (heater No. 3) storage tank ir. a 
common suctio."'I header and flows to the feedwcter pumps where the 
header suction temperature is indicated locally. A minimum flow 
recirculation connection and a pump wcrm-up connection are provided 
in the discharge of each feedwater pump. 

F eedwater discharge header pressure is indicated in the control 
room. Feedwater flow is measured by a flow element and the flow is 
recorded in the control !'.'OOm and transmitted to the three element 
feedwater control. 

After flowing through the feedwater control valves and the No. 2 and 
No. I heaters, the feedwater passes to the preheater inlet where· 
temperature and pressure are indicated locally and recorded in the 
control room. 
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3) Hiol-i and Low Pressure Heaters 

The hie. 5 and ~'10. 6 low pressure hecters comprise the fi:-st two 
stages of the regenerative cycle. The No. l and No. 2 nigh pressure 
heaters comprise the lost two stages of the six stage regenerative 
feedwater heating cycle. 

The heaters ere of the closed U-tube type, with provision for 
removing the shell for maintenance and inspection of the tube 
bundle. The high pressure heater has o shrouded desuperheatins 
section and an internal drain cooling section. The condensate. or 
feedwater flows through the channels and tubes, and the e>-.-traction 
steam one! drains flow throuah the shell around the tubes. Each 
heater is supplied with inlet and outlet block valves and o bypass to 
permit operation of the condensate and feedwater system wit~ one or 
two heaters out of service for maintenance. The extraction steam 
lines to each of the heaters are provided with bleeder trip valves to 
stop flow in the line in the event of a turbine trip sudden load 
reduction or high condensate level in the heaters. The correct liquid 
level in each heater is maintained by a control valve. Drains from the 
No. I heater are cascaded to the No. 2 heater and drains from the 
No. 2 heater are routed to the deaerctor. Drains from the No. 4 and 
No. 5 heaters are cascaded to the No. 6 heater and drains from the 
No. 6 heater are pumped into the feedwater stream or returned to ·the 
condensers. An alarm is sounded in the control room to signal high or 
low level in any heater. Relief valves are provided to protect the 
channels and shells of heaters from damage by overpressure. The· 
channel relief valves are of the low capacity ·type, which safeguard 
against liquid expansion and relieve to atmosphere. The shell relief 
valves are manifolded and directed to the boiler blowdown tank. Botl-i 
heaters can be blanketed with either nitrogen or steam when they are 
out of service. 

·condensate or feedwater temperature entering each heater is 
indicated locally. Extraction steam pressure and temperature ct the 
entrance to each heater are indicated locally. Heater shell pressure, 
temperature, condensate level, and drain temperature are · also 
indicated at the heaters. 

Condensers 

The turbine has two side exhausts discharging into twin condensers. These 
condensers serve primarily to condense the turbine exhaust steam and retain 
the condensate for a period of time before it is permitted to enter the 
condensate system. The cascaded drains and vents from heaters No. 5 and 6, 
the cir ejector inter and after condenser drains, and makeup from the 
distilled water tanks ore all collected in the condenser. In addition, the 
deaerator overflow, the condensate pump vents, all emergency feedwater 
heater shell side dumps, and miscellaneous high and low pressure drains ore 
all routed to the condens.er. The cascaded drains from heaters No. 2. and I 
are also discharged into the condenser in the event of a high level condition 
in the decerating heater. 
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The condenser hotv.tells hove a condensate retention capacity equal to 
4 minutes of maximum loo: flow. Condensate level in each hotwell is 
indicated locally bv level gauges <T.'ld transmitted to remote indicators on t!-te 
recorder board in the contro! room. In addition, level in one of the two 
hotwel:s, as chosen by operation of a seiector valve, is recordec:! in the 
control room. High one! low level in each hotwell ore annunciated in the 
control room. The level ir. the hotwell is maintained by the addition of 
makeup from the distilled water tanks on low level or by diverting excess 
condensate from the condensate pump discharge to the distilled water tames 
on high level. Condensate conductivity in each hotwell is recorded in the 
control room and high conductivity is a!so aicrmed in the control room. 
When the condensate conductivity exceeds the acceptable limit the 
contami noted condensate is discharged to waste. Condenser vacuum and 
temperature are indicated locally and are also transmitted to and indicated 
in the control room. The temperature of the condensate le~hg each 
notwell is indicated locally. 

Each condenser is of the horizontal two pass divided hotwell design, with 
vertically divided waterboxes. Tubes are rolled into the tubesheets. Exhaust 
steam from the turbine flows sideward to each condenser. Steam which 
reaches the lower portio:, of the tube bundles mixes intimately with the 
condensate formed on the tubes above, resulting in deaerotion and the 
release of entrained gases. An air cooler sectio."'l with its own air off-take 
connection is provided in each condenser half. 

All connections except the low level makeup connection from the distilled 
water tanks are brought into the condenser shell above the tube banks, OJ'. as 
high as possible in the tube banks, in order to achieve maximum deaeration. 
High velocity drains have baffle or impingement plates to prevent erosion of 
tubes. 

The cooling water side or the condenser is described under the Circulating 
Water System Description. 

Miscellaneous Equipment 

There are, of course, more equipment and ancillary systems which augment 
the steam and condensate system. However, all of this equipment is 
conventional in design and is of no consequence to this conceptual study. 

IV-I. BALANCE OF PLANT SU9SYSTEMS 

I. Cooling Water Description (Ref. Figure IV.A.7) 

The cooling water system provides a closed loop arrangement in which treated 
condensate is circulated by pumps through the shell side of a water to water heat 
exchanger (where the heat is rejected to circulating water) then through the 

auxiliary equipment requiring cooling and then bock to the pumps. An atmospheric, 

vented elevated surge tank, connected to the suction header of the pumps, orovides 

a reservoir to absorb thermal expansion of the fluid and pressurizes the entire 

svstem. 
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.t:... che'"'!"lico! feed is orovided to orevent t:"e formctio:--, of scale within the svste'.'Tl. 
/v',oke•.o for svste'i' I osses is outorncti ca 11\• Provided fro"l1 the condensate sy ste"n 
th:-oug~ a contro ! va Ive which rna into ins the water I eve I in the surge tank. 

T•Nc, 108 perceljt capacity pumos will be installed to provide ci:-culation throu9hout 
the svste~. One pu:-n;:, is normally in service and the other is on standby. Each 
p:.rnp is of the: horizontal sinale staoe ce'.'itrifuacl tvoe with doubie suction impellers 
and direct Iv connected to an- induction type rnotor: · Pu'Tip control is actuated fro'T, 
the ola'1t control room witr. pump start effected by monuallv tumini; the corirrol 
switc:. to "start". T!ie standby pumo will start automatically on iow coo lino water 
pressure whe~ its' control s~itch · is on "Auto". Pumps are normally stopped 
rn-:in :.;a I) v. 

Two, singie Lnit capacity cooling water heat exchangers v,•ill be instollec:, with one 
exchc:--i9er n~rmallv in service, t!ie other serving as stand::>y. Each exchanger is of 
the horizo:"lto I strciif,t tube, counter flow tvpe, with removable tut>es and floating 
tube shee-:-. Cooling water passes throug1i the shell side, circulating water through 
the tubes. 

One cooling water surge tank wrth a capacity of 1500 gallons is mounted upon Cll"I 

elevated platform between the two heat exchangers to serve the following 
functions: 

c. Provide a volume of water to accomodote sur.ges in the closed cooling water 
system. 

b. Provide a column of water to maintain a constant suction head on the pumps 
and insuring that all ports of the system are under a positive pressure at oil 
times. 

Circu lotino IA.'ater Svstem (Ref. Fiaure IV.A.8) 

The circulating water system provides circulating water to condense the turbine 
exhaust, cool. the turbine lube oil, the generator cooling gos and the cooling water 
heat exchangers. The system consists of a mechanical draft, cooling tower, tower 
basin and intake structure, two circulating water pumps, and the distribution 
piping. The heat exchanger flow path is in parallel with the condenser shell flow 
path. Makeup water to replace tower evaporation, drift and blowdown losses is 
provided from the plait's service water system. 

The cooling tower will be a three cell minimum draft mechanical draft tower of 
either cross-flow or counter flow desigr.. The tower will be erected on o reinforced 
concrete bosin located 560 feet south of the turbine generator center-line. 

The intake structure is an extension of the cooling tower basin, projecting 
approximately. 40 feet beyond the north end of the cooling tower and will be 
constructed integro lty with the cooling tower basin. Removable screens and trash 
rocks will be installed within the intake structure to remove any solid .matter that 
might otherwise clog the pumps and condenser tubes. Stop logs will be provided for 
insertion to stop flow when necessary. 

Two, 50 percent capacity circulating water pumps will be provided and installed 
within the cooling tower intake structure. Each pump will be of the vertical, single 

IV-85 



3. 

stoge, rr.ixec f 10v: tyoe, designed for wet pit installation. Pump ci:-ivers will be 

verticc!~ solid s'iaft motors with weatherproof enclosures. 

A si:,gie buried pipeiine, approximately 5 l inches ir. ir.ternal diameter will transport 

the water from the pump discharge manifold to the condensers and ret1Jm the water 

to the cooling towe:--. Valving one! expansion joints will be provided as needed for 

fiow end pipe isoiction. The pipe will be constructed of one of the following pipe 

designs: 

I • Carbon steel, cement mortar lined, coai tar coated or wraoped for ederior 

prote=tion 

2. Reinforced concrete, cylinder type or prestressed 

3. Fibergl:1ss reinforced plastic 

I 
I 
I 
I 

I 
Circulating water chemical control will be provided by the injection of sulfuric I 
acid, liquid dispersant and blowdown. Calcium carbonate scale formation will be 

controlled by automatic feed of sulfuric acid. Silica and calcium sulfate scale 

formation will be controlled by automatic adjustment of the system blowdown; 

liquid dispersant further inhibits scale formation end enhances the coagulation of I 
suspended materials for removal by the blowdown system. A timer controlled · 

chlorination system will also be installed to automatically adjust chlorine feed for 

system control of biological growth. I 
Compressed Air System (Ref. Figure IV.A.9) 

A compressed air system will be provided to supply plant instrument air as well as 

plant service air. The system will consist of three nonlubricated air compressors, 

two of which will be available for operation at all times as demand dictates; the 

remaining unit will be on ready standby. 

The discharge of each compressor will be manifolded into a common supply header 

serving each of three air receivers. The outlet side of each receiver is manifolded 

and serves two branch lines, one to the service air system, the other to the 

instrument air supply system. The instrument air passes through one of the two 

instrument air dryers where moisture is removed and then through one of two 

instrument air filters where any remaining solid particles larger than 5 microns are 

separated from the air. The instrument air header then divides into branches which 

lead to various items of station equipment which are operated by instrument air. 

Air supply to the stations service outlets passes through a back pressure control 

valve which closes when air pressure foils to 80 psig thus protecting the instrument 

air supply by sacrificing the service air demands. Branches from the service air. 

header lead throughout the plant to provide service air connections where needed. 

Each of the three compressors will be heavy duty, two stage double acting, 

reciprocating type with water cooled, oil free cylinders and teflon piston rings. The 

compressors will be driven by direct connected induction motors. Each compressor 

will be equipped with intake filter-silencer, intercooler, discharge pulsation 

dampener and an after cooler equipped with moisture separator. Condensed 

moisture is removed from the intercoolers and aftercoolers by drain traps. Each 

compressor will be cooled by treated condensate from the cooling water system, 

which will flow through jackets in the cylinders and cylinder IJ_eads as well as 

through the inter and after coolers. 
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The com;,ressors will be started end stopped from tne control room. Selection of 
the "le:id" and "log" unit ·will also be mode from the control room. Each compressor 
wil: be equipped with automatic unloading end starting devices to permit 
compressor start unloaded. 

The three cir receivers will be of vertical axis cylindrical design. Connections will 
be provided for air inlet and outlet, pressure gouge, relief valve, pressure controller 
o:,d droir.. A drain trap will be provided for moisture removal. 

Two refrigerant type instrument dryers will .be provided to remove moisture from 
the instrument cir. One dryer is normally in service with the other in standby. One 
dryer will include an electric motor driven compressor, a refrigerant-to-air 
exchanger, evaporator thermostat, cir-to-air heat exchanger and moisture traps. 
Dryer units will be started and stopped locally. 

Two instrument air filters will be installed, arranged for parallel operation. 
hlormolly one filter will be operational and the other on standby. Each filter wi.11 be 

equipped with removable, reusable filter elements. 

Chemical Feed Systems (Ref. Figure IV.A.ID) · 

The chemical feed S}'stems will be installed to deliver end inject chemical solutions 
of the proper concentration and quantity where same are required to inhibit scaling 
and/or corrosion of the internal surfaces of the equipment and piping. 

The systems to be included are: 

a. A high pressure system for intermittent direct injection into the feedwater 
piping, immediately downstream of the steam generator, of chemicals used 
to prevent acidic corrosion, possible scaling and caustic metal 
embrittlement. 

b. A low pressure system for the continuous injection of neutralizing and 
scavenging chemicals into the condensate system. · 

The sodium phosphate (high pressure) system consists of a dissolving funnel for the 
blending of dibasic sodium phosphate powder with demineralized water 
(condensate); a mixing tank; two 100 percent capacity phosphate feed pumps 
connecting piping from the tank through the pump to a chemical feed discharge 
header, a flushing system and a mixing water system. 

The hydrazine or oxygen scavenging (low pressure) systern consists of a tank for 
dilution and mixing of c hydrazine solution with demineralized water (condensate), 
two 100 percent capacity feed pumps, one dispensing pump and interconnecting 
piping. 

The ammonia system is identical to the hydrazine system, utilizing a 26 degree 
Bourne Ammonia Reagent. The hydrazine and ammonia systems will both be 

equipped with a compressed air motor driven dispensing pump for the transfer of 
reagents from their shipping drums to the mixing tanks. 

All three chemical tanks will be vertical axis, cylindrical in shape with hopper 
bottoms and fla1 tops. Each tank will have on effective volume of 300 gallons, 
supported by four angle iron legs. The sodium phosphate tank will be equipped with 
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hingeci cover, electric motor driven stainless steel propelle:- type mixer, gauge gloss 

and liquic level switch. The hycirazine a:id ammonic tonks will each be equipped 

with floating l;ds, gauge glass and liquid level switch. Both to:-iks will be equipped 

witn c plastic metering cylinder, calibrated in millimeters, which will be mounted 

on the tonk and connected so that the measured amount of reagent can flow by 

gravity into the tonk. 

All six of the metering pumps, tw9 for each system, will be of the positive 

displacement piston type with adjustable stroke control. Pump control will be by 

selector switch; with the selector switch on 11start", and level switt;h closed, the 

pump will start. Pump stop will occur when low level is reached in the tank or 

when the selector switch is placed on 11stop". 

Service and Demineralizer Weter System (Ref. Figure IV.A.6) 

Row water from the plant water supply enters the station and is piped directly into 

the lime-soda softener tank. The water enters the softener tank through a level 

control valve which maintains o full tonk level at all times. Tne softener tank will 

be constructed of a size sufficient to assure adequate water residence time for the 

degree of water purification desired. The water effluent from the softener will be 

continuously monitored to assure proper water quality. An agitator system within 

the softener tonk provides a continual movement of the water, thus stimulating 

proper mixing of chemicals and water. 

. A chemical storage and injection system sufficient to intermittently recharge the 

softener will be provided in the area adjacent thereto. This system consists of an 

elevated soda ash bin with mixing tank and two I 00 percent capacity injection 

pumps; a 3,000 gallon liquid coagulant storage tank, with mixing ta~k and two 

100 percent capacity transfer pumps, two 100 percent capacity coagulant aid 

charging pumps; and an elevated quick lime storage bin with lime paste sicker, grit 

hopper and two 100 percent lime slurry injection pumps. Service water (softened} 

will be used for dilution of both lime and soda ash prior to their transport and 

injection into the softener. 

The softened effluent from the softener tank is transported by gravity to a · 

100,000 gallon service water storage tank. Sludge, drawn off the bottom of the 

softener, is transferred by two, I 00 percent capacity, sludge transfer pumps to the 

sludge thickener tank. The sludge thickener tonk separates the supernatant fluid 

from the sludge; the supernatant gravitates to a 4250 gallon storage tank from 

where it is pumped by one of two I 00 percent capacity supernatant tronsf er pumps 

to the inlet of the softener; the sludge is transported by one of two 100 percent 
capacity sludge disposal pumps to c nearby evaporation pond. The sludge thickener 

tank is equipped with a slow moving agitator which promotes separation of 

supernatant from the thickened sJudg~ 

One of two 100 percent capacity service water pumps takes suction from the 

service water tonk and distributes the softened service water to the cooling tower 

basin for circulating water system makeup and, via a backflow preventer,. to the 

sand filters and deminerolizer system. ln addition, branch lines downstream of the 

backflow preventer provide soft water supply to the caustic soda hot water storage 

tank, the plant cooling water system (makeup), the steam generator and turbine 

area, the plant control room and switchgear building, the administration building, 
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a:ic the shop and warehouse building. A bypass line from the well water supply 
entering the plant site to the suction side of the service water pumps will be 
provi cied for e:-nergency purposes. 

A branch from the softwater header, downstream of the service water pumps~ 
sup;>lies water through one of two sand filters which removes the remaining 
particulate carried over the lime-soda softener. Once through the filter the water 
enters one bank of o dual train makeup demineralizer unit which discharges into the 
two 85,000 gallon demineralized water (condensate) storage tonks. A secondary 
branch off of the discharge side of the sand filters supplies water to the domestic 
water system which consists of a hypochlorinator unit and a hydropneumatic tonk 
for treatment and delivery of the station's potable water supply. 

The service water pumps provide system pressurization for the station domestic 
water, service water and demineralized water. Two full capacity pumps. fill be 
furnished with one pump normally running end the other in standby. Each pump will 
be of the single stage, horizontal centrifugal type with direct connected induction 
motor. Pump control will be from the control room with each pump started 
manually by control switch. The standby pump will start automatically on low 
service water discharge pressure. The pumps are stopped manually by control 
switch or automatically on motor overload. Minimum flow protection will be 
provided by orificed lines returning to the service water tank. 

The service water _and supernatant storage tonks will be of vertical cylindrical 
design with capacities of 100,000 gallons and 4,250 gallons respectively. Each tank 
will be constructed of carbon steel plate and will be supplied with a plastic lining to 
prevent corrosion. The service water tonk will also provide a reservoir source of 
water for fire fighting purposes. 

The demineralized water (condensate) storage facility consist of two, 85,000 gallon 
capacity storage tonks of ve-rtical cylindrical design constructed as described 
above. This water is used as makeup to the steam generator. 

The potable water supply system consists of a hypochlorinctor and a 
hydropneumatic tank. The hypochlorinator unit is composed of a water meter with 
external device for controlling the rote of operation of a water driven pump which 
will pump a hypochlorite solution from a storage container at o rote proportional to 
the flow through the meter and injects it into the domestic water line downstream 
of the meter. The unit will treat water at flow rotes of 10 to 50 gpm and has a 
capacity of feeding 60 gallons of hypochlorite solution per day. The 
hydropneumotic tonk provides a means of treated water storage and sufficient 
pressure for the required delivery at the fixtures. The tonk will be of the 
1,000 gallon capacity horizontal cylindrical design and charged with compressed air 
from the station's service air system. 

Two parallel flow, 100 percent capacity vertical self-backwashing pressure filters 
will provide removal of suspended material from the softened water. Each filter 
will contain two types of sand each with a different gradation for proper filtering 
medic. Each filter will have a total flow rate of 100 gpm and will be equipped with 
flow elements and local flow indicators. In addition, instrumentation for filter 
pressure drop and turbidity will be provided to indicate when a filter requires 
backwashing. Backwashing water will be piped to the evaporation pond. While one 
filter is being backwashed, the second will remain in service. 
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'Tne makeup deminercl:zer system will provide high purity deionized water to the 

demineralized water storage tanks. Two 100 percent capacity demineralizer trains 
consisting of cation, anion end mixed bed demineralizer tanks will be providec. 
Each train has c capacity of 100 9fY.T'l with the ability to produce 200 gpm when both 
trains ere in service. The cieminerclizer resins will be regenerated in the operating 
tonks with the provided chemical regeneration system consisting of sulfuric acid 
su;::,;,ly equipme-,t, sodium hydroxide supply equipment, water heating equipment and 
the necessary piping, valves gnd controls. 

The deminerolizer system is as follows: 

a. Cation Demineralizers 

b. 

Two cation demineralizers will be provided. The acid storage and pumping 
equipment which is common to the mixed bed units, circulating water 
treatment end the deminerclizer neutralization system will -include o 
6,000 gallon storage tonk and two 100 percent capacity metering pumps 
which will sup;:,ly concentrated sulfuric acid to the dilution system for _the 
cation and mixed bed units and to the cooling tower basin, for circuiting , 
water treatment. The controls, valves and piping necessary to backwash, 
dilute and inject the acid, rinse and place the demineralizers into service 
will be port of the cation demineralizer equipment. 

Anion Demineralizers 

Two anion units will be provided, each consisting of a vertical axis 
cylindrical vessel approximately 3 feet in diameter by 7 foot high. The 
caustic storage and mixing equipment will be common to the mixed bed units 
and the neutralization system. An electrically heated 3,500 gallon caustic 
storage tank will supply caustic to the anion demineralizers, mixed-bed 
demineralizers and the neutralization system. Two, I 00 percent capacity 
metering pumps will supply caustic to the heating and dilution system which 
will be common to the mixed bed units. A 1,000 gallon hot water storage 
tank will be common to the demineralizer regeneration and dilution system. 
The controls, valves and piping necessary to backwash, dilute, heat and 
inject the caustic, rinse end place the beds in service will be part of the 
anion demineralizer equipment. 

c. Mixed Bed Demineralizers 

d. 

· Two mixed bed demineralizers will be provided, eoch consisting of a 3 foot 
diameter by 6 foot high vessel. The acid and caustic storage, pumping, 
dilution and heating systems will be used in common with the cation and 
anion vessels. The mixed bed demineralizers are the final step in each_ 
train. The effluent from each mixed bed · unit will be monitored for 
conductivity and silica concentrations. 

Vacuum Oegasifi er 
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A vacuum degosifier will be installed in series with the makeup I 
demineralizer for oxygen and carbon dioxide removal. 

I 
Vl-90 I 



I 
I 
I 
I 
I 
I 
I 
I 

_1 

I 
I 
I 

'.~_ I 
I 
I 
I 
I 
I 
I 

e. 

f. 

Dernineralizer Waste Treatment 

The regenercnt waste from the deminerolizers will be collected in c 

neutralization sump. The sump will be equipped with a mixe!"' for mixing of 
the sump contents and c centrifugal pump for discharging the neutralized 
fiuid to the plant evaporation pond. 

Level controllers and pH measuring devices will be provided to control the 
neutralization process. The controllers will annunciate abnormal operating 
conditions and stop the discharge pump and mixer when the treated waste is 
not meeting specified requirements or when the sump level is low. After 
initial sump content mixing, caustic or acid is added in response to the p!-i 
controller. These chemicals are pumped from the demineralizer 
regeneration caustic and acid metering pumps. 

Coolinc Tower Basin Weter Treatment 

In addition to the foregoing, c liquid dispersent system will be installed 
which will consist of a 3,500 gallon horizontal storage tank and a centrifugal 
pump for the storage and injection of c chemically premixed solution into 
the cooling tower basin. This system will be located adjacent to the cooling 
tower basin. 

6. Fuel Oil System 

The station fuel oil system will be installed to supply Number 2 fuel oil to the 
auxiliary boiler burner system, the diesel generator day tank and to the burner 
system of the salt recirculation heater. The system consists of a I 00,000 gallon 
capacity above grade, atmospheric storage tank of vertical axis cylindrical design 
and the transfer pumps for the systems described herein before. All pumps will be 

of the positive displacement type with integral relief valve installed between 
discharge and suction connections of the pump. Both the auxiliary boiler fuel oil 

pumps and the -salt recirculation heater fuel oil pumps include a 100 percent 
capacity standby pump to assure system reliability. No backup is planned for the 
diesel generator fuel oil supply pump. 

7. Diesel Generator System 

The diesel generator system consists of the engine-generator set, anc;i its attendant 

equipment. The engine-generator will be located where indicated upon the General 
Arrangement drawing to provide all station essential electrical services in the 
event of total system power failure. The unit will be self contained, complete with 
jacket water cooling, engine starting and fuel oil supply from a 5,000 gallon fuel oil 

day tank. The unit will be installed within a weatherproof enclosure equipped with 
adequate ventilation and cooling for summer operation and maintenance as well as 

winter inhabitation. The unit capacity will be 3,000 kW, which will provide 

emergency electrical energy for the station compressed air system, turbine­
generator turning gear, essential bearing cooling, control systems battery charging, 
essential air conditioning, emergency lighting, communication systems, and 
heliostat defocusing. 
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8. Fire Protection Svstem 

The primary means of fighting fires in the station ·is with water supplied from 

hvcirants in the vard area or from hose reet stations mounted at strateaic locations 

within the oper~ting areas of the plant and within the structures. The fire main 

serving the hydrc~ts and hose stations will normally be pressurized and supplied 

with water from the service water storage tank b>• the fire wcter pumps located 

within a pump house adjacent to the service water storage tank. Water pressure in 

the fire main will be constantly indicated and low pressure annunciated in the 

cor.trol room. 

Yard crec fire containment will be provided by hydrants located adjacent to the 

service roads within the power station limits. These hydrants will be fed by an 

underground fire water loop which is supplied water by one of two horizontal shaft, 

single stage, centrifugal pumps mcmufactured to UL design standards. In.addition, 

one fire water jockey pump will be installed to maintain a constant, at rest, system 

pressure. Each fire pump will be sized for tne stations largest single fire risk, 

normally toking suction from the service water storage tank but manually valved to 

utilize demineralized water as an emergency measure. · 

Dry chemical extinguishing material and foam will be available from portable 

extinguishers stored in the two fire fighting equipment storage areas, one located in 

the motor control center building and the other in the shops and warehouse 

building. Hoses will be conveyed to the hydrants by means of hose carts located in 

the fire equipment storage areas. 

Fixed water spray systems of the deluge type will be provided over the turbine lube 

oil reservoir and conditioner area, hydrogen gas control and seal oil area, each 

transformer and within each cell of the cooling tower. A fire detection system for 

spray system actuation and alarm will be provided. Fixed pipe water spray systems 

hose reels and hose cabinets will be fed from the underground fire loop. 

Fire hose cabinets and portable fire extinguishers will be placed at strategic points 

throughout the administration building, shops and warehouse building and the 

control room and switchgear building. Low hazard areas within these structures 

will be equipped with smoke detection devices tied to a central annunciation 

board. A Halon 1301 fire suppression and detection system will be installed in the 

equipment room section of the control room building for protection of the 

eiectronic equipment housed therein. 
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9. Heating, Ventilating and Air Conditioning (HVAC) I 
Heating, ventilating and air conditioning will be provi~d for personal comfort and 

1 for equipment protection within the administration building and the control room 

and switchgear building. Ventilation and heating ohly will be provided in the shops 

and warehouse building. · 

The criteria for conditioned creas of the administration building and the control 

room and switchgear building is: 

1. 
2. 
3. 

Temperature: 
Relative Humidity: 
Filtration of outside 
air supply 
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The basis of design for the shops end warehouse building will be to maintain 
adequate veritilction throughout the structure with a 15 minute air change and o 

minimum temperature of 65°F.::. 5°F. _ 

The oci:-ninistrotion building will be supplied with o roof mounted direct expansion 
refrigeration unit of approximately 20 tons capacity. Air supply will be furnished 
by fen coil units equipped with inlet filters for control of dust end wind born 
elements. Electric heating coils and refrigeration coils will be installed in the 
direct path of the fa.ri discharge end air distribution will be provided by or, overhead 
duct system designed for variable volume, constant flow control. A return air duct 
system will also be provided with adjustable.damper control for blending of the air 
supply. The bui.lding will be equipped with spring loaded exhaust air vents to assure 
the structure is maintained in a pressurized condition of approximately 1/4 inch 
water gauge above atmospheric pressure at all times. Temperature level will be 

controlled by a manually adjustable well mounted thermostat. 

The control room and switchgear building w;11 be treated in general as described 
above, with the added provision that the 60 ton direct expansion unit will be of the 
split system design whereby the compressor and condensing unit will be roof 
mounted end the evaporator coil end fan section installed at grade. Further, in 

order to assure protection of the electronic equipment housed within the structure, 
a totally redundant refrigeration unit will be supplied; no redundancy in heating of 
this building is considered. The building's control, equipment and termination rooms 
will be constructed utilizing an underfloor pressurized plenum distribution system 
with floor resisters. The underfloor system will be served by o separate cabinet 
mounted cooling unit utilizing room air for its supply medium. Fans and automatic 
dampers will be jnterlocked with smoke and -fire detection systems to secure 
operation upon annunciation. 

The shops enc:! warehouse building will be equipped with roof mounted exhaust fans 
supplied with manual start/stop control for selective air flow conditions throughout 
the building. A horizontal air intake lowre section will be provided along the lower 
segment of the building siding equipped with recleanable filters and self closing 

dampers for outside air inlet. Heating of the structure will be by electric unit 

heaters of the horizontal air flow type, complete with air distribution fan and 
thermostatic control. 

Electrical Systems and Equipment (Figure IV.A.12) 

The main generator terminals are connected, through a length of isolated phase bus, 

to c 230 kV switchyard. The plant electrical auxiliary systems are powered from on 
auxiliary transformer, energized from the same 230 kV switchyard. This auxiliary 
transformer also serves as the source of the plant startup power. 

The distribution of power within the plant boundaries is radial. Three serially-fed 
assemblies of medium voltage metal-clad switchgear are provided: their busses are 

identified as Bus A, Bus B and Bus C respectively. Bus A supplies the auxiliary 
loods of the turbine-generator plant, Bus B, those of molten salt transport and tank 
heater systems; and Bus C energizes· the salt piping end receiver. heaters, and the 

heliostat feeders. An emergency diesel generator is connected, through an 
interlocked circuit breaker, to Bus C. The interlock prevents parelleling the diesel 
generator with the normal plant power system. 
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11. 

I 
The 4-30 volt plant loads ere energized from load-center substations and motor I 
control centers, located at cente!"S of load throughout the plant. · 

Equipment ratings ore os follows: I 
/v',ain Transformer: 

!so-phase Bus: 

Auxiliary 
Tronsf ormer: 

Medium-Voltage 
Switchgear: 

480 Volt Load­
Centers: 

480 Volt Motor 
Centers: 

Emergency 
Generator: 

Miscellaneous Plant Elements 

a. Gas Storage 

115/ 128 mva, 55C/65C 
FOA, 13.2-230 kV, 3 phase, delto-wye 
connected with standard impedance. 

15 kV, 6000 A, 3 wire 

17 .9 /20 mvc, SSC/ 65C, OA, 
4.16-230 kV, 3 phase, 8% impedance, 
wye-wye connected with resistance­
grounded 4. I 6 kV neutral. A tertiary 
delta winding may be included if 
recommended by the manuf octurer. 

5 kV nominal, 350 mva class drawout 
air circuit breakers. Main circuit 
breaker, 3000A; Bus A, 3000A; Bus B, 
2000A; Bus C, I 000A. Switchgear 
assembli"es located outdoors are 
weatherproof non-walk-in type. 

Each primary section will consist of 
an air-filled terminal chamber (or 
loadbreok air switch if two or more 
loadcenters are supplied from the 
same 4.16 kV feeder). Transforming 
section will be 1000/1120 kVA, 
3 phase, 55C/65C, OA, 4160-480 V, 
delto-wye connected, with standard 
impedance and solidly-grounded 
480 volt neutral. 

Secondary Sections will be low­
voltage drawout ~ir circuit breakers. 

Will be NEMA Class I Type B, in 
3R enclosures when located outdoors. 

3000 kW, 0.9 pf, 4.16 kV, 3 phase. 

The power station will use three industrial gases during periods of standby 
and normal operation. Nitrogen gas will be used to exclude air from steam 
spaces in the steam generator, and feeclwater heaters during extended 
shutdowns. Hydrogen is used as an atmosphere within the main generator. 
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b. 

c. 

Carbon dioxide is used to displace the air from the generator housing prior to 
initial a~d subsequent filling with hydrogen and to displace the hydrogen gas 
from the housing when changing the atmosphere. 

The gas storage area is designated upon the General Arrangement Plan 
{~ig:Jre IV.A.13} and will be constructed upon a raised deck, enclosed with 
chai~ link fencing, and roofed. An extension of the deck will serve as on 
unloading dock fo:- the gas cylinders. 

The gas storage will consist of cylinder gas bottles arranged in active and 
reserve racks, gas manifolds and pressure control cabinets where bottle 
pressure is reduced to a delivery pressure of 70 psig. In addition, a vaporizer 
wili be installed to transform the liquiiied carbon dioxide into a gas for 
delivery to the generator. 

Sompli ng System 

A sampling system will be provided which will consist of sample collecting 
nozzles, sample coolers, analyzers, recorders and controls necessary to 
determine the characteristics of the plant's process fluids, to indicate and 
record the values and to annunciate undesirable va.lues of importance. 

Provisions will be made for manual collection of samples within the station 
limits. In addition, samples of condensate, feedwater and steam will be 
piped to a central location, where automatic analysis will be performed and 
the results recorded. Provision will also be made for parallel withdrawal, in 
the laboratory, of samples which are collected for analysis by the 
centralized system. 

Remotely aiolyzed and recorded samples of the condenser hotwell 
condensate conductivity will be accomplished on a continuous basis. Other 
continuously monitored samples will be the condensate pump discharge, 
second feedwater heater drains, the deaerator outlet and the boiler 
blowdown. 

Sample nozzles will be provided to withdraw samples from other locations. 
These locations include the circulating water discharge from each condenser, 
demineralized water (condensate storage tanks) and the discharge from the 
cooling water heat exchangers. 

Plant Waste Systems 

Drainage is directed off of the plant operating area by ·surface grading and 
paving to achieve a water run off pattern which will direct flow to the site 
boundaries. Concrete sumps such as the lube oil reservoir and the molten 
salt pump pit will be equipped with duplex· sump pump assemblies complete 
with float control and "Lead-Log" selector switches. Pump discharge will be 
directed to the evaporation pond. 

An oily waste separater pit will be provided and located where indicated 
upon the General Arrangement Plant drawing. Equipment drains will be 
directed to this sump in which the contaminates will be separated from the 
water. The contaminates (oil, grease, etc.) will periodically be removed and 
disposed of off site. The water will be pumped by a duplex pump set to the 
evaporation pond. 
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3ackwcsh and regeneration waste from the ciemineralizer units will be 
dire=ted to a neutralization sump, the ooeration of which has hereinbefore 
been crescrii::>ed. 

IV-J. PLAlri cor·✓TROL SYSTEM 
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I. Functional Description 

2. 

The plant control system consists of hardware (supervisory and heliostat crray 
control computers, displays, one! other distribution and processing equipment) and 

software. 

The purpose of the control system is to provide safe and effective plant operation 
by sensing and controlling necessary system parameters in a timely and integrated 
manner. 

The control system interfaces with the collector fields, receivers, storage, steam 
generators, turbine generator and balance of plant. Its operations include: 

0 

0 

0 

0 

Control - interacting with the instruments, valves, motors, and pumps to 
regulate the plant process temperatures, pressures, flows, and other 
parameters to meet plant operating requirements. 

Interlock - coordinating plant actions so that the state of the system is 
properly set up for impending control actions, also referred to as interlock or 
interposing logic system (ILS). 

Monitor/alarms - measuring and reporting of plant process temperatures, 
pressures, flows, and other parameters; determining and reporting when 
measurements violate predetermined threshold values. 

Trip - stand-alone monitoring for major functional system to take the system 
off line when certain· key system parameter threshold levels have been 
crossed. 

o Display/Command - Man-machine interfacing to report plant data and 
respond to operator commands. 

General Arranoement 

The major control equipment is divided among four areas: remote Stations No. I 
and No. 2 {on collector Field Towers No. I and No. 2, respectively), and an 
equipment room and control room in the control building shown on the power block 
plan, (refer to power block general arrangement), Figures IV.J. I and IV.J.2 show, in 
a schematic arrangement, the location of the major pieces of control equipmertt in 
these four areas. Figure IV.J.3 shows the layout of remote Stations No. I and 
No. 2, which are at the uppermost level of the towers below the receiver. 
Figure IV.J.4 shows the layout of the equipment room. 

Consideration of operability requirements hos resulted in the control console design I 
shown on Figure IV.J.S. The console. is divided into two separate sections with a 
"U''-shaped main control console and a separate straight segment used for auxiliary 
plant operating functions. The table top on the left side of the main control I 
console is used to mount individual printers needed to log plant level, and various 
system and operator functions, and to list online diagnostic summaries. 
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TC Reference Junctions 

Figure IV .J.3. Remote Station Layout 

Figure IV .J.4. Equipment Room Layout 
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Figure IV .J.5. Integrated Control Console Layout 

Immediately left of center is a section with a CRT dedicated to alarms, with a 
color coded listing of alarms, to give the operator a quick overview of alarm and 
status conditions. An indicator panel below the CRT gives the alarm status -of large 
sections of the plant or of specific critical components to provide backup in the 
event of a loss of video. 

The center section of the main console houses six CRTs for plant operation. The 
four on the right hand side are normally used for plant level graphics, including 
collector field displays, while the two on the left side ore normally used for various 
system level functions. The two system level CRTs will allow the operator to page 
down through the display hierarchy to reach any available display. In this way, the 
operator maintains the visual contact at the plant level while observing a specific 
system level operation. Also, the operator con change a specific parameter while 
viewing the interacting plant interfaces and resulting changes. The four plant level 
CRTs can also be used to display system level functions, to facilitate startup and 
shutdown activities. 

The console on the immediate right side of the center section houses an additional 
CRT dedicated to alarms, similar to that on the left. The far right side of the mai.n 
console houses the turbine controls and indicators supplied with the 
turbine/generator. These controls can be coordinated with the center section CRTs 
for graphic displays. 
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The auxiliary controls to the rea:- of the main console are divided into three 
sections. One section is for safety functions to monitor and check out fire 
protection. The other two sectioos ere for auxiliary functions such as beam 
characterization, meteorology, air and water. These sections hove o wide, clear 
writing surface shelf tc carry out activities such as reviewing large documents. 

/v'1ajor Component Descriptions 

The major equip:-nenf items associated with the control system are: (I) the 
computers and associated peripherals and software for display/command, and 
(2) process control hardware and wiring. 

c. 

b. 

Computers. Peripherals and Software 

The comp'Jters chosen for the HA Cs and the supervisory contro I are 
moderate capability catalogue-listed minicomputers of the DEC PD?-11/40 
genre. Key characteristics considered for the computer supplier/equipment 
for this project are: 

0 

0 

Demonstrated reliability and serviceability in an industrial or utility 
environment. 

Redundancy to offset the great dependence on computers required for 
plant operation. 

o Capable supplier hardware design and software applications personnel. 

o Availability of a knowledgeable, competent, q.,ick responding supplier 
service organization. 

The three pairs of redundant computers, as shown on Figure JV.J. I, are 
connected in d network configuration so that each can easily communicate 
with any of the others through use of furnished networking software. The 

computers communicate with associated periphera s through a bus switch. 
During detail design, it will be determined if dependence on disks and tapes 
for normal system operations can be eliminated by storing plant operating 
data in core. This would increase reliability and decrease operating 
complexity somewhat. 

An off-'the-shelf industry-proven scanning, data acquisition display and 
control software package will be purchased and adapted for this project. 
This software will provide the data base, data manipulation and conversion, 
data display and the man/machine interface for the HACs and the 
supervisory computers. Application software, to adapt the purchased 
hardware and software to the Solar 100 plant for the HACs and supervisory 
computers, will be generated at MDAC. 

Process Control 

Process control, as diagrammed on Figure IV.J.2, is accomplished by a 
distributed, digital control system of the type represented by Beckman 
MV-8000, Honeywell TDC-2000 and similar systems manufactured by Bailey, 
Foxboro, Forney and others. These are systems in which the conventional 
proportional, integral and derivative algorithms are computed by a small 
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digital comp:.;ter which can be located close to the instruments. The 
particular algorithms, gains, cornpensations, and rolloffs desired are easily 
implemented by progra:11ming the system much as with c programmable 
ca !cu lator, thus providing ease and flexibility for changes. The smell 
computers, which calculate the control algorithms, service eight to sixtee:, 
control ele-nents and are redundant, so that a single failure will not disrupt 
plant operations. The small computer communicates with the centralized 
control console over o mulriplexed data highway. 

Distrib;;ted, digital systems are basically multiplexing systems. Thai: is, 
information {commends or data) passing between the remotely located 
control hardwcre and the centrally located command and display hardware is 

electronically condensed so that many signals are transmitted over c pair of 
wires. The signal transmission path is usually referred to as a "ciato 
highway" and consists of a pair {for redundancy) of twisted, shielded 
16 gauge wires. A single data highway can replace hundreds of analog signal 
wires. In an extensive plant layout, such as this project, there is a great 
advantage, for simplicity and cost; in replacing hundreds to tho·usands of 
wires, with runs of a mile or more, by a few data highways. For this reason, 
a data highway is incorporated in the control system too high degree in the 
collector and receiver controls and to some degree in other system controls 
in the power block area. Further extension of this approach in the power 
block area will be considered for potential economic advantage in the plant 
preliminary design. · 

The ILS functions are implemented similarly to the control functions and 
integrated into the control system functions. A key requirement for the ILS 
is that no single failure can affect more than one ILS loop. 

The stand-alone protective trip functions are implemented similarly to the 
control and ILS, but with completely separate hardware, so that equipment 
failure effects are not exchanged between the control and protection 
functions. 

Plant monitoring and alarming is accomplished by the distributed digital 
system with parameter monitoring specifications ond alarming levels 
implemented by programming. 

System Sypport Regui rements 

The principal control system support required is electrical power, HVAC, and fire 
protection. There are also specific lighting, architectural features, and cabling 
provisions required. 

Facility power (120 VAC) is required for electronic equipment, as follows: 

Control Room 

Equipment Room 

Tower Remote Station (each) 
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13 KVA 
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I 
An tr.1in"!'e:-ruptiole power supply (UPS) is required for electronic equipment, cs I 
follows: 

Control Room 

Equipment Roorr. 

14KVA 

80 KVA 

The UPS will provide 120/208 VA~ 3 phase, 60 Hz for 30 minutes minimum. 

The Co:itrol end Equip~nt rooms will require the following HVAC: 

0 

0 

0 

70°.::. 4°F ct the electronic equipment intakes 

68° to 80°F room interior 

50°.::. 5% relative humidity 

o 85% filtration with high-pressure alarm lights 

In additicn, a Halon 1301 fire suppression and detection system will be provided for 
the computers in the Equipment Room. 

I 
I 
I 
I 
I 
I 

5. Operational Features I 
There are severe I contro I system issues that are vn ique to the solar plant or th is I 
plant and require specific consideration for this project. 

a. Cloud Transient Effects 

During on insolation transient caused by passing clouds, receiver flowrote 
must respond to maintain the receiver tube wall temperature and coolant 
fluid ct a reasonably constant temperature (within cllowcble limits). In the 
water/steam receiver system (Solar I), the insolation transient ripples 
through the whole system, eventually affecting turbine operatiO\"\. The 
receiver controls, thermal storage controls, and computer-implemented 
operator aids are quite complex to minimize the transient impact on the 
receiver and turbine. In this project, the molten salt receiver is decoupled 
from the rest of the plant by the large storage tonk. The insolction transient 
is effectively limited to the receiver only; the pJant control is less 
complex. In addition, the single-phase, receiver-coolant flow is less critical 
to control than the single-pass-to-superheat water/steam fiow of the Solar 1 
receiver. However, certain contro I features must be incorporated in th is 
design to assure safe, long-life efficient operation of the molten salt 
receiver. These include: 

0 

0 

incident flux and receiver back-wall temperature measurement to 
anticipate changes in coolant tePTiperat..ures and position receiver 
control valves so that coolait flowrote and distribution respond 
quickly to keep excursions within reasonable bounds. 

Redundant salt feed pumps with bypass control responding to o warm 
salt surge tonk liquid level to decouple pump and receiver dynamics 
and avoid w.aterhammer. 
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b. 

c. 

0 A ciovmcomer pressure reducing va Ives (drag va Ive) to mociu !ate 
sup:)!Y press;;re to the hot salt storage tank in response to changes in 
the receiver flowrcte controlled by liquid level in a hot salt surge 
to:ik to decouple receiver and downcomer dynamics end avoid 
woterha.,,rner. 

Syste'Tl operation is described in Section IV.E. 

Sliding Pressure Steam Generator/Turbine 

See Section IV.G.5 for discussion on sliding pressure turbine. 

Ooercbllity of c Larae Complex Plant 

The following features are included in the control system design to provide _ 
relatively simple, reliable operation for the many components on the new 
process of this plant: 

0 

0 

0 

0 

0 

0 

Automated operational aids to assist the operator in plant mode 
changes. 

Color CRT ·graphics for operational visibility from the plant level 
down to individual control loop. 
Simplified manipulation of control hardware and software, such as 
keyboard operations and changing tapes and discs. 

Redundant supervisory and heliostat array computers. 

Programmable digital hardware with digital date highway 
communication between the control room and remote equipment. 

Failover backup provisions in critical portions of the control 
distribution centers with complete isolation of trip circuits. 

This control system will be built on Solar I experience in every way 
possible to improve the plant reliability and operability. 
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V-A. 

PERFORtv'1ANCE 

INSOL.A. TION l\f;QDEL 

A major factor in the size of the co:iector field for c central receiver plant is the 
amount and distribution of direct normal insolation available. For this study, extensive 
dato available from the U. S. /Vieteorological Service for Barstow were used because of 
the proximity to and similarity of weather condit~ns for the plant site in the Lucerne 
Volley. This resulted in o vo-lue of 2576.4 kWhr/m /year with an average of 3,230 hours 
of usable sunlight per year. These values include the effects of weather and are based on 
using all sunlight for sun elevations greeter than 10° above the horizon. 

Three different computer programs ore used in the study to analyze plant performance 
and value. These are Sandia Laboratories code - DELSOL, a University of Houston code -
R-CELL! and the SCE value analysis code. Computational methods of these computer 
programs require different but comparable models of the insolotion data base. 

In this section! the insolation data base end the insolotion models that hove been used 
will be presented. 

I • lnsolotio.'1 Doto Base and Modelling Approach 

Estimates for the insolation available for central receiver systems ore generally 
developed in one of three ways: I) measurement of direct normal insolatior., 
2) correlations based on measurements of global or total horizontal insolation and 
meteorologkal data, or 3) correlations based on models of the atmosphere end 
meteorological data. The DELSOL and R-CELL computer programs can generate 
clear day insola~ion by the latter method. 

For Barstow, four years of direct normal insolation measurements ore available 
through SCE end West Assoc.iates (Ref. V.A.I), end approximately 30 years of data 
are available using the Jet Propulsion Laboratory SOLINS (Ref. V.A.2) computer 
program with SOLMET (Ref. V .A.3) global ir:tsolation and meteorological dcto. 
Figure V .A. I compares the four-year average West Associates date with the 
SOLINS 30-year dote for each computed month-long average day and the year long 
average day. Also shown on the figure is on Aerospace (Ref. V.A.4) model which is 
based on two years of West Associates data with some small changes due to 
screening of some data for suspected errors. As noted on the figure, these dote are 
for all sun elevations above the horizon (i.e., O°) rather than just for those with 
usable insolation (i.e., greater than 10° above the horizon). 

Because the JPL SOLINS model using SOLMET date can be used more easily and 
consistently for comparison at different locatons and because the correlations were 
so close, it was decided to base the insolation model on the SOLINS data. 

The approach for mode Iii ng these data was to run the DELSOL and R-CELL 
computer codes from 0° - o0 sun elevation to get an annual clear day insolation. 
The ratio of the SOLH·~S annual insolation to this clear day insolotion was then used 
to define c weather factor, thus normalizing the computer derived model to the 
extensive meteorolOQical data base. The final insolation model for each code used 
this weather factor, a I o0 sun elevation cutoff, and the code-interval daily 
variations of insolation and sun position to calculate collector field performance. 
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2. 

Figure V.A.2 shows the comparison of the normalized month-long average dav 

1 insolation for SOLINS (0° - o0 ), DELSOL (I 0° - I o0 ) and University of Houston (I 0° 
- 10°) models. The plot shows that the codes over-predict first quarter insolation 
and under-predict third quarter insolation with second and fourth quarters more 
closely predicted. Figure V.A.3 shows the hourly insolation for an overage clear I 
day near summer solstice as modelled in DELSOL. 

Annual performance calculations were. derived by calculating the collector field 
performance on one day per month using these overage clear day values, ratioing 
down these clear day values using the weather factor and summing these values 
using an average of 30.4 days per month. 

lnsolation Model for System Trade Studies 

The system trade studies were performed with DaSOL because it is easier and 
faster to use. The clear day insolation map shown on Figure V.A.4 and the 
computer weather factor of 0 .. 84 were used. 

Typical conversion efficiencies from insolation to thermal energy are shown on 
Figure V.A.S. These dote are for the selected molten salt, partial cavity north field 
configuration. To define the average clear day performance at any point, the 
insolation value is multiplied by the number of heliostats times the area of each 
heliostat times the energy collection efficiency at the appropriate date and time. 
To account for the effects of weather, this value must be multiplied by the weather 
factor. 
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3. lnsolatio'i Model fo!" Final Sizino end System Perfort""'lence 

· Because the Lucerne Volley site hos o I 1/2° to 2 1/2° slooe~ it was necessary to 
use the University of Houston codes to model the sioping fielc!. (This capability is 
not cvcilable in ::>ELSOL.) The clear do>' month-long overage insolation data are 
shown or. Figure V .A.6. Also shown on the figure ere these date rctioed with the 
appropriate weather factor. 

4. lnsolction Model for SCE Value Analysis 

SCE1s grid model operates O.'i the basis of 13 four-week periods with average days 
for each period modelled with 12 two-hour periods. For this model, the insolction 
end efficiency data from the DELSOL trade study results were converted to two­
hour overages and input to the program. Figure V.A.7 illustrates the data format 
and representative data. 

BecaL,se it was necessary to apply the weather factor to these data to make the 
annual results for total energy correct, the data did not properly model good 
summer clear day peformence well enough for the case when storage is fully 
charged and late night operation ocurs. Therefore, another model, whicry 
statistically modelled insolation clay-to-day variations, based on West Associates 
data, and correctly maintained annual total energy was used for the final analyses. 
Figure V.A.8 illustrates these results. 

• 

Month Long Average Daily lnsolation 100 - 100 
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Figure V.A.6. lnsolation Model for Final Performance Analysis 
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I 
Hours from Solar Noon I 

4-Week 
Perioc 0-2 2-4 4-6 6-8 8-10 10-12 12-14 .!.!t:,!! ~ 18-20 20-24 

I 
I me~ insol 0 0 0 0 501 590 590 501 0 0 0 
(w/m) 
eff day 0 0 0 0 .568 .694 .694 .568 0 0 0 I from Jan I 14 1/14 

2 0 0 0 0 54S' 618 618 549 0 0 0 
0 0 0 0 .612 .700 .700 .612 0 0 0 I 42 2/11 

3 0 0 0 427 646 703 703 646 427 0 0 
0 0 0 .324 .638 .698 .698 .638 .324 0 0 I 70 3/11 

4 0 0 0 567 733 783 783 733 567 0 0 
0 0 0 .420 .631 .680 .680 .631 .420 0 0 I 98 4/8 

5 0 0 0 639 766 822 822 766 639 0 0 
0 0 0 .463 .6io .659 .659 .610 .463 0 0 I 126 5/6 

6 0 0 0 688 823 868 868 823 688 0 0 
0 0 0 .476 .602 .648 .648 .602 .476 0 0 I 154 6/3 

7 0 0 0 641 780 825 825 780 641 0 0 
0 0 0 .476 .598 .645 .645 .598 .476 0 0 I 182 7/1 

8 0 0 0 641 780 825 825 780 641 0 0 
0 0 0 .468 .607 .655 .655 .607 .468 0 0 I 210 7/29 

Q 0 0 0 614 794 848 848 794 614 0 0 ,, 
0 0 0 .435 .570 .674 .674 .570 .435 0 0 I 238 8/26 

10 0 0 0 524 793 863 863 793 524 0 0 
0 0 0 .357 .638 .693 .693 .638 .357 0 0 I 266 9/23 

11 0 0 0 0 731 823 823 731 0 0 0 
0 0 0 0 .624 .704 .704 .624 0 0 0 I 294 10/21 

12 0 0 0 0 621 732 732 621 0 0 0 

I 0 0 0 0 .579 .698 .698 .579 0 0 0 
322 11/18 

13 0 0 0 0 527 638 638 527 0 0 0 

I 0 0 0 0 .549 .687 .687 .549 0 0 0 
350 12/16 

t lnsol = 47466 x 2 x 28 = 2658.1 kWhr/m'lyr 
I 00 - I 0° = 2576.4 2658.1 /2576.4 = 1.0317 I 

Figure V.A.7. Typical Inputs for lnsolationand Efficiency forSCE Value Analysis Program I 
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-
·--------DAlLY sew 1NT£N!ITT PIIDfU! FOR.TIIIIITHN 4-w!EK PERJGIIS or YEAP-------
sew lN'T[tlSITY IWA.T"CS/SG!I I l!tCQl!DC AT SIT£ N:l. l PHOTO-VOLTAIC TYPE 

co-02 CZ-04 O~•Oc DD-CB 0&•10 10-12 12-14 
tcllUIIS HIii.RS HOURS IIOUl!S HOURS HOURS HOURS 

A~'G INT 0,0 C.O O.C 26.000 ZZl.ODC 390.0DO J98.000 
STO DEY C,O 0,0 O.O 17,DDO 118,000 181.0DO 177.0DO 
IIAX I~"T' 0,D 0.0 C,O 67.000 409,000 604,000 595,DDO 
Nl>I JNT o.o e.o o.o 4.DDO ll,000 62,0DO 46.0DO 
A',G JN'T C,C D,D D.O 67.0DO 390,000 62',000 -612,000 
SlO DEY D.O C.O O.O 27,DDO 85,DDO lDD.ODD 140.DCO 
NAX Jiff o.o o.o o.o 1n.ooo 503,DDD 7"5.000 ,,1.000 
r.lH INT a.a o.o o.o 18.0DO 13&,0DO 31&,DOO 183.0DO 

-~,.~.'G~I":'.NT--'="o~.c~-~OC.,,..o"-----'o""."'"o-~1~14"',:..:;:o~oo"---',,:..:;:54~.D:..:;:0~0-~64:..:;:S:..:..;;.:DO:..:;:D;.__64l,ODO -

STO D!Y 0,0 0.0 o.o 70,000 lU,000 245,000 235,000 
n~x 1irr o.o o.o o.o ZM..ooo ~.coo &74.0DO &59,ooo 
NIN JllT O,D 0,0 0,0 15,000 66,000 105,000 l4Z,ODO 
l.\'G INT --7-,C C.D 16,000 -Jli7.-000 6151,000 too.coo 675.0DO 

ST~ DEY o.-o o.o 9,000 .a.ooo 54.000 4£,DOO 46,000 
n,x JNT 0,D D.D J6.DDD J7l,D00 741,000 950,000 947,DOO 
NlN INT 0,0 O.D 0,0 "167,DOO •~.DOO 766.0DO 7D6,DOO 
,h'G JNT 0,0 b.O 51,000 UI,C!OO 11ii,DOO t:57,00U 893,000 
ST~ C!V 0,0 C.D 13,000 .4,000 •2,000 16,000 119,000 
tu.X Ih"T' e.o C.D 7Z.DOC 434,DOD 13l,OOO lDJC.OOC ,,s.ooo 
r.tN lNT O,D 0.0 18,000 145,000 491,000 616.000 4Zt,000 
A,G INT 0,0 U.O 67.000 423,0DC 773,DDC t71.000 930,00~ 
STD D!V 0.0 U.O l:,DDO JU.DOD J7.0DC 34,000 97.0UD 
n.u: JNT O.D O,D 12,000 456,000 115.0DU 1019,0DD 983,000 
r.lN INT D.O a.c 10.000 Jl4,0PO 618.DOO aza.ooo 4tl,ODD 
AVG JNT 0.C 0.0 48.000 369.DOO 726,000 9JS.ODD 911.DDD 
STD DEV 0.0 0,0 14.000 65.DCO 71,DOO 73.000 125,000 
n,.x lit!' o.o D.D 69,DDU 427.000 162.DOD 989,DCU 919.DOO 
NIN INT D,D O.U 6,tOD 103,00D 426,0DO 114,DOD 32it,DOD 
.t.•,'G ltlT Cl,O D,O U.000 3DO,ODD 64&.DDO 8:16.000 786,000 
STD DEY 0,0 0,0 9,000 75,000 134,DOO 186,DOO 226,000 

"'i JNT D,O 0.0 J9.DOO )64,0DO 737,DDD t57,0DO 951,DOC 
r.JN JNT 0,0 0,0 3.DOO :SJ.DOC 176,000 162.000 107.DDD 
1.11;; INT O.D D.O 9.000 245.000 612,DOD &lit,000 736.000 
STD DEY D,D O.D 5.DOO 53.000 73.DOO 93.DOD 16~.DDO 
ru.x Ilff O,D o.o 11.0cc 310.000 69",000 ,12.000 176.DOO 
MJN INT D,O O.D ~.o 74.0DD • ~ftO .,. 220.aon 

DIID 

16•1& 
HOLJ!S 

20-22 
HOURS 

2£6,DOD 49,DOO D,D 0,D 
1>4,0DO 27,00D 0.0 0,0 
389.ooo ss.oao o.o o;o 
2it.ODO ___ ~l_.DOO ____ ..0,.0 ______ La.. __ 

320.000 69,DDD O,D O.O 
115.00D 27.000 0.0 D,D 
521,DDC 11t,.0DD 0,0 C,D 

96,0DC it,000 D,0 D,O 
"4l.ODO 127,0DO 0,0 0,C 
156.1100 '°",ODO 0,0 0,0 
602.00~ 195.000 o.o o.o 

74,DOO 35.0IID 0,0 0,0 
610.DOO 207.000 J.DDD O.D 

SD.DOD t,0,DDO 2,DOO 0,0 
69t.OOD 263.DOO 6.000 D.O 
4Jl,DDO 77,DOO 0,0 0.0 
lij0,000 272,000 ll,DOO 0,0 
105.0DD 48.0DO 1,000 0.0 
763.00D J40,0DO 2~.DOO O,D 
299.000 117.000 C,D D.O 
69t..OOO 332,000 J0,000 O.t 
e:.ooo 42.0DD S.OOD o.o 

782,000 408,0DD Je,000 O.O 
1&:.000 111.000 o.o o.o 
688.0DD 317,DDD 26,DDD 0.0 

9Z,DOD 63.DOD 7,000 0.0 
769,DDO 378,000 40.DDD .O.D 
297,000 82,DDO 7,000 0,0 
540.000 £12,000 7,DCO 0.0 
193.000 IS.ODO 6,000 D,O 
701,DOO 324.0DD 20,000 0.0 

lD.000 10,0DO O,D 0.0 
492,000 133.000 o.o o.o 
lll.000 47,DOD o.o 0.0 

ODO 214.000 D,O D,D 
29.oor o.o 

Figure V.A.8. Typical lnput Data for Statistical lnsolation Model for SCE Value Analysis Program 
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o.o 7 
o.o ., 
o.o 7 
o.o ., 
D,D & 
o.o & 
o.o 8 
o.o & 
o.o 9 
o.o • 
o.o • 

The steam generator and turbine generator are sized for a gross output of 
110 M We. Because the hot salt used to generate steam in the steam generator may 
be drown directly from the hot salt storage tank, the gross electric output is 
independent of receiver operations and dependent only on the availability of hot 
salt in the storage tank. The onnuat energy delivered from the receivers to the 
storage tank is enough to operate the turbine generator at rated gross output for 
5,325 hours per year, assuming 100% plant availability (based on the available 
insolation per the model of Section V-A). 

2. Plant Auxilicrv Loads 

The plant auxiliary loads are shown on Table V.B.I. The table also shows annual 
operating hours. A breakdown of. loads and operating hours for major collector field 
operations is included. · 

Loads associated with collector field operations are based on the following 

considerot ions: 

0 3,313 operatini hours per year· from usable insolation with sun elevations 

greater than IO above the horizon. 
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T AHLE V J3. I (o) 
SOLAR I 00 _AUXl[ll\HV"PowtTf HE(llJIHEMUJ~!i 

I\"' " "'I 
I Jtilimlion (hrs) ___ ~!11!""-' "."~,.hr __ -· •---·--- --------- ·----·•···-·-

fJnsl<)l1 Point ~hutdown 
Electric Lm~J! Powf'r (kW) Power (kw) Nornmi Sl111hlown f lnntlf'II Shulrlown ------ •----- , __ .,_ ... •·••· 

I. Helios tots 
a. - Slewlf~ormal) 0 Incl. In le, 
b. Slew (Emergency) 0 21,no 0 0 
c. Track 1125 0 3313 0 1111.I 

d. Overnl~Jht 0 2,, ---- 51,,,1 ---- 110.7 

e. UPS 21, 0 !ilIlI1 n no.7 

11. ruiffis - Salt a.- r.celver Feed Pumps Hownr f/1 Morlh) 
2 Pump Operation 3636 0 26118 0 967.fl.O 

I Pump Operation 1651 0 (.62 0 10911.J 

b. Receiver Feed Pumps (Tower f/2 South) 
2 Pump Operullon 2893 0 26118 0 7660.7 

~ 
I Pump Operation 1322 0 G62 0 875.1 

c. Sleom C-.enerator Feed Pumps 793 0 5256 0 4168.0 

d. Receiver Drain Sump Pumps 
Tower I (North) l Jsr.<I Ouring Cold rm 0 0 
Tower 2 (South) l.Jsecl IJurlnq Cold Fill 0 0 

e. Thermal Storoge Oruln S1n1ip Pumps 70 0 730 0 51.1 

m. Pumps - Feedwolr;!'.. 
a. Compensota f>urnps 207 0 5256 () I088.0 

b. feedwoler Pumps 2202 0 52';(, 0 11537.7 

c. Heater Oroln Pump 1.1 0 52'>6 I) I IO.li 

IV. Pur!f - Clrc. Waler 
a. 'Umf>S 909 0 5256 0 liTI 1.1 
-b. I Pump 0 ,,51,.5 0 ]'j()l1 ---- 1597.6 

v. Pumps - Miscellaneous 
n. CondP.nser Vacuum Pumps :n.6 0 5256 0 176.6 

b. Turbine Conlrol, Seal cuul Lube OIi 100 0 5256 (i 525.6 

c. Turbine Turning Geor 0 16.5 0 3501, 51.8 I ---- ·1 
d. llcarlng Cooling Waler ,, 1.3 ,, 1.3 5256 :ISOl1 217.0 I 1,11.7 

e. Gland Seal Condenser r on 16.5 16.5 5256 JS()l1 86.7 57.8 

I. Water Treatment System ,,,, .'i Slt.5 2678 1752 1111.2 95.5 

g. Service Waler Pumps 121, 121, 7.61.R 1152 12'j.9 7.1 7 .2 

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



--------~----------
TABLE V.A. I (b) 

SOLAJ1 IOO_AUXILIAHY l>OWi.JfHEOUlllEMEMTS 

An1111ol 
\ llllin11ion (hrs) A111111ul MW,,111 

--- ··- -·· ----•---·- --- -- - - ·- -- . --• - - .. •·· .. -- . - .. -- - .. 

Design Point 5hohlown 

Electric L00<ls Powt>r (kW) Pow('r (kw) t--lorrm1I Shuldown 1-Jonnol Slittldnwn 
--· - . --· 

VI. Trace HeeJtLng_ 
a. Receiver Towers 0 Slorerl F.11ergy 0 

Utilin~d 

h. Steam Generator 0 61 (I 927 ---- sr..r. 
c. Solt Pipinq (Hot) 0 360 0 no ---- 2(,7.R 

d. Solt Piping (Cold) 0 L11JO 0 730 ---- 150.11 

e. Storage Tonks 0 Slorecl Erw.rgy 0 
Ulili1:r.cl 

VII. Fons- Cooli!:_19_!_(!~ 
o.7 Cells Operating 1~?6 0 57.SG 0 260.7 

b. I Cell Operating 0 165.30 0 350/1 ---- r:.n.7 

t VIII. HVAC o. Control Equip • .\ Tenn. Rooms ~80.5 80.5 57.56 351111 l123.1 7Rl.l 

h. Adrnirl. Bldg. & Warehouse 20 0 2GOO 0 Sl.O 

IX. Plant Control ,·10 a. Control noom Equipment 20 52.56 150ft 'i78.2 70.I 

b. Remote Equipment 10 10 5256 ]'iOl1 57..6 35.0 

x. Miscellaneous 
a. -·crgliirng- 271.t 180 5756 3501, ,,,,,0.1 6"J0.7 

b. Compres11ed Air System 51.7 IO 5256 3591, 271.7 35.0 

c. Cover Gos System Negligible ----- ---- ----
d. Auxiliary Boiler System 0 ,,, 0 35(111 ---- 259.3 

----- ' 
Subtotal 
T otol Annual Auxiliary Power Required 

51,71.tfl.5 ,1,057•3 
Sf..605.A 

'41/o 01.,1~ p~ V;,.)6-:;; s--glqq4-

~1 ,, ffte.V-;r :: 6d--f?fJ 



3. 

0 

0 

Equivcle~t collector field oper:::iting days of 312 (equivaient annual clear days 
derived from -the weather factor oer Sectio!"I V .A. I). 

24 minutes per operating dcy are required to unstow and stow collector fi~ld 
(i.e., 12 minutes each). 

o One receiver feed pump per field is operating whenever there is usable 
insolation. The second receiver feed pump per field is required 80% of the 
time the first purTI? is reouired. Reduction in usage of the second receiver 
feed pump results from the lower insolation and redoced receiver thermal 
power and flowrates during earlv morning end evening hours. 

Loads associated with the turbine generator, steam generator, and related 
equipment are based on operating during equivalent collector field operating days 
as follows: 

0 

0 

Begin loading at start of receiver operations. 
Romp from zero to full load in one-half hour. 

o Operate continuously at full load until salt inventory in hot salt storage tank 
from current day's receiver operation will just be exhausted at end of one­
half hour romp from full load to zero load. 

o Romj) from full load to zero load in one-half hour. 

Loads associated with trace heating for the receivers and steam generator are 
based on the hours for equivalent collector field operating days shown on Table 
V .B.2 and continuous operation for non-operating days. 

Loads associated with trace heating for major pipework are based on operating 
these heaters continuously during the non-operating days and not operating days end 
not operating them during the equivalent collector field operating days. Stored 
energy in these large lines generally predudes trace heater operation during normal 
operating days. 

On nonoperating days, ell baselocd equipment operates continuously. Other 
equipment is not operated on these days. 

Net Plant Output 

The net plant output during operations at full gross power rating of 110 MWe range 
from o minimum value of 96.6 MWe (collector fields. and all receiver feed pumps 
operating) to a maximum value of 104.5 MWe (early evening storage operations 
before receiver trace heating is required). The annual overage net power output is 
98.3 MWe (based on the 5,325 hours/year from Section B. I). 
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' -------------------
TABLE V .B.2 

RECEIVER AND STEAM GENEHATOH Tf~ACE HEATING HEQt_Jlf U:MEhlrS ·---------· ---------------------- - .. --·--- ---- -·- -

Hours/Equivalent Operating Dny 

Dec Jon/Nov Feb}Oct Mar/Sc~ ----- - ~rl~~•.Y. 

Receiver Units 

e Wing Panel Trace )4 7?hirs 75 kWe 14.8 
( . Heaters 'Vi 

/ (c:,rf~ 

@ Cavity Radiant 7 Jo Ii-rs 500 kW 4.6 
Heaters 

e 

14.4 

4.2 

13.3 

3.1 

12.2 

2.0 

II. I 

O.? 

~ .... Pipework, Sumps 500 kWe 4.6 .... t1.2 3.1 2.0 0.9 

Steam Generator 

(~V Heat Exchangers & 'fd?h~ 61 kWe 3.8 
Pipework - ore J;f-;. J- d- s) 

~qJ.P-'i" 
~o(,• .J 

2.0 2.0 2.0 2.0 
~--- ----A.---------~------

)~ r ?S/.H•6 B J--t, ~+/~?• ti ;, o/i (J /JG, 'l J8,J/) iJ;~ 

- SS-C ~ 'V'$ ~ "3) i)--,0 d- ot 0-V°'}c" -·" J~-r = 

~?! l 

cr"J 1 

M,1rfJ1JI 

10.3 

0 

0 

1.0 

J 7,;1/;;1 

.J,nm 

10. I 

0 

0 

0 

tJ-t ,/? 



V-C. AV AILABl!..ITY ANAL YS!S 

I. Introduction 

2. 

Avaiiabillty is defined cs the percent of time a system, or the complete plant, is 
capaole of performing its specified function or provide its specified output during 
the system, or plant, annual operating periods. A unit is available when it is 
capable of servic.e, whether or not it is actually in service. It is unavailable when it 
is rendered inoperable because of the failure of a component, work being performed 
or otner adverse condition. 

The availability calculation for c solar power plant considers several factors 
different than for c conventionai fossil plant. One is the fact that the output of the 
plant (and specific systems) is time limited by the sun cycle. The other is the fact 
that the plant can produce electric power (plant output) from two separate. sources, 
but one (thermal storage) is somewhat dependent on the other (receiver output). 
The output of the thermal storage is capacity limited and the output of the 
receiver{s) is time dependent {both time of day and day of year). 

The availability calculation for this power plant was performed in two ways. The 
analysis for the solar portion of the plant (heliostat field, receiver, steam 
generators) was performed in a bottom-up manner in which the predicted failure 
rate and recovery time for each component was considered and then cumulated into 
a predicted forced outage rote. The remainder of the plant was analyzed by 
utilizing industry-wide availability data for similar units. The failure rotes and 
recovery times were obtained from References V.C. I through V.C.7. The industry 
data were obtained from Reference V .C.8. 

Availability Results 

The results of the availability analysis are shown on Tables V.C. I, 2, 3 and 4. 
Table V.C. I gives the results of the analysis of the heliostot field. The heliostct 
field will not affect plant availability if the industry standard of power plant 
availability is used. This standard states that the output power must be reduced by 

at least 2% before a reduction in availability is considered. Table V.C. I shows that 
only about seven heliostats will fail in any one day, and if we assume that they will 
be repaired before the next day's operation, this means that the reduction of power 
would be only about 0.05%. 

Tables V.C.2 and V.C.3 gives the results of the component-by-component analysis 
of the receiver and steam generator systems. Table V.C.2 results add up to about 
three failures per year in each receiver, of which about 2.5 will shut the systern 
down. The individual receiver downtime {unplanned outage) per year will be about 
52 hours for an unplanned outage rate of 1.57%. Table V.C.3 gives similar results 
for the steam generator system. This system will experience about 3.6 failures per 
year, of which 2.8 will be critical. The total downtime will be about 63 hours/year 
for on unplanned outage rate of 1.20%. 

Table V.C.4 gives the overall results by system. The heliostat field {collector 
system) shows a zero downtime and unplanned outage rate, as discussed 
previously. There are two receivers which will each reduce the output power by 

50% when down. Therefore, the total downtime for both receivers is twice the 52 
hours discussed previously, but only a partial (50%) unplanned outage is charged 
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-------------------

i ... 
w 

TABLE V.C.I 
COLLECTOTfsYSTEM - SOLAH 100 

ON-EQUIP MEN f CORHECTIVE MAINTENANCE SUMMAHY 

Failure 
Hat6i Operating Annual 

Com~ent cm- > Time Popu~Oli(!!! Failures ---- -------

Heliostat Controller 23.68 3313 1 s,1,21, 1,210 
Hel. Power/Data Cables 0.11 3313 77,120 28 
Secondary Field Power/Doto Cables 0.22 3313 504 --
Primary Power/Data Cables 0.22 3313 8'1 --
Power Distribution Panel 7.0 3313 84 2 
Mirror Module 0.1 Hel. 8760 I 5,lQ4 14 
Elevation Actuator 2.73 3313 15,112'1 140 
Azimuth Drive 2.94 3313 1.5,424 ISO 
Elevation Drive Motor ·*3.35 3313 15,42ft 171 
Azimuth Drive Motor *3.35 3313 I .5,'124 171 
Heliostat Field Controller 17.03 3313 501.J 29 
Field J-Box 1.0 3313 15,424 51 
Pedestal 0.11 8760 IS,'124 15 
Reflector Support Structure 0.12 8760 I s,1,24 16 
Power Transformer 2.0 3313 84 --
Posit ion Sensors 1.133 3313 77,120 290 

TOTAL 

*Includes Motor F allure Hofe 2.0 and Incremental Encoder F allure Rote 1.35. 

MfTH Crrw I tours ---·-- -·------

1.3 2 J,1'16 
1.8 2 IOI 
3 • .5 2 
3.5 2 
1.6 2 7 
2.0 2.5 70 
2.2 2 616 
4.0 5 3,000 
1.9 2 650 
1.7 2 Sfl2 
2.1 2 122 
1.6 2 I 611 

1.0 2 30 
1.5 2 lt8 
2.4 3.5 
2.1 2 I 218 _, __ --

9,7511 

~. 



Co~ent Populatio!_! 

Receiver Panels 20 
Receiver Doors 2 
and Motors 

!. 

Trace Heaters 712 
Radiant Heaters 28 

~ _. ... 

Remote Valves 31 
Check Valves 3 

· Relief Valves 2 
Hand Valves - 74 
•FTR Open 
Hand Valves - IO 
•FTR Closed 
Level Sensors 2 
Temp Sensors 30 
Press. Sensors I 
Tonks 3 
Orifices ,, 
Pumps 2 
Control Valves ,, 
Flow Sensor I 

*FTR - failure to remain 

- - - - - -

Operational 
Hours/Year 

3133 
122 

730 
2477 

,.,---------
~,~ 

3133 
3133 
3133 
3133 

3133 

3133 
3133 
3133 
8760 
3131 

10 
3113 
3133 

TARLE v.c.2 
1-U:CElVEi~O[Alt 100 ---•----------- --

Total 
Failures, forced 

MTBF Per )ear MllH OutarJe 
(Hours) J!.o- _> (Hrs) Hrs[Yr 

62,500 1060.2 22.5 23.85 
250,000 0.98 11.1 0.01 

2,500,000 207.9 17.5 3.6ft 
2,500,000 27.7 17.5 o.,.o 

160,000 641.7 19.8 12. 7 I 
250,000 39.8 19. I 0.76 
100,000 66.3 19.4 1.29 

1,000,000 21,s.2 19. I lt.68 

250,000 132.5 19. I 2.53 

1,000,000 G.63 2.2 0.01 
1,000,000 99.4 2.2 0.22 
1,000,000 3.31 l?.7 1.96 
1,000,000 26.28 32. 0.84 

80,000 165.7 22. 3.65 
16,000 1.25 26.5 0.03 

160,000 82.8 19.8 1.64 
32,500 101.9 19.4 1.98 

- - - - - - -

Syslem 
Down 

Crilicol IJ•~~/Yr Commenls --- ------·- . - ... - - - - - .. - - .. - -- . -- - .. -- . 

Yr.s 23.85 
No 0 Ass1Jme IO min. lo 

op•.m nnd dosP., 
once cnd1 rluy 
hrs/yr ,., ( I /3)(165) 
= 122 

No 0 
Mo 0 He<1t~rs rrq11ire,I 

for lime beyond 
( 01mrolion hours plu!; 

9 hours) 8/60 -
1313~ 9 (330) 

= 2477 

Yes 12. 71 
Yes 0.76 
Yes 1.29 
Yes '•-68 

Yes 2~53 

No 0 
Mo 0 
No 0 
Yes 0.8/1 
Yes 3.65 
Yes .0:1 
Yes 1.611 
Mo 0 

- - - - - -



------~------------
TABLE v.c.1 

STEAM GENEHATORSYSTEM - SOLAH 100 ----- ·•---------·-------·----

Total 
Failures Forced System 

Operotionol MTBF Per ~ear MTTR Ouf(lge Oown 

Component Population Hours/Year (Hours) Jlo-_> ~Hrs) Hr.~LY!. • Critical t!r.~[Yr --
Heat Exchangers 4 5256 31,000 678.2 28.5 19.33 Yes 19.33 

Remote Valves 9 5256 160,000 295.7 19.8 5.85 Yes 5.85 

Control Valves 20 5256 160,000 657.0 19.8 13.01 Yf'S 13.01 

Relief Valves 5 5256 100,000 262.8 19.4 5.IO Yes 5.IO 

Tanks I 8760 1,000,000 8.76 32. 0.28 Yes 0.28 

Hand Valves - 58 5256 1,000,000 304.9 19.1 5.82 Yes 5.82 

*FTR Open 

~ Hand Valves - 12 5256 250,000 252.3 19.1 4.82 Yes ,,.82 

..a *FTR Closed 
U1 

F ossi I Heo ter I 662 91,000 7.27 13.5 0.1 Yes 0.1 

Pumps I 5256 16,000 328.5 26.5 8.71 Yes 8.71 

Temp. Sensors 20 5256 1,000,000 105.I 2.2 0.23 Mo 0 

Press. Sensors 5 5256 1,000,000 26.3 19.7 0.52 No 0 

Flow Sensors 4 5256 32,500 6l16.9 19.4 12.55 No 0 

Level Sensors I 5256 1,000,000 5.26 2.2 0.01 No 0 

Trace Heaters 92 927 2,.500,000 31,.1 17.5 0.6 No 0 

*FTR - failure to remain 



TA3LE V.C.4 
TOT AL PLAh!T AVAILABILITY AhlAL YS!S 

Outoae % 
Allocated 

System Charge to Operations 
Expected+«- Downtime Against vs 
Operating (F creed Outage} Operations Non-Operations 

Svstem Hours/Year Hours/Year · Time Time 

He1iostat Field 3,313 0 0 0 

Receivers (2) 3,313 I 03.96 1.57* 0.59 

Steam Generator 5,256 63.62 1.20 0.72 

Turbine 5,256 220 4.19 2.51 

Molten { Receiver 3,313 io .3Qti- • I I 
salt 
loop Stm. Gen. 5,256 10 • I 9 • II 

• 

Control System 8,760 0 0 0 

Total Unplanned outaged 7.45 4.04 

Plant availability 
(excl. planned ovtage) 95.96% 

* Two receivers each reduce power by 50% when down • 
.... Based on initial operating time estimates only; availability analysis not revised to 

. reflect final estimate of operating time. 

against plant availability for each downtime hour. Thus, the unplanned outage rate 
is 1.57%. The value for the turbine system was obtained using historical date for 
similar power plants. The zero values for the control system were obtained because 
all automatic control systems• are backed-up by a manual system and thus are not 
critical. Also, the supervisory and heliostat computers are redundant. The results 
shown in the first plant outage col~mn on Table V.C.4 are conservative; the actual 
availabi•Jity will be higher. These results assume that all of the recovery period for 
a failed component occurs during operating hours when, in fact, some of the 
recovery time foils during nonoperating (nighttime, cloudy days). A calculation to 
toke this into account (on o rigorous statistical basis) is beyond the scope of this 
study, however, a top level estimate has been prepared. The downtime was 
assumed to distribute evenly over all times whether operating or nonoperating 
times. The receiver unavailability is the number of .downtime hours (52 hours/year) 
divided by the number of hours in o year {8760). Similarly, the steam generator, 
turbine, and molten salt loop downtime is apportioned to the total annual hours, 

V-16 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



i--

I 
I 
I 
I 
1 
I 
I 
I 
I 

-1 
I 
I 
I 
I 
I 
I 
I 
I 
I 

with the salt loop downtime split betweer. the receiver and steam generator loop c 

shown or. the table. The result is on unplanned outage rote of 4.04%, (~ 96~ 

availability excluding planned outage) as shown on Table V.C.4. 

An analvsis was performed on the planned outage of 6 weeks every 4 years. This 

maintenance was assumed to be performed during December end the first two 

weeks of January. The plant output in these months was adjusted downward to 
reflect this quadrennial outage on an annual basis. 

V-D. AhH-JUAL PLAl\!T OUTPUT 

The annual plant output is summarized in the 11wcterfal1 11 chert of Figure V-D. l. The 

figure shows annual performance assuming I 00% plant availability (basec on available 

insolotion per the model of Section V-A). The effects of outages ore discussed in 

Section V.C.2. 

Figures V.D.2 to V.D.5 show similar waterfall data for winter solstice, spring and fall 

equinox, and summer solstice. 

Collector field performance was calculated
2
using the University of Houston R-CELL 

code and annual insolation of 2576.4 kWhr/m , as described in Section V.A. I. Latitude 

end elevation were based on Barstow to be consistent with the insolation model. A 

survey of West Associates data (Reference V.A. I) in the California desert did not 

indicate any systematic variation of insolation with elevation. A collector field down-

l 
s- JODu @7G 41 

Annual Average ::: 

2258 lnsolation = 2576 KW-Hr/m2 ?;,-?kl;,~ 

2000 

1.000 '--L. d ( .s,J,:e) . VG-fu.tA..__4,,v-l~ ::JI/ ' . 1,, ~. 0, 

- 1917 -0.849 
1726 (Absorbed 
0.764 1662 

0.736 1549 1515 
/ in Receiver) 

0.686 0.671 
1489 1459 
0.659 0.646 1 :375 1363 (Available 

0.6W 0.606 to Turbine) 

~ 

1000 

0 

C 
:i 1I - s g : 

3 as ii 
0 ii i= 

ii i ·- 0 
C: .. 

i-= - 0 
.E .. C .§ ~ Cll ..J 

?- "' .2 E < .. :? a: ~ -g~ .. 1 C 

I €-
! 1 ;; 

c,~ C, - :s .. - 584.6 
j ::, > -e .. 

! ! "O .5! iii 0 ·au iJ 0.259 489.4 l 'iii 'i i ~ 1i-a; g .s fEi 
< 8 .c < .E 0.217 a: 0 i!:c a:< a: = ?- .t-.. ·u 

c•- •·u .. -~ c-~-e il :c ~ .. =- - .. Is t,1-w fi=w 
1.000 0.849 0.900 0.963 0.932 0.978 0.983 0.980 0.942 0.996 0.427 0.837 

Performance Factors 

Figure V.D.1. Annual Average Performance 
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Performance Fact0rs 

.Figure V .D.2. Winter Solstice Noon Performance (Design Point) 
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Winter Solstice Noon 
(Design Point I 
1ns0lation • 1000 W/m2 

/, .. .,,_ 
in Receiver) 

651.6 

0.742 623.8 622.S .. 
0.71i 0.702 

!Power to 

"' 
., Storage) 

I 
.. 365.2 MWt 

.3 .. .s = ... 
Ill 

~ 
E 

> = "' 
~ ii.\ 5 

=c i .E o 257.6 !Available .. i-:: . 
tc Turoinel .!l a:~ < 0.708 

j ir3 i .. 
~ ;~ !' a: a: Ii :i 

A. 
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96.9 
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900 -
863.6 

1.000 

BOO - 793.7 

0.919 

7.,14.3 707.~ 

700 - 0.827 
0.819 

659.1 

0.763 
644.6 

0.746 

600 -
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400 -
!' 
:ii 

300 - ] g 
i = "0 
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> C: C 

!' .!2 .E 
II> i :a 1 ;; C. 
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slope, from north-to-south, of 1.5° wcs us.ed for both fields. This value was selected as c 
representative average for the field based on several collector field performance runs 
from zero to 2.5° slo-pe. 

Heliostat size one! performance ciata are based on MDAC Model 50 heliostat 
characteristics. 

Table V .. D. I summarizes the design point and annual overage efficiency for the receiver. 

TABLE V.D.I 
BASELINE RECEIVER EFFICIENCY DAT A 

Design Point Annual Average 
Loss Mechanism Efficiency Efficiency 

Reflection 0.980 0.980 

Radiation 0.983 0.976 

Convection 0.974 0.965 

Conduction 0.998 0.986 

Total Thermal 0.936 0.910 

Spillage 0.978 0.978 

Total Receiver Efficiency 0.916 0.890 

Reflection and radiation losses were estimated using a NASA radiation heat transfer 
computer code, TRASYS~ Convection -losses were modelled as a root-sum-square of 
natural and forced convection. Natural convection was modelled with the simplified 
Abrams model which predicted on enhancement of free convection for the cavity over 
that for an exposed flat plate. Forced convection was modelled based on receiver frontal 
area, the Achenbach correlation, and the Lucerne Valley "wind rose." 

Gross turbine generator cycle efficiency of 0.427 was used for all turbine generatort 
operations. This corresponds to a gross turbine heat rate of 7988 Btu/kWe/hr. 

Plant auxiliary loads and availability were calculated as discussed in Sections V.B.2 and 
V.C. A tabular summary of the plant net output is shown on Table V.D.2. Doily gross 
output values shown are for monthly average clear days. Net monthly values are derived 
from the daily gross output values by accounting for weather, and auxiliary loads. The 
resulting annual energy output is 524 million kWh. Table V.D.3 shows the adjustments to 
monthly gross output and auxiliaries for planned and unplanned outage. Monthly values 
from Table V.D.2 were adjusted by the 0.96 plant availability due to unplanned outages. 
January and December values were adjusted for the quadrennial planned outage. The 
final annual energy output is 489 million kWh. 
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- I ------------------
TABLE V.D.2(o) 

PLANlNETOlJfrUT 

(AM) Hour, {PM) 
----------------------------- -------- ---•----- ·------·----·· ----- •• - - - ..• -~. --·•. -- • -- •• --

~th .!l-2 2-4 1,_5 ~~ 6-7 7-8 8-10 10-12 12-2 
ttrl Loud/ 

2-4 4 .. (, 6--R 8-IO I0-17. .!o_t,,ts c ;ro,;~ l.111,I ... . -

~ (22.75 Op Ooys per Month) 

Gross/nay 0 0 0 0 0 0.55 199.7(, 220 220 220 :no 770 no 121.4 1,;t11.7S 

Gross/Month 0 0 0 0 0 17.5 '15'111.s 5005.0 5005.0 5005.0 5005.0 'ilJOS.O 5005.11 2767..8 J/jf19.IJ 

Aux/Month 130.Q .Ll2.•! .!J0.7 I I0.7 112.4 131.R 606.S 666.6 666.6 606.5 3]1.9 315.1 3'76.I 267..1 1157.6.1 

Net/Month -130 -139.1 -110.7 -1 I0.7 -112.4 -119.J ]918.0 4338.lt 4:118.4 11398.5 l1(.1J.I 11679.7 li67R.? 7500.7 l7R7.1.5 .Rl? 

Feb (Zl.94 Op Ooys per MoRth) 

Gross/Doy 8.32 0 0 0 0 37.95 220 7.20 220 220 220 220 220 71'1.111 1800.70 

Gross/Month 182.5 0 0 0 0 837..6 11826.8 11826.8 4826.8 4826.8 l1R26.IJ 482(,.8 11826.8 11704.6 39507.3 

l\ux/Month 135.5 109.7 81.2 ~-5 !9!!:!! 190.8 601.4 626.7 6U,.1 601.4 407..6 797.1 ~~-~ 297.4 l1l16R.R 

~ 
Net/Month fl7.0 -I09.7 .-81.2 -99.5 -100.fl 6111.8 fl22'i.4 fl200.I ,,200.1 4225.lt ft/1211.Z 1152?.7 1,s20.11 111107 .2 3'ill1R.5 .RR7 

N 
w 

Mar (2 7 .62 Op Dnys per Month) 

Gross/Day 15.55 0 0 0 3.25 98.17. 220 220 220 220 220 220 220 218.31 1875.21 

Groll.'l/Month fl29.5 0 0 0 IJ9.8 2710.I 6076.11 6076.ft 6076.11 6076.11 6076.11 6076.11 6076.11 6079.7 51 /93.'J 

Aux/Month 146.6 · !_02.2 56.8 I08.0 148.0 292.2 1J2.8 752.8 !}_2.8 752.IJ 482.9 3:J5.8 339.S 33R.f1 5361.6 

Net/Month 282.9 -102.2 -56.8 -108.0 -58.Z 2'il7.9 5323.6 5313.6 5321.6 5323.6 5593.5 57110.6 5136.9 5691.3 f16f1J2.J .R'J6 

~.! (28. IO Op Days per Month) 

Gross/1.)oy 40.37 0 0 0 50.38 110 220 220 220 220 7.20 220 no 220 1960.7'> 

Gross/Month 1134.4 0 0 0 1415.7 j(J91.0 6182.0 6182.0 6182.0 6187..0 61R2.0 6IR2.0 6182.0 6187..0 5S097.1 

Aux/Month 167.7 92.J lli 16.lt I~Z.9 33~-1 766.0 ~.!i~ 766.0 766.0 S92.8 :nt.6 338.0 336.9 567'.J.O 

Net/Month 966.1 -92.3 -'17.1 -76.4 1172.8 2751.1 s111,;.o 5"16.0 5"16.0 S1116.0 55R'J.2 5850.lt SR'it1.0 'iR't5.I 1191168.I .R?ll 

~ (29.19 Op Days Pf!r Month) 

Gross/11oy 76.34 0 0 1.36 93.35 110 220 220 7.20 no 220 no 220 7.20 7.041.5 

GrO!I,/ Mon th 2243.6 . 0 0 t10.o 77111.6 J2J2.9 6fUVi.8 6465.8 61165.8 6(165.8 61165.8 <,t16S.8 (/165.R (.l16'i.8 59986.5 

l\ux/Month ~o.5 91.! 'i5.9 81.5 287.3 181.0 784.2 1w1.2 ~~1 .. ? 7811.2 6GR.I 3"15.9 3411.1, y_,}•1 59116.6 

Net/Month 2033.1 -91.9 -45.9 Jtl.S 2'i56.3 28'il.9 5r.Rl.6 5681.6 5681.6 5681.6 5797.7 6I0?.9 617.1.11 617.2.5 St11H9.9 .'101 



TABLE V .D.2(b) 
PLANf-Nl-ry OU frtJT --------

(AM) I fours (PM) 
--·------... -·------------•---....... -- .. -----·----·-------·-----------·--- --~- ... ----- -- ·---··--·- --- . -- ...... - -- -~ 

1-1••1 I mal/ 

~!!! Jl~. 2-4 ~:~ 5-6 6--7 7-8 8-IO !~:H. 12-2 2-~ 4-6 6-8 0-IO !~· •?: ~ol~l!I Gro~:-1.,,.al 

Jun (26.13 Op Oays per Monlh)_ 

Gross/f)ay 215.15 9.25 0 R.44 104.53 110 220 220 220 220 ZlO 220 Z10 220 2701.11 

Gross/Month 5621.9 241.7 0 220.5 2731.4 287ft.3 5748.6 57ft8.6 5748.6 5748.6 511,a., 57411.6 57118.6 s11,e., 57618.6 

Ame/Month 325.'J !_311.8 Sl.2 !!.6-6 267.8 359.ft 717.'1 717.9 711.9 JJ.J.9 .~?1-!. J~1.8 l!~~ ~1._5_._! ~!6J..!~ 

NP.1/Monlh 5296.0 106.9 -51.2 103.9 2463.6 251ft.'J 5030.7 5030.7 5030.7 5030.7 5121.5 5393.R 5'121.7 51,22.1 51916.6 .'IUII 

Jul (21.00 Op D<lys per Month) 

Gross/Doy 76.0I 0 0 1.36 93.35 110 220 220 220 220 220 220 220 270 7.0ll0.72 

Gross/ Month 205?.3 0 0 36.7 2520.5 2970.0 5940. 59ft0. 5940. 5940. 5940. S,,IO. 591,0. 59,,0. 55U'J'J.'i 

Aux/Monlh 214.8 !95.8 i2,9 85.5 274.7 .!~..:.'! 7ftl.8 7ftl.8 7ftl.8 741.8 635.2 ~8 • .J 337_.!! 336_.!! ~!J9!~ 

Nr.t/Month 1837.5 -IOS.8 -52.9 -ft8.8 2245.8 2609.2 5198.2 5198.2 5198.2 5198.2 SJ04.8 5591.7 5602.2 5601.2 ,,,:'79.7 .W.'(, 

< • 
~ ~ (27.60 Op Oays per Month) 

Gross/Day 68.20 0 0 0 50.38 110 220 220 220 220 220 220 220 220 1988.58 

Gross/Monlh 1882.3 0 0 0 1390.5 JOJG.O 6012.0 6072.0 6072.0 6072.0 6072.0 6072.0 6072.0 6012.0 s1,w,.o 
Aox/Month .!L';_J I02.3 52.2 80.4 2ftl.O ;!J_'!J 752.5 752.5 752.5 752.!'} ~_s_.1 ~J}.] ~;_1_9.5 :J:ffl.lJ 

O 

5591.4 

t.fet/Moolh 1107.2 -I02.3 -52.2 -80.ft 114'1.5 2701.9 5.Jl9.5 5319.5 5319.5 5319.5 5'106.9 5738.7 5732.5 57:J:l.6 492'11,ls .il'IR 

~ (26.70 Op Oays per Month) 

Gross/Doy 15,88 0 0 0 3.25 98.17 220 220 220 220 220 220 220 218.ft2 1815.72 

Gros'S/Month 42ff.0 0 0 0 86.8 2621.1 587ft.0 5874.0 5874.0 5874.0 5874.0 587ft.0 587ft.0 5831.0 50081.7 

Aux/Month 142.0 99.0 55.1 104.6 143.2 282.6 _ll8.I 728.! 728.1 1?8,1 467.2 325.0 ~?RA J27.'I ~!!J,0 

f-lP.t/Month 282.0 -99.0 -55.I -104.6 .,56.4 ZJJ8~5 51115.9 5145.9 511t5.9 5145.9 5'!06.8 5549.0 5545.5 5504.4 448"4.1 .A~<, 

Qct (21.60 Op l)ays per Month) 

Gross/Doy 8.56 0 0 0 0 37.95 220 220 220 220 220 220 220 214.63 1801.14 

Gross/Month 236.] 0 0 0 0 1047.4 6072.0 6072.0 6072.0 6072.0 6072.0 6072.0 6072.0 5923.8 4'7711.S 

Aux/Month 134.8 192.3 84.3 191.2 108.3 222.0 720.7 752.5 752.5 720.7 ft70.S 337.9 J~.5 33l!,!! ~!2_1,6 

tJP.t/Monlh 101.5 -102.] -84.3 -107.2 -108.l 825.4 S351.3 5319.5 5319.5 5351.J 5001.5 5739.I 57'.12.5 5585.,, ,,,,s1ct., .8% 

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



-------------------
TABLE V.D.2(c) 

PLANT NEf OUTPUT 

(AM) I fours (PM) ___ .,. _______________________________________________ ·-----------·---·---•---· ------··------. ·-. -------· -- --

t-11•1 1_,.,nl/ 

~!!! !?-2 2-4 !!:S.. 5-6 6-7 7-8 8-IO 10-12 12-2 2-4 '1-6 6-8 n.m 10-- I 7 folnls ( ,ro~~ L•KMI 

Nov (211.68 Op Days per Monlh) 

Gross/Doy 0 0 0 0 0 O.'j6 199.75 220 ?ZO 220 7.20 7.20 7.21) 17.1.:n tr.ril.51 
Gross/Month 0 0 0 0 0 l:1.8 l1929.8 5'129.6 5'129.6 ':il129.6 51129.6 51129.(, 51129.6 29?1.7 110512.9 
Aux/Monlh I 10.3 120.2 104.7 104.7 I06.6 126.11 ~?_7,0 ~'!J~?.. 692.2 627.0 32?.0 ~7.2_.1_ 377.'J 25"J.7 45}9.5 

Net/Mo,:ith -101.3 -120.2 -IOlt.7 -104.7 -I06.6 -113. l1102.8 l1737,11 4 737.11 4802.6 5100.6 51117.11 5106.1 27.lll.O J':i971.fl .llllll 

Dec (22.51 Op Days per Monlh) 

Gross/Doy 0 0 0 0 0 0 175.45 27.0 270 no 27.0 2211 7.l'J.26 19.27. f'jf].93 
Gross/Month 0 0 0 0 0 0 39119.11 l1'.152.2 119';2.2 l1'J52.2 l195?.2 l1'J'il.l 493';.5 l132.6 11,om.5 
Aux/Month .!11! ~9.9 112.0 112.3 112.6 1111.5 572.8 667..3 r.62.-1 518.0 Pl•!~ 3211,/ 325.5 I 17.. I 4J';l.9 

~ Net/Month -131.9 -149.9 -112.0 -112.3 -112.6 -111,.s 3376.6 47.89.9 t1lR9.9 ltJ7ti.2 111.111.2 l1(.7.7.5 11610.0 7(.0.5 29775.(, .877 
N 
UI 

Yearly Totols (312,02 Op Days per Year) rt. Jf;;.,a;,,_ .e~ tJr 

Gross/Yeor 

~ ~ /,f-pN 
5H5182.I 

Aux/VP.or r.n1r..s 

Net/YE!Or 12181.7 -I I07.8 -8511.I -890.2 8833.1 19306.4 58309.6 60000,8 60000.R 60267.5 67/J0.0 6l1652.'i 6l1660.7 S'if11'1.6 57."JSOS.6 .8911 - ··- ------

2.33% -0'.21 'lo -0.16% -0.17% 1.69% 3.69% I 1,141. 11.46% 11.46% 11.51% I 1.98"{, 12.:Js~. 12.:J'i"(, 10.59% 

------------------------------------·------- -···- -- -· --- ·--- •--------·------ I 

Hours 12-2 2-4 4-5 5-6 6-7 7-8 R-IO 10-12 12-2 2-'• '•-6 6-8 8-10 I0-12 I 
------------ 0 •------- ----•----• •-------•- ••••HH-•-•••••- --•-• --•-• • •-- ••••-•• • • • • 0 • - -- ••· •-• ---• 0 •••••--•-• 

~s ~ ,:...,oficJ.e 
Summary by PP.rlods 

12PM-6AM 9329.6 1.78% flo~vV2l/1kcc~ o~r 
12PM-8AM 37469.1 7.16% 
IOPM-6 AM 64749.2 12.37% 
10PM -BAM 92883.7 11.74% 



TABLE V.D.3 
PLAI\JT O'JTPUT WiTH PLAN~..JED AND UNPLANNED OUT AGES 

. ~ u I~<\ ~l•~--'(?-/4) 
On.pl~\,\ 

Month -~ x Gross\, , 9<'.\-- - Aux. Adj. for Outage = Net 

Jan 

Feb 

Mar 

Apr 

May 

Jun 

Jul 

Aug 

Sep 

Oct 

Nov 

Dec 

V-E. 

I. 

Aux .. 
""= 

30072.4 3968.9 26103.5 

37927.0 4340.5 33586.5 

49722.1 5175.2 44546.9 

52893 .. 2 5419.7 47473.5 

57587.0 5722.1 51864.9 

55371 .. 5 5563.7 49807.8 

52895.5 5524.3 47371.2. 

52689.4 5396.0 47293.4 

48078..4 5007 .. 0 43071.4 

47723.0 5012.2 42710.8 

38892.4 4402.2 34490.2 

24536.8 3462.6 21074.2 

548,388.7 58,994.4 489,394.3 

PLANT OPERATION AND MAINTENANCE 

Introduction 

This section describes elements of the plant maintenance plan including the 
maintenance concept and support resources required to operate the plant. T~is plan 
forms the basis for operations .and maintenance (O&M) cost estimates presented in 
Section Vlll.B. 

2. Plant Maintenance Concept 

All maintenance functions performed on plant hardware, including support 
equipment, ore categorized in one of three maintenance levels defined as: 

Online - Maintenance performed on plant equipment while installed in its operating 
location. This includes scheduled and unscheduled {corrective) actions required to 
inspect, service, calibrate, fault isolate, replace components, repair in-place, and 
verify system operation. 
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Offline - O."'lsite level - Maintenance performed on plo:,t equipment subsequent to 
removal fro:-n its operating location or installed condition and accomplished in the 
plcnt maintenance and repair building. This includes disassembly, inspection, 
re!XJir, service~ calibration, reverification operatio"'l, and proof testing or load 
rever:fi cation. 

Offsite - Maintenance performed on plant equipment ct designated offsite 
locations; for example, ct supplier's manufacturing facilities. It consists of 
maintenance that requires equipment, fo::ilities, or skills which are not economical 
to establish at the plant maintenance facility. This includes repair, overhaul and 
rebuilding. Maintenance analyses were performed to include both scheduled and 
unscheduled maintenance. Reliability analyses were conducted on the solar design 
to determine mean time between failure, as discussed in Section V. 

The basic fieid maintenance concept is to remove and replace failed functional 
assemblies. For each item, actions required to remove .and replace the crew size, 
the time required to remove and replace spares and spare parts, and any support 
facilities and equipment are defined. This is based on WDAS product support 
experience including specific experience during the Collector SRE for the Solar 1 
program. 

a. On Ii ne Maintenance 

Corrective - System repair is accomplished in the most economical manner 
consistent with meeting availability requirements without degrading 
performance, reliability or safety. Repair methods for each of the plant 
major equipment group is selected to satisfy this criterion. 

Functional assembly replacement - Removal and replacement of a complete 
functional assembly which implies a spare item is available onsite to replace 
the failed item. The failed item is repaired, functionally tested, and 
returned to spares stock. Procedures provide sufficient date to identify the 
failed item, system maintenance preparation (operational mode or status 
requirements), safety precautions, special replacement requirements, 
support equipment, and any servicing or functional test subsequent to 
replacement 

Detail ~rt replacement - Applicable for specific failure modes when 
functionc assembly design and installation permits access for replacement 
of detail parts.· Examples include panel switches and indicators, electrical 
connectors, and valve pocking, seats, poppets, or other internal ports. Spare 
parts are stocked on site. Procedures provide coverage similar to that 
described f-orf unctional assembly replacement. 

Standard repair process - Apply to static mechanical, structural and other 
nonoperating components such as piping, support structures, electrical cables 
and wiring. Actions include welding or splicing in new sections, corrosion 
control, cleaning, refinishing and painting. Bulk materials, raw stock and 
spare parts are stocked onsite. 

Remove, repair and reinstall - Applicable to functional assemblies and other 
major items when in-place repair is not feasible and repair by replacement is 
not warranted due to high cost of replacement items. 
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3. 

b. 

c. 

I 
Scheduled - Scheduled maimenance is categorized as routine or planned I 
outage. Routine scheduled maintenance includes inspection, servicing, 
cleaning, painting, calibrating, testing, and component replacement or 
change-out which can be accomplished during normal system operation or I 
during daily non-operating periods (i.e., overnight). 

Planned outage consists of the refurbishment or major overhaul of system I 
equipment. Svstem planned outages are scheduled concurrently when 
possible and planned well in advance to reduce down time and assure 
availcbilitv of maintenance support equioment, · replacement parts, bulk 

1 materials, and personnel. 

Certain tasks are planned to be performed by outside maintenance 
organizations, working under negotiated service contracts. The use of I 
service contracts for these tasks is preferable to establishing new skill 

classifications and incurring training and capital equipment expenses. 

Offline, Onsite Maintenance 

Maintenance performed in the plant maintenance and repair shop is 
essentially limited to bench type repairs which can be accomplished with 
standard (off-the-shelf) multi-purpose tools and test equipment. 
Meintenance beyond this capability is accomplished offsite unless increased 
capability in the form of additional tools and test equipment is justified by 
cost considerations or technical reasons. Repair parts and bulk materials to 
support maintenance of components designed .as onsite shop repairable are 
stocked in the maintenance facility. 

Offline, Offsite Maintenance 

Plant equipment designated for offsite maintenance is repoired ct existing 
utility maintenance facilities or a supplier manufacturing facility. Repaired 
or overhauled items are subjected to the original product acceptance test or 
equivalent prior to returning to spares stock. 

Support Resources 
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A preliminary assessment of the support resources needed for the Solar 100 plant 

has been completed. These resources are categorized as: 

0 

0 

0 

0 

Spares end repair parts 

Documentation 

Training · 

Special tools and test equipment 

o Facilities 

0 Staff 
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a. Spares and Reoair Parts 

A prelimino"'y spares a:ialysis wos conducted based on the hardware 
configuration and the mean time to repair. Repairable functional 
assemblies, upon failure, are removed from the system, placed in the repa:r 
cycle, and subsequently returned to spare stock inventory. Initial spores 
quantity for these items is the sum of the pipeline quantity and o 
contingency supply. The quantity is based on the maximum number of items 
in the repair pipeline at any given time, which is calculated using the failure 
rate and the repair cycle time. A repair cycle time of five days is 
projected. The initial spores quantity for nonrepairoble items (i.e., those 
discarded at failure) is set at the predicted number of failures per year plus 
c contingency quantity. The initial spares quantity will be procured and 
stocked at the repair location when the first year of operation begins. 

The discard factor represents the number of failures which result in on item 
being discarded instead of repaired. The product of the total number of 
failures per year and the discard factor equals the number of replacement 
items to be procured during subsequent years. 

Spares, repair parts, and bulk materials are procured and stocked to directly 
support the maintenance functions at each maintenance level (online, offline 
onsite, and offsite). Specific requirmeents ore derived by allocation of the 
maintenance analysis to each of the major systems. 

b. Documentation 

Characteristics and Performance 

Design requirements including physical configuration, performance, 
operating characteristics and limitations, test data and requirements are 
provided to completely describe the system. 

Instructions 

Station manuals consisting of the following three volumes or books for each 
system will be provided: 

o System Description Book 

o Equipment Data Book 

o Drawings and Diagrams 

, In addition to the station manuals, user's manuals will be provided which 
contain operating instructions .and maintenance data. 

Operational functions will be described in sufficient detail to permit 
development of overall system operating manuals. The minimum data 
required by o skilled and knowledgeable technician to accomplish 
maintenance functions will be provided. 
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c. 

d. 

e. 

Trainina 

Tne trainirrg will concentrate on the tasks, skills, and knowledge the SCE 
operational end maintenance personnel will need to effectively end sofelv 
ooerate and maintain the solar systems in the plant. It is anticipated that 
most of the trainina wi II ~ conducted at the Soler I 00 site; however, it 
many be necessary -to have some port ions of the instruct ion conducted at 
offsite locations, e.g., equipment supplier facilities. Any supplier units of 
instruciton which ere conducted either onsite or offsite will be integrated 
with MDAC instruciton. 

The courses planned for Solar I 00 personnel include the following: 

0 

0 

0 

0 

0 

Solar Equipment Orientation 

Control Room Operations 

Plant Equipment Operations 

Electrical/Electronic (E/E) Equipment Maintenance 

Mechanical Equipment Maintenance 

Special Tools and Test Equipment 

In addition to the traditional power plant support equipment, e.g., welding, 
flushing, water conditioning and mobile lifting and hoisting equipment, the 
Solar 100 plant will require equipment and tools unique to the collector. A 
tentative list of these litems is provided in Table V.E.1. 

Facilities Requirements 

The maintenance concept as O?Plied to the collector field requires onsite 
foci lities for storage of maintenance support spares end material, and for 
repair of discrepant items. 

Storaoe Facilities .. Based on the quantity of spares ~commended for 
maintenance support, an area of approximately 2000 f~ is required for 
storage. In addition to usual utilities, this area will be furnished with parts, 
rocks, and bins and a loading dock. 

The storage area will be coloccted with the maintenance area. 

Maintenance Facilities - The foci lities needed to house and support the 
repair activities are ~ermined by both the nature and the frequency of 
repairs. About 1,000 ft is required. Only .one special fixture is required, a 
support fixture needed to hold the heliostat azimuth drive during preparation 
of the- unit for shipment and installation. Other items can be disassembled, 
inspected, reassembled and test on standard work benches. 

The azimuth drive weight, approximately 330 pounds, precludes manual 
lifting of the unit. A mobile, hand-operated joist or jib crane is considered 
adequate for this purpose. This area will also be furnished with tool cribs 
and storage to test equipment. 
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TABLE V.E. l. 
SUPPORT EQUIPMENT SUMMARY 

Item 

Commercial items 

I. Mobile crone I 0-tons, with 
standard rigging 

2. Forklift with hoisting odopater 

3. Hydro-Set, 2-1 /2 tons 

4. Pickup truck 

5. Wyler minilevel 

6. Oil injector 

Special items 

I. *Portable control unit 

2. Service link kit 

3. Jack adjustment tool 

4. Clinometer mount 

5. Hoisting tool, azimuth 

6. Hoisting -tool, reflector/drive/ 
support assembly 

7. Tool, panel leveling 

8. Sling, mirror module lifting 
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Remove and hold heliostat reflector 
during removal and replace of azimuth 
drive. 

Remove and replace azimuth drive. 

Precise positioning of reflector during 
reinstaliation on the azimuth drive. 

General. 

Measurement of mirror module cant angle. 

Fill drive housing with oil. 

Fault isolation and control of an individual 
heliostot. 

Stabilize heliostat reflector during 
removal and replacement of elevation 
jack. 

Set elevation jock extension to a design 
point for initial track calibration. 

Provide interface between clinometer or 
minilevel and main beam reference point. 

Remove and replace azimuth drive. 

Remove and replace reflector/ 
drive/support assembly during 
azimuth drive change out. 

Measure mirror module cont angle. 
Used in conjunction with Wyler 
mini-level. 

Remove and replace mirror module. 



& •• 

I 
The maintenance requirements of the remaining plant require additional I 
facilities similar to standard utility plant support. 

Stcffing 

Supervisory, operations, maintenance, clearical and security requirements 
were considered in developing a staffing estimate for Solar 100. The 
manning recommendations presented on Table Vlll.D. I resulted from 
analyses which explored the accepted provision of personnel to operate and 
maintain established SCE plants (such as San Bernardino and Coolwater) and 
extrapolated these date to determine requirements for the turbine generator 
and balance of plant at Solar I 00. Solar unique personnel requirements were 
added. The solar manpower requirements were developed by detailed 
analysis of equipment characteristics. Predicted failure rates, equipment 
quantities, annual operating hours, crew sizes, and estimated repair times 
were combined to develop annual manhour estimates. 

These resultant manhour numbers. were then converted into equivalent 
numbers of personnel neededo The total quantity of personnel was 
segregated into the necessary crafts and skills, and combined with the 
turbine generator and balance of plant personnel to form the plant total 
staffing requirements. · 

Potential support by the external maintenance division of Southern 
California Edison was not considered in the development of the staffing pion 
at this time. 
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VI. SITH'\lG 

A siting study was oerformed to determine the best site for locating Soler 100. However, 
the Edison Compa:-w is presently in the process of licensing c 1290 MW pecker park ct 
Lucerne V~lley enc decioed to submit an application to include the Solar I 00 project on 
the some site. 

Accordingiy, the Solar I 00 plant is contemplated for the Lucerne Volley site 
notwithstanding its fourth place site ranking. The two most compelling reasons for siting 
at Lucerne Volley which were not addressed in the independent siting study wer.e: 

I) Time - Bv "piggybacking" on the Peaker Pork licensing activity 6-12 months are 
saved in tne licensing of Solar 100, and 

2) Water - Negotiations for a water supplv have essentiallv already been completed 
guaranteeing water availability for Solar 100, Location of Solar 100 at other sites 
may require lengthy (end possibly unfruitful) negotiations for water. 

VI-A. 

The Siting Analysis investigated potential solar olcnt areas iocated in Edison's 
service territory (principally Southern California), although one location in Nevada 
was also investigated. Initially 20 sites were determined to be suitable and this list 
was subsequent I~ reduced down to IO viable sites. Environmental investigations 
into most of the sites were somewhat limited due to time restraints. However, 
several of the sites (e.g., Cool Water and Lucerne Volley) had been previously 
studied in conjunction with other siting investigations and so, were more fully 
analyzed. 

CRITERIA FOR SITE SELECTION 

The intent of the siting study was to provide a systematic evaluation of candidate sites, 
within and outside the Edison service territory, that can be utilized for solar thermal 
development. A broad spectrum of real estate properties were considered.. These 
included Edison owned properties, privately owned real estate and federal land. 
Consideration wcs given to sites that have at least two sections (1,280 acres) of 
unobstructed lend with a gentle south facing slope, close proximity to highway end 
transmission lines, and low environmental impacts. Sites with low elevations (below 
500 ft.) and high ambient wind conditions (over 30 mph wind for more than 5% of the 
time) were excluded because of low solar insolation and fugitive dust problems both of 
which grectely impair solar thermal heliostat performance. Basic assumptions were 
established to aid in the preliminary screening of candidate sites. They are listed as 
follows: 

Design Criteria 

lnsolation (Direct) 

Wind 
Seismic 
Soil loading 
Slope 
Area required 
Altitude 
Water availability 
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- 7 .5 kWh/m2 ~day 
(300 Btu/ft. /day) 

- ( 20 mph 95% of time 
- low 

3,000 lbs/ ft. 2 

- less than I 0° south slope 
- 1,200 acres (minimum) 
- 3,000 - 4,000 ft. elev. 
- 2,600 ofy 



Cotiector and Recei"er 

Point focusing heliostcts 
North ·field arrangement 
2 fields. east-west or north-sovtt-- orror.geme:it 
(each field requires 600 acres} 
No. of heliostots required 
Tower Height 

- 15,000 to 16,000 
- 670 feet (2 towers) 

Based on the above criteria, the candidate sites were evaluated and rated on 
com?ctibility with public acceptance, environmental impact, seismicity, economics one 
oTi-\er ootentici phvsicol constraints. 

VI-B. CANDIDA TE SOLAR THERMAL SITES 

The basic assumptions present~d in Section A were used for the preliminary screening of 
ccndidcte sites. A total of twenty potentially developable sites were proposed for 
evaluction. These sites were further reduced to ten for an in deoth sitinc evaluation. 
These sites are listed in Table V!.S.I. -

Table VI.B.I 
Candidate Solar Sites 

I. Lucerne Valley - San Bernardino County (T6N, R3E, Sections 25, 36 and TSN, R3E, 
Section I). 

2. Cool Water - San Bernardino County (T9N, RIE, Sections 13, 14, 15, 23 and 24). 

3. Alvord Well - San Bernardino County (Tl IN, R3E, Sections 13, 14, 23 and 24). 

4. Vidal Valley - San Bernardino County (TIN, R223, Sections 25 and 26, TIN, R23E 
ar-1d Section 30). 

5. T enmile Well - Nevada, on Searc;hlight quad (T30S, R63E, Sections 13, 14 and 15). 

6. North Lucerne Vallev -San Bernardino County T7N, RIW, Sections 31, 32 and 33). 

7. Ord Mountain, South - San Bernardino County (TSN, RI E, Sections I and 2). 

8. Lockhart Ranch, Harper Lake Area - San Bernardino County (Tl IN, RSW, Section 
25 and Tl IN, R4W, Section. 30). 

9. Camino - San Bernardino C~unty (TSN, R20E, Sections 19, 20 and 21 ). 

IO. Midland or Big Marias - Riverside County (:r4S, R2 l E, Sections 34, 35 and 36). 

These sites were selected because of their advantageous physical settings, minimal 
environmental impacts and favorable political climates. 

VI-C. LOCATION AND ENVIRONMENT AL DESCRIPTION OF CANDIDA TE SITES 

The following is a brief summary of the locations and general descriptions of each 
candidate site. An overall presentation of the locations of the sites is depicted in 
Figure VI.C. I. 
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Figure VI .C.1. Candidate Site Locations 
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Site No. 1 

Site l~o. 2 

Site No. 3 

Lucerne Vallev 

This site is located ir, the Upper Johnson Volley, San Bernardino 
County, 32 miles southeast of Barstow, in T6N, R3E, Sections 25, 36 
and TS!\!, R3E, Section 1. Elevation of the site is between 3,200 and 
3,600 feet with a slope focing south to south-southeast. All three 
sections of the la:id are owned by Edison. 

Slopes are in the 2 to 5% class range and simple except for part of 
Section 36 which· is undulating. The predominant vegetation at the 
site consists of a widespread desert creosote scrub, 5 to 14% density 
with herb understory of less than 4% density (A. dumosa -
L. tridentata community type). 

The NE corner of Section 25 is a part of the Emerson fault. Primary 
access to the site will be by way of Bessemer Road (a typical desert 
dirt road) extending from State L-ti~way 247 about 16 miles northeast 
to Bessemer Mine. The Atchinson, Topeka, and Santa Fe Railroad 
Company's Cushenbury Line terminates about 30 miles southwest of 
the plant site. 

Cool Water 

The site is located in the SCE1s Cool Water Generating Station, which 
is 12 miles east of Barstow, in the Mohave Desert of San Bernardino 
County (in T9!\I, R IE, Sections 13, 14, 15, 23 and 24). Elevation of the 
site is between 1,935 and 1,970 feet with a slope facing east. The site 
is completely owned by SCE. Slopes are in the O tc:i 2% class with a 
simple surfcce configuration of undissected to slightly dissected 
allwium. 

Presently, nearly all land within the Edison property is occupied by 
permanent structures, parking lots, storage yards, roads, evaporation 
pond 'and agricultural crops. Cresote Brush Scrub was at one time the 
predominant vegetation at the site. Because of the type and ex1ent 
of human activities occurring on and around the site, desert tortoises 
and Mohave ground squirrels, which are considered rare and protected 
animal species, ore no longer observed at the site. 

Alvord Well 

The site is located south of the Alvord Mountain in TI. IN, R3E, 
Sections 13, 15, 23 and 24, of San Bernardino County. The elevation 
of the site is between I, 780 and 2, 120 feet. Slope f oces southwest. 
Alvord Mountain is to the north at 3,456 feet. Fort Irwin Military 
Reservation is 6 miles to the north over the Alvord Mountain. 

Slopes are generally greater than 2°.-6 to 5%, primarily undulating, no 
complex surfaces, small inclusions of sand dunes and wash area. Land 
forms ore primarily moderate dissected ollwial fans which are of 
Quaternary age, except for the wash which is Recent in origin and is 
composed mostly of sand. 
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Site No. 4 

Site No. 5 

Site No. 6 

Tne predominant veget-:rti0:"'l from visual field inS?e=tion is a shrub 
oversrorv of less than 4% density one herb with understory, olso less 
then 4% density. This vegetation is primarily of A. civmosa -
L. tricientata, dune L. Tridentota - Lvcium Sp .• and wash r,. sclsola -
L. tridentctc community types. 

Vidal Vollev 

Tnis site is located in Vida Vallev southwest of Vidal Junction in 
TI IN, ~22E, Sections 25 and 2o and TIN, R23E, Section 30 in Sa:, 
Bernardino County. Elevation ct the site is between 830 and 940 feet 
with so:Jtheast facing slo;:,e. The _site is wedged between the Coiorado 
River Aqueduct and Route 62 and the Santa Fe Railroac. 

Slope at the site is gentle between O to 2% across the area. ·Majority 
of the area has a simple surface; remaining area is undulating, 
moderately dissected alluvial fan or fan terrace. The site is vacant 
and undeveloped. 

The prevalent vegetation consists of a shrub overstory with less than 
4% density and a herb with understory also less than 4%. Larrea 
tridentata - Lycium sp. community type with much A. dumosc is the 
prevailing vegetation. 

TenmiJe Well 

This site is located at the western border of Nevada in the Piute 
Valley in T30S, R63E, Sections 13, 14 and 15. Elevation is between 
2,672 and 2,890 feet, with o slope facing southeast. The site is 
approximately 9 miles south of the town Searchlight, Nevada; 8 miles 
to the east are mountains at about 1,000 feet higher. There are also 
mountains to the west (Hart Peak at 5,543 feet, approximately 
8 miles to the SW). 

Prevailing vegetation is a short tree overstory with less than 4% 

absolute density withe shrub understory at 5 to 14% density. 
A. dumosa - L. tridentata with Y. breviofolia - Y. schidigera is the 
·major community type. 

The area is fairly homogeneous with o 0-2% slope undulating terrain 
across a moderately dissected alluvial fan of Quaternary-aged 
material 

The site is curr:ently vacant and undeveloped. There are no active 
faults in the surrounding area. 

North Lucerne Valley 

This site is located in North Lucerne Valley, .bordered on the north by 
the Stoddard Ridge and south by Sidewinder Mountain, in T7N, RI W, 
Sections 31 , 32 and 33 of San Bernardino County. The site is basically 
ringed by mountains open to the SE. . There is agriculture and · 
residences to the SE. Elevation is between 3,200 and 3,560 feet with 
slopes facing SSE in Section 31, S in 32, and SSW in 33. 
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Site No.7 

Site No. 8 

Site t-.10. 9 

The majority of the arec is in the 0-2% end 2%-5% slopes, with only a 
very small aea up to 10% slope. Alme.st all cf the area has a simple 
surface on undissected to slightly dissected ollwicl fc, or undissected 
to sli gntly dissected pediment. Tiie prin=ipal vegetaticr.i is a shrub 
overstory of 5 to 14% density er.id a herb understory of less than 4~·o 
density. In the east or west portions of this area are short trees. 
A. dumoso - L. tricientato a,d L. tridentatc - Lycium Sp. are the main 
shrubs with Yucca schidigera. 

Ord Moun ta in, South 

This site is located in Lucerne Valley, with East Ord Mountain to the 
NE, approximately 5 miles away, and West Ord fv'iovntain to the NW at 
about the same distance. T51'J, R IE! in Sections I and 2 of 
Sen Bernardino County, is the legal locational descriptioo. of the 
site. Elevation is between 3,075 and 3AOO feet with slope facing 
mostly south in Section I and southwest in Section 2. The surrounding 
peaks and ridges are at 4,636 feet two miles to the north, 3,916 feet 
three miles ESE, and 4,419 feet 7 miles WSW. 

Slopes are generally between 2-5%, undulating and range from simple 
to complex; t~ complex area is moderately dissected fan terrace, 
while the rest is moderately dissected allwial terrace. Major 
vegetation consists of a sparse shrub overlay with 5 to 14% density, 
with a herb understory of less than 4% density. Ambrosio dumosa -
L. tridentata is the main community type. 

Lockhart Ranch 

This site is located directly southwest of the Harper Dry Lake area in 
Tl IN, R5W, Section 25 and Tl I, R4W, Section 30 of San Bernardino 
County. The elevation is between 2,045 and 2,133 feet with slope 
facing northeast. The Bureau of Land Management (BLM) has 
designated two Areas of Critical Environmental Concern around 
Harper Lake. 

Slopes are all less than 2°/4 with o simple or smooth .surface 
configuration. Section 25 is primarily undissected allwial fan of 
Quaternary age, as is Section 30, although Section 30 has been 
disturbed for the most part. Section 25 also has a Holocene (active) 
wash running SW to NE across its NW quarter. 

Land use varies from vacant undeveloped to rural residential 
(2 I /2 acre lots or separation) to irrigated field crops. Vegetation on 
the undisturbed allwial fan is a shrub overstory in the 5 to 14% 
density class with a herb understory .of less than 4% density. There is 
o prominent fault half a mile southwest of Section 25. 

Camino 

This site is located in the Ward Valley, southwest of the Sacramento 
Mountains, in TBN, R20E, Sections 19, 20, and 21 of Sa, Bernardino 
County. Elevation is between 1,850 and 1,950 feet. Sections 19 and 
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Site No. IO 

20 are around the confluence of two washes and vorv in slope aspect 
from SE to SW; Section 21 faces SW. The peak of Sacramento 
/v'1ountain {3,314 feet) is approximctely 5 miles in o NNE direction 
from the site. 

Except for the wash in Sections 19 and 20, the area is strongly or 
moderately dissected alluvial fan in the 0-2% slope on on undulating 
surface of Quaternary alluvium. Primary vegetation is short tree 
overstory of less than 4% density, with a shrub understory of 5 to 14% 
density. A. dumoso - L. tridentato with Y. schidiaerc end Ephedro Sp. 
- H. Solsolc is the. main species present. 

Midland 

This site is located SW of the Big Mario Mountains and at the SE top 

I 
I 
I 
I 
I 
I 

of the Litt le Marie Mountains in T 45, R2 IE of Sections 34, 35 and I 
36. Elevation is between 660 and 740 feet with c south facing slope. 

Slopes are all i.ess than 2% - the rise is about 100 feet per 2 miles 
except for Section 36 which is only slightly more steep and faces · 
gently SW. The surface form is undulating for oil three sections with 
much of the area classed as strongly dissected alluvial fan. There are 
also three washes, although the washes in Sections 34 and 35 are quite 
broad and fairly smooth surfaced. The alluvial fans are composed of 
Quaternary coarse-groined continental deposits that ore moderately 
to well consolidated with moderate to high strength and stability. 

Vl-D. RANKING OF CANDIDA TE SITES 

The ten viable sites were ranked and weighted according to Table VI .D. I. 

Tobie V!.D.I 
Candidate Site Ranking Weiahts 

Pub lie acceptance - 20% 
Environmental impact - 20% 
Economics - 20% 
Seismicity - 20% 
Meteorology 10% 
Road Access - 5% 
Land Aquisition/Cost - 5% 

A brief summation and rating of each criteria is presented as follows (ten rating is best}: 

I. Pub lie Acceptance Rating 

2. 

Public acceptance is, of course, highly subjective. Ratings were listed in 
Table VI.D.2 determined by consultations with city/county elected officials and 
rating the public acceptance of other industrial developments: 

Environmental Impact 

The study was based solely on available information which varied in level of detail 
from essentially complete to very limited, depending en the site and the discipline 
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Table VI.D.2 
Public Accectonce Retinas 

Site 

Lucerne Valley 
Cool Water 
Alvord WeU 
Vidal Valley 
N. Lucerne Valley 
Ord Mountain 
Lockhart Ranch 
Camino 
Midland 
Tenmile Well 

Roting 

9 
9 
6 
4 
4 
5 
8 
3 
7 
4 

(biological resources, cultural resources, land use/visual and socioeconomics) in 
questi0;1. In general, good documentation is available for the Lucerne and Cool 
Water sites; good, but somewhat dated, general overview information is available 
for the Tenmile Well, Alvord Well, North Lucerne Valley, Vidal Volley, and Harper 
Lake sites; with little information avoilable for the Midland-Big Maries site. 

To determine the overall rank of each srte, the sums of the rankings for each 
discipline were totaled. Where two or more sites had the some sum, they were 
ranked the some. These ratings summarized in Table VI .D.3. 

Table VI.D.3 
Environmental lmeact Rati!:!5s 

Land Sum 
Ranking Use/ of Overall 

Site Biology Cultural Visual Ranks Ronk 

Lockhart Ranch 5 3 4 12 I 
Ord Mountain 7 2 3 12 I 
North Lucerne Valley 7 I 4 1.2 I 
Cool Water I 7 5 13 2 
Alvord Well 3 5 6 14 3 
Lucerne Valley 9 4 I 14 3 
Vidal Valley I 8 8 17 4 
Tenmile Well 10 6 2 18 5 
Camino 4 9 7 20 6 
Midland-Big Maries 6 10 6 22 7 

Economics 

Based on information developed in Reference VI.F.I, a differential capital cost was 
prepared for each site. From the total capitol differential costs, the values were 
fist escalated to 1988 costs, then were levelized for 30 years, and finally were 
computed to 1988 present worth values. The present worth (P.W.) costs for the 
year I 981 were computed by deescalating the 1988 P. W. values, end are shown in 
the last column to the right of the table. The following Table VI .D.4 is o summery 
of the economic evaluation for ell the candidate sites. The differential costs for 
each site were computed based on the assumption that Lucerne Valley was the 'Base 
Case' site. They are presented in the last column to the right in the table. 
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Table VI .D.4 
Economics Ratings 

(S MILLIONS} 

SITE CAPITAL 0 &. M TOTAL DIFFERENTIAL 

Lucerne Valley 3,960 54,164 58,124 BASE 

Cool Water 5,931 61,000 66,931 8,807 

Alvord Well 11,397 65,900 77,297 19,173 

Vidal Valley 9,417 0 9,417 (48,707} 

T enmi le We II 21,040 1,414 22,454 (35,579) 

North Lucerne Valley 8,332 31,127 39,459 ( I 8,665) 

Ord Mountain 3,793 45,764 49,557 (8,567) 

Lockhart Ranch 5,415 45,i64 51,179 (6,945) · 

Camino 19,439 1,414 20,853 (37.271} 

fv'ddlond or Big Maries 20,145 708 20,853 (37,271) 

4. M-eteorologicol Factors 

Meterological factors that were coosidered for qualitative evalucton of the 

candidate sites inciude wind speed, weather severity, dust conditions, air quality 

and topographic obstructions. Wind speed defines the average velocities of the 

prevailing wind through the proximity of the site. Weather severity identifies the 

frequency of storms in the site vicinity. Dust conditions assess the significance of 

fugitive dust problems. Air quality evaluates the general ambient air -conditions at 
each candidate site relevant to the presence of various airborne pollutants such as .. 
oxidants, N02, so2, CO2, etc. Topographic obstruction identifies the proximity of 

the site to high mountains. ln general, results of this ranking process reflect that 

all sites are meteorologically acceptable for solar thermal development. 

Site -
Camino 

TABLE VI .D.5 
METEORLOGICAL FACTORS USED IN 

RANKING CANDIDATE 100 MW SOLAR THERMAL SITES 

Wind Weather Dust Air Prox. to 

Speed Severity Cond. Quality Mtn. 

3 3 3 

Overall 
Ranking 

Lockhart Ranch 3 3 2 

3 

2 

3 

2 

2 

2.6 

2.2 

2.1 

2.0 

2.0 

Tenmile Well 2 2 3 

Ord Mountain 2 3 2 

North Lucerne 2 3 2 

Lucerne Volley 2 3 2 2 2.0 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Midland 3 2 3 ,.9 I 
Alvord Mountain 2 2 

Cool Water 2 2 
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s. Seismici1v 

The following Table \( I .D.6 is a brief description of the potential seismic risks of 
each candidate site. In general, the iocation of fault zones for each site, as well as 
the maximum credible acceleration, is identified or defined. Faults are classified 
as eiihe:"' active or potentiollv active. Active faults ore those along which historic 
(last 200 years) displacement has occurred and ore associated with either surface 
rupture from recorded earthquake, fault creep slippage or displaced survey lines. 
Potentiallv active faults ore those along which there is quaternary fault 
displacement (during the past two million years), without historic (approximately 
200 years) record. 

6. Road Access 

All the sites, with the exception of Cool Water Generating Station and Lockhart 
Ranch sites, require the construction of paved roods to the sites. None of the sites, 
however, require grading other than compaction. The following Table Vl.D.7 is a 
summary of the length of access rood required to be constructed to each of the 
candidate sites. 

7. Land Acguisitio'.1/Cost 

Land ownership and real estate costs ore presented as follows. Four of the sites 
that are privately owned include: Lucerne Volley, Cool Water, Harper Lake and 
Ord Mountains. Of these, only Lucerne Volley and Cool Water sites are SCE owned 
properties. North Lucerne Valley site is primarily owned by the State of 
California. The remaining five sites, Alvord Well, Camino, Midland, Tenmile Well 
and Vidal Valley sites, are on federal land, administered primarily by the Bureau of 
Land Management. 

Land values at each candidate site ore estimated by the Edison Deportment of 
Right of Woy and Land. Land costs are tabulated in Table VI .D.8 were mode 
without benefit of detailed information that on appraiser is normally required to 
make. For this reason, the land values have an assumed accuracy of +50%. 

s.· Summary of Site Ranking 

To rank the overall desirobilitgy of each candidate site, a Site Evaluation Matrix 
was developed. Although numerous parameters were considered for this parametric 
evaluation, only six were selected for ranking purposes. They are pubti.c 
acceptance, economics, environmental impact, seismicity, road accessibility and 
meteorology. In this matrix development, the ratings for each parameter were 
provided by on assigned Siting Evaluation Task Work Force member. 

Since each parameter was ranked by an individual-Task Force, the roting system 
had to be normalized to reflect the desired weighting of each parameter. To do 
this, it was decided that 10 be considered the most favorable situation and I the 
least desirable. For economics, the actual differential costs were adjusted to a 
roting scale of I to 10 where 10 was assigned to the least cost site (in this case the 
highest negative differential cost from the "base cost" site of Lucerne Volley) and I 
to the highest positive differential cost site. A roting scale was then developed for 
each parameter of each candidate site with values between I and IQ. 
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I 
T A8L..~ V l .D.6 I 

SOLAR SITE DAT A AN'.:5 ~i:'.ISMIC RATING 

EARTHQUAKE I MAGNITUD=: AND 
PROBABLE 

SITE DIST ANC~ FROM SITE-FAULT /5 ACCELERA T!Oh! RA!-JKING I 
Tenmile Well 120 miles NE of .San Andreas MS+, 0.0lg 

Fault, I 70 miles t.JE of Ludlow Fault MS.O 

Vidal Valley 77 miles NE of San Andreas MB+, 0 .. 04g 2 I Fault 

Camino 59 miles NE of San Andreas MS+, .0Sg 3 I Fault, · 
77 miles NE of Imperial M6.5, 0.3g 
Fault I 

Midland or 59 miles NE of San Andreas MS-t-, .05 4 
Big Marias Fault, I 69 miles NE of Imperial M6.5, .04g 

Fault 

Cool Water 14.3 miles SW of Manix Fault M6.2, .12g 5 I 
Harper Lake .55 miles SW of Lockhart M5.0, .2g 6 I 

Fault, 
44 miles NE of San Andreas MS+, .09g 

I Fault 

Lucerne NE comer of site under lei n MS.0, .2lg 7 

I Valley by Camp Rock-Emerson Fault, 
33 miles NE of San Andreas MS-t-, • I 2g 
Fault 

Ord Mountain 6.6 miles NE of Helendale M6.0, .2lg 8 
I 

Fault 

I 30 miles N~ of San Andreas .14g 
Fault 

North Lucerne 5 miles NE Helendale Fault M6.0, .26g I 
Valley 

Alvord Well 2.75 miles north of Manix M6.2, .44g 10 I 
Fault 

I 
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Ca!'lc!idcte Site 

Lucerne Valley 
Cool Water 
Alvorc:: Well 
Vidal Valley 
Tenmile Well 

Ta!:> le V I .D. 7 
Ease of Access 
Rood Required Rankine of Site 

North Lucerne Vo I ley 
Ord ,V1ountoin, South 
Lockhart Ranch 
Cornino 
Midland 

2 miles 
none 
I mile 
0.5 mile 
1,000 feet 
0.5 mile 
I mile 
none 
1,000 feet 
1,000 feet 

Table VI .D.8 
LAND VALUES OF CANDIDATE SITES 

( 1981 dollars) 

Vicinity 
($/acre) 

Lucerne Volley 200 
Cool Water 200 
Alvord Well 175 
Vidal Valley 100 
T enmi le Well 400 
North Lucerne Volley 225 
Ord Mountain, South 350 
Lockhart Ranch 17 5 
Camino 100 
Midland 100 

V-E. RECOMMENDED SITE 

Total Sit-e Value 
(minimum of 2 sections) 

$256,000 
256,000 
224,000 
128,000 
512,000 
288,000 
448,000 
224,000 
128,000 
128,000 

3 
10 
6 
8 
9 
8 
6 

10 
9 
9 

Site 
Ranking 

10 
10 
7 
9 
2 
6 
3 
7 
0 ,, 
0 ., 

The siting study wos performed independently of the Solar 100 Feasibility Study and 
yielded the following overall results. 

Site 
Ranking 

I 
2 
3 
4 
5 
6 
7 
8 
9 
10 

TABLE Vl.E.I 
OVERALL RANKING OF CANDIDA TE SITES 
FOR A 100 MW SOLAR THERMAL STATION 

Candidate Sites 

Lockhart Ranch 
Cool Water G.S. 
Vidal Valley 
Lucerne Valley 
Midland/Big Maries 
Ord Mountain 
Camino 
North Lucerne Valley 
Alvord Well 
Tenmile Well 
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Overall Rating 

7.40 
7.05 
6.99 
6.67 
6.53 
6.17 
5.95 
5.83 
4.60 
4.55 



I 
The Edison Com;::,anv is presently in the process of licensing a 1290 MW pecker perk at I 
Lucerne Valley (see Chapter VII) end decided to file an appiicction with the California 

Energy Commission to include the Solar I 00 project. 
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Vil. REGULATORY ANA.L YSIS 

The Permitting and Regulatory cycle of the Solar I 00 project can essentially be related 

to four agencies; California Energy Commissioni California Public Utilities Commission, 

Federal Authorities, and Local Agencies. 

VII-A. CALIFORNIA ENERGY COMMISSION 

The California Energy Commission (CEC) has the sole authority for the certification of 

thermo! power plants within the state of California. The provisions governing the 

certification process .are set forth in the Warren-Alquist Act (Cal Pub Res Code 
Sections 5500 et. seq.). Jurisdiction of the CEC is limited to licensing only those thermal 

power plants roted ct 50 or more megawatts (fv'1W). New transmission lines from the 

generating station up to the first point of interconnection with the existing system also 
fell under CEC authority. 

Typically, the provisions require a 12-month Notice of Intention (NOi) proceeding and en 

18-month Application for Certification (AFC) for licensing of a thermal power plant. 

The NOi is a statement prepared by the applicant containing a description of the 

proposed project, a statement of need for the project and o discussion of the relative 

economic, technological end environmental advantages and disadvantages of alternative 

sites and foci lity proposals. Through o series of public hearil'lgs and CEC staff analysis, 

one or more sites and technologies may be given approval for further study. The AFC is 

the vehicle for further study. 

There are, however, several exceptions to this general licensing process. Specifically, 

Section 25541 of the Warren-Alquist Act enables c thermal power plant with a generating 

capacity of up to 100 MW to be exempt from the NOi process. Under this statute only an 

AFC is necessary and the CEC is required to issue its final decision within 12 months of 

the filing date. As a 100 MW (net) solar thermal power plant, Solar II can qualify for this 

exemption. 

Another possible approach for an NOi exemption .is found in Section 25540.6(e), This 

section pertains to thermal power plants designed to develop or demonstrate technologies 

that have not previously been built or operated on c commercial scale. A 300 MW limit 

is placed upon projects seeking this exemption unless the Commission, by regulation, 

authorizes a greater capacity. Again only an AFC is required and the Commission shall 
issue c final decision within 12 months of the filing date. 

A typical 12-month hearing schedule is presented below: 

Event 

File Application 
Commence Staff Meetings 
Commence Pre-hearing Conference 
Commence Hearings 
Conclude Hearings 
Publish Committee Report 
End Comment Period 
Publish Proposed Decision 
Hold Final Hearings 
Issue Decision 

Vll-1 

Days from Filing 

0 
30 
60 
90 
150 
210 
270 
300 

330-345 
360 



'Jnde!" the normal process, alternative sites ar.d technologies are discussed in thE: NOi. In 
order to re!TI~in in co:nplionce with the California Environmental Quality Act (CEQA), 
(Col. Pub. Res. Code Sectio~s 21000 et. seq.) ·the applicant must discuss the "availability 
and feasibi iity of alternative sites end related foci lities which could satisfy the purposes 
of the aoplicant1s proposal and which may substantially lessen any s1gnificant 
environ"Tler.tal impact anticipated for the proposal." While the statutes and the 
reguiatio..,s are silent with regard to the number of sites that are required to be analyzed, 
generally three sites are discussed in the AFC. The data submitted for the alternate 
sites con be ir. less detail than that submitted for the proposed site. 

Pursuit to California low, Edison filed for a Solar 100 site at the Lucerne Valiey site (see 
Section VI) in November, 1981. Final approval is expected in 12 months (Novembe:-, 
1962). 

Vli-B. CALIFORNIA PUBLIC UTILITIES COMMISSION 

In additia., to certification by the CEC, Edison is required to obtain a Certificate of 
Public Convenience and Necessity from the California Public Utilities Commission. The 
CPUC application has to be filed shortly after filing with the CEC. It will not be 
necessary t.o file a Proponent's Environmental Assessment and the AFC can be 
referenced in the CPUC application. CPUC authority is limited to rate and system 
reliability issues. If the Solar plant is owned by a nonutility entity, CPUC filing is not 
required. 

Vll-C. FEDERAL AUTHORITY 

Generation and transmission facitrties that are to be sited on federal lands will require a 
permit from the appropriate landholding agency_. 

VII-D. LOCAL AGENCY CERTIFICATION 

Section 25541 of the Warren-Alquist Act provides for exemption from the Commission 
NOi-AFC process. This section allows the Commission to exempt power plants with a 
capacity of up to 100 MW from the NOi-AFC process. In order to receive an exerr.ption, 
the Company must file an Application for Exemption. There are no fees associated with 
this filing. The Commission is required to convene public hearings and issue a final 
decision no later than 135 days after the application is filed. For c project to be granted 
an exemption, the Commission must make the following two findings: 

• 

I 
I 
I 
I 
1· 
I 
I 
I 
I 
I 
I. 
I 
I 

I) No substantial adverse impact on the environment or energy resources will result I 
from the construction or operation of the proposed project and; 

2) The proposed project wi II not add generating capacity that is substantially in excess I 
of the CEC forecast adopted in the Biennial Report. 

If Edison were to seek and was granted an exemption from the Commission I 
proceedings, necessary permits would hove to be acquired from various federal, 
state and local governmental agencies. 

I 
I 

Vll-2 I 



I 
·I 
I 
I 

-- , 
I 
I 
I 
I 

-1 
I 
I 

\fill. 

\.'Ii I-A. 

COST /ECOhlOIV. !CS/FINANCIAL 

CA::i IT A!... COST ESTl!v'1ATE 

T,e Cc:, lto I Cost Estimate is shown on Table VIII.A. I. f/1ajor construction quantities ere 
show·"! on Table Vlll • .0 •• 2. The estimate is based. on o joint effort bv the three 
oarticiocting companies: Southern California Edison Comoany (SCE), McDonnel Douglas 
Corooration (tl/1:)C) and Bechtel Power Corporation (BPC). Each company contributec 
estimated costs as follows: 

Description Resoons ib ll itv 

Solar Plant 

Collector Fields MDC 

Towers and Foundations BPC 

Receivers MDC 

Plant Control MDC 

Thermo I Storage and Trans port BPC 

Steam Generator MDC 

Turbine Generator Plant BPC 

Switchvard and Transmission Line SCE 

The estimate includes all additives (i.e.: labor, fringe benefits and pavroll taxes, fielc 
indirect costs for manual and nonmanual labor, field engineering and indirect material 
end equipment costs}. Contingency, averaging approximately 20%, is also included. 

I I. Bases 

I 
I 
I 
I 
I 
I 

The estimate is based on the following: 

The conceptual design conforms to that described in Section IV, Description 
of Seiected Plant, and other sections of this report. 

All costs are in December 1981 dollars. 

The .engineering, procurement, construction and startup schedule will 
conform to the milestones shown in Section X, Schedul-e. 

SCE owns I 00% of the plant. 

Seismic Design is 0.20 g factor. 

The heliostat hardware cost ($120 x I06 for approximately 15,000 heliostots) 
is based on the production of 75,000 he liostots over a period of ten years. 
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TA3! . ..t= Vlll.A. I 
CQr\lCEPTUAL COS! i:.:, 1 iii.A IE :>JMMARY BY SYSTEM 

SOLAR I 00 1NN TH:RMAL PLAI--JT . 

(Molten Solt) 

Svstem Descriotion 

Collector Field 

Cost in Dec. 1,981 $ 
($ X (00) 

Tower and Foundation 
Receive:-
Thermol Storage 
Steam Generator 
Plant Master Control 
Turbine - Generator 
Balance of Plant 

Switchyard 
Transmission Line 
Land 
Fuel inventory 

Subtotal 

Subtotal 
Total Field Cost 

Special Maintenance Equipment 
Spare Parts 
Sales Tax 

Subtotal 

Engineerng and Home Office: 
MDC 
BPC 
SCE 

Subtotal 

Additional Contingency 
Escalation 

Total - Wo;d Order Level (1981 $) 

Allowance for Funds Used During Construction (AFUDC) 
Cost of Capitol (COC) 
Construction Overhead (without AFUDC or COC) 

163.6* 
13.1 

·2~.8* 
52.5 

9.2 .... 
12.1~ 
14.2 
35.7 

2.5 
I. I 

.2 

.6 
12.7 

12.2 
13.0 
3.8 

Total Capital Cost (without AFUDC or COC) 
Total Capital Cost (with AFUDC) 
Total Capital Cost (with COC) 

SAY! 

330.2 

3.6 
333.8 

13.5 

29.0 

54.5 
-
~ 

88.3 
127.1 
17.5 -

448.3 
536.6 
575.4 

580.0 

• Part of the cost shown is MDC scope which includes their Assessment of Continency. 
,... All of the cost shown in MDC scope which includes their Assessment of Contingency. 
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TABLE VIII.A.2 
MAJOR QUAhJTITY DATA 

(!:XCLUDlhlG COLLECTOR FIELD ELECTRICAL BULKS) 

Description Quantity 

Concrete 40,000 

Metaliic Conduit 74,000 

Non Metallic Conduit 60,000 

Cable Trays 14,500 

Wire & Cable 1,820,000 

Grounding System 80,000 

Process Pipe 

2-1 /211 & Less 12,930 

2" & More 12,250 

Salt Syst. Pipe 

2-1 /2" & Less 19,050 

2" & More 650 

Piping Total 44,sap 
Instrument Pipe & Tubing 34,100 

Salt System 

Initial Charge 56 X 106 

Site Improvement (Imported Fill) 200,000 

Fence 6 

Roads 

Minor 5 

Major 2 

Evap. Pond w/Clay Lining 216,700 

Heliostot Assemblies 
? 

15,240 r 

Concrete Towers (585') 2 7 

Unit 

CY 

LF 

LF 

LF 

LF 

LF 

LF 

LF 

LF 

LF 

LF 

LF 

LBS 

CY 

MILES 

MILES 

MILES 

SY 
z_, +,e j} J EA ) 

EA 

The heliostat hardware cost ($120 x t06 for approximately I 5,000 heliostats) 
is based on the production of 75,000 .heliostats over a per_iod of ten years. 

2. Exclusions 

Costs for the following items are not included in the estimate: 
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3. 

Offsite facilities su=h as telephone, water, temporary power and access 
roads 

Droi nage F aci I iti es 

Guard Service 

Shiftwork or Scheduled Overtime 

Scope Changes 

Changes in Existing Regulatory Requirements 

Special Provisions for Accident Protection 

Operator Training 

Land Costs 

Escalation (December 1981 $) 

Industry Participation 

Technical, scheduling and pricing information, furnished by cooperating 
mo.nufacturers and contractors, was used extensively in the estimate, resulting in 
on industry wide effort. The participating companies were: · 

Turbine Generator, Condensate and Feedwcter Trains 

Toshiba 
Mitsubishi Heavy Industries, Ltd. 
Sumitomo Corporation of America 
Marley Cooling Tower Company 
Research-Cottrel I, Inc. 

Thermal Transport & Storage Systems 

Storage Tanks 
Pittsburgh-Des Moines Corporation 
GATX Tank Erection Corporation 

Piping 
Pipe Fabricating & Supply Company 
Associated Piping & Engineering Company 

Valves 
Kieley Mueller 
Vcltec 
Hammeldahl 

Pumps 
Binghom-Wi I lomette Company 
Bryon Jackson 
Lawrence Pumps _Inc. 
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Heat Tracing 
Montgomery Brothers 
Foley Electrical Contractors 
Nelson Electric 
George Yardiey Company (Thermon) 

Insulation 
Owens Corning Fiberglass 
Thorpe Insulation 

Sci t Inventory 
Olin Corporation 

Heliostcts 

Heliostat Design end Component Pricing 

McDonnell Douglas Corp. 

Heliostat Assembly 
/v'1odern Alloys Inc. 

Heliostct Foundations 
tv,odern Alloys tnc. 
Longyear Company 
Case International 
D. H. Mahaffy Inc. 

Heliostct Wiring 
Taft Electric 

Receiver Systems 

Receivers 
McDonnell Douglas Corp./Foster Wheeler 

Receiver Support Structure and Bridge Crone, Erection Only 
Marks Crane and Rigging Company 
Notional Steel Erectors Corporation 

Receiver Towers 
Rust Chimney Incorporated 
Pullman Power Products 
Custodis Construction Company 

Receiver Tower Elevators 
Linden-Alimok, Inc. 

Steam Generator System 

McDonnell Douglas Corp.IF oster Wheeler 

Water Treatment Demineralizer System 

F &F Industries (Belco Pollution Control Corp.) 
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Turbine Gont:-y Crone 

Hamishfeger Inc. 
Ederer Inc. 

/✓:iscellcneous Tanks 

Richmond Engineering Corp. 

Component Cocling·Water Hect Exchanger 

South W este~n Engineering 

4. Conceptual Cost Estimate Summary 

Table VIII.A. I itemizes the conceptual cost estimate by system .within an accuracy 

of + 40%; cost analysis also indicates that the probability of exceeding the tote! 

cost estimate is 50%. This 50% confidence factor was derived by Edison's 

"Contingency and Range Analysis" computer code. Specific sensitivities to 

component/system costs is presented in Section VUI-C. 

This estimate includes oil costs to be incurred in the engineering, design, 

procurement, construction, testing and initial operation of the generoth:m facilities 

and solar fieid. The estimate was prepared by a combined effort of McDonnell 

Douglas (MDC), Bechtel Power Corporation (BPC), and Southern California Edison 

(SCE). 

BPC prepared a conceptual design and cost estimate of the towers, molten salt 

transport, storage and support systems, turbine plant and associated equipment, and 

boJance of plant facilities. BPC prepared their estimate assuming they would be 

awarded an Engineering, Procurement and Construction (EPC} type of contract. 

MDC prepared a conceptual design and cost estimate of the collector field, plant 

master control, steam generator and receiver. Foste'r-Wheeler assisted MDC in the 

latter two items. These costs were supplied to BPC to arrive at CJ1'l overall field 

cost. SCE prepared o conceptual design anci cost estimate of the switchyard and 

transmission line. 

The SCE Generation Estimating Group consolidated all the inputs and added SCE 

Home Office Cost, Construction Overhead Cost, Contingency and Cost of Capital. 

5. Cash Flow 

A cash flow \VOS prepared utilizing the construction schedule mentioned above. 

Both BPC and MDC prepared their own cash flow for their respective area of 

responsibilities. SCE consolidated these cash flows into an overall project cash 

flow as shown in Table Vlll.A.3. and shown graphically in Figure Vlll.A. I. 

Vlll-B. OPERATIONS AND MAINTENANCE COSTS 

Operations and maintenance (O&M) costs have been estimated for plant operation during 

the first year end an average subsequent year. These are determined and discussed in 

three categories: material, labor, and water. The estimates are given on Table Vfll.8.1 
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TABLE VIII.A.3 
cASri FLOW 

I 
I 
I 
I 
I 
I 

C92 i to I Cost* ($ x I 06) 

W/0 AFUDC 
Yea!" % or COC 

1982] 0.5 2.3 
4-·J--O 

19837 2.6 11.7 
' 'S' {, J--

1984-" 18.4 82.8 

j :S, D 
46.6 209.7 1985 ..=.. 

I 1, tJ 
19"'"__,.i 28.9 130.0 t>o 

7 Jo,O 
1987J 3.0 13.S 

Total 100.0 $450.0 

I *All Capital Costs are in December 1981 $. 
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Figure VIII.A.1. Cash Flow Molten Salt 

1984 1985 
Time Span 

Vlll-7 

W/AFUDC W/COC 

2.7 H 2.9 x I f/77 3, lo 

14.0 /5, 7J 15.1 X /,01 lb,64-

99.4 I I 5,J. I l.06.7 x/,o{.,, (Jf,6I" 

251.6 ...,'YJ6. a-d. 270.3 x /, I Jtf.?.JJ 

156.1 
,, ,, I J-C:,J , ..: 167.6 x 1· I )J6,1/ 

16.2 
J. 3 .;_i. '";).. 17.4 x I, I J 7-~ 6 - ---

$540.0 066,SI $580.0 ?ss. 71 
A =-86-~ fl .LJ = / 7 s-~ 7 I 

-e.sc:,1 (a)(~-

Molten Salt 

1986 1987 



Materials 

Collector Field 

Tower 

Receiver 

The:- Strg & Transpt 

Steam Generator 

Turbine & Bal of Plant 

Plant Control 

Labor 

Supervisors 
Operators 
Maintenance 
Security 

TABLE VIIJ.B.1 
O&tv1 SUM!v',ARY 

AVERAGE YEAR ($ 11\J I 000'5) 

Spares 

87. 

I. 

11. I 

26. 

I. 

360. 

Manning 

4 
27 
26 
10 

Repair 
Perts 

296. 

Service 
Contracts 

370 

202 

Water {Solar) for other water expenses, see text 

First Year $ ( I 0001s): 

!. Material 

Materials: 
Labor: 

$3309 
~ 
$6355 

Consumables 

188. 

1393 

Total 

$ 753 

II 

26 

548 

202 

-$1542 

160 
I 138 
1035 
277 

$2610 

1393 

~5545 

Material includes spares, repair parts, consumables, and service contracts {which 
include their own labor material and consumables). 

Total quantity of spares and repair parts for hardware in the collector, receiver, 
and steam generator systems is based on reliability/availability estimates reported 
in Section V-C. Spares and repair parts costs are derived from annual failures, 
discard factors, and repair parts factors, (cs discussed in Section V-C), and unit 
costs. 

Spares costs for the other systems are estimated cs a percentage of the .investment 
costs for those particular systems. 
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Co:1sumables costs are estimated from related experience. 

Service contracts ore assumed for the plant control system and the collector field 
washing task. 

Plant process control O&l'f1 is covered by a contract of $2,000 per month based on 
comparability to Sola!" I equipment. Additional contracts cover service of the 
computers enc related equipment at an industry standard rcte of I% per month of 
the compurer equipment investment cost. 

Collector field washing costs are based on /✓1DC experience and studies assuming 
wcshing frequency of 12 times per year. Consumables and wash truck amortization 
and expense ere included in the estimate. 

2. Labor 

Labor includes scheduled and corrective maintenance and is based on crew sizes 
estimated by SCE and MDC. . 

Failure rates and repair times have also been determined (See Section V.C). These 
are adjusted for efficiency and rework factors to build up a crew size. Supervisory 
personnel are also identified. Labor rotes and burdens are applied to determine 
O&M cost. 

3. Weter 

I. 

2. 

3. 

4. 

The water expenses itemized below are incurred if the 100 MWe facility is 
constructed in the Lucerne Valley, approximately 30 miles southeast of Barstow, 
California. The January 1982 costs are as follows: 

Potential Prorated 
Total Cost Share 

lv',etropolitan Water Agency $12.OM $I.I 14M 
One-time surcharge 

Municipal Bond to cover $ 8.OM $ .743M/yr 
the cost of the water line 

O&M to service the line $ I.OM $ .093M/yr 

Annual water expense $ I.3M/yr 

The 42-inch diameter line is 40 miles long and will take three years to build. An 
entitlement has been negotiated with the Metropolitan Water Agency for 50,800 
acre feet of water. The one-time surcharge is based upon o contract for 28,000 
acre feet per year, however. Solar 1001s prorated share is based upon SCE's 
projected water usage of 2,600 acre feet ratioed against the 28,000 acre feet (2,600 
+ 28,000 = .0929, or 9.29%). 

The Municipal Bond is for a total capital cost of approximotely $35M at 15% 
interest for 30 years. Solar I 001s prorated share is calculated ct S'.29% of the 
yearly total payment and remains constant after having been escalated to the 
midpoint of the three-year water-line construction period. 
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The Operations a.,d Maintena,,ce costs to service Solar I00's share of the line is 
9 .29°-o ano escalates each year. 

Annua: water expense is based upon a rate of $I.OM per 2,000 acre feet. This value 
else escala.tes each yecr, just as the annual O&M cost to service the line. These 
two items are the only ones which escclcte, as the municipal bond pcyment remains 
constant after the midpoint of the construction period. 

The O&M costs provided do not include ad valorem tax, A, G, and I (Administrative, 
General~ end Insurance) costs, or the' cost of the electrical power requirec to run 
the plant. The plant electrical power is provided by the difference between net 
powe?"" supplied to the grid and gross turbine output, except during certain winter 
off-peak hours when such requirements must be met by the g:-id. These costs 
opoear as a decrease in the revenue stream provided for the financial analysis of 
the plant by an amount equivalent to the avoided cost for the required power. 

Ad valorem tcx is I% of capital investment and escalates at 2% per year. A, G, 
end I is estimated ct 1.1% of capital investment (1% other, .1% insurance from the 
levelized Fixed Charge Rate) and escalates ct 9% per year. These allocations must 
be added to the total O&M costs shown in Tobie Vlll.B. I in order to arrive ct a total 
annual cost. 

VIII-C. COST SENSITIVITY ANALYSIS (CAPITAL, PERFORMANCE AND O&M) 

Tne sensitivity of solar generated electric energy cost to changes in selected design, 
'performance and investment variables has been assessed in relation to capital cost 
uncertainty, piant location (insolction), equipment performance expectations, unit size, 
capacity factor, O&M cost fluctuation, and fixed charge rate projection. Upper and 
lower bounds were chosen for each variable for graphic illustration. Where possible, 
exoected limits were defined to identify reasonable cost risk range associated with each 
variable. Tobie Vlll.C.I illustrates the cost sensitivity (shown as a multiplier on levelized 
busbar energy cost) chosen for each variable. Overall evaluation of the range of 
extremes considered for the total group of variables shows the change in electric energy 
cost to fall within a range of minus 28% to plus 20%. The following paragraphs provide a 
discussion and explanation for each specific sensitivity variable shown on the figure. 

I. Capital Cost Uncertainty 

The impoct of capitol cost uncertainty hos been assessed independently for three 
cost groups with the remaining portion of total plant cost held constant in each 
case. in addition, this cost uncertainty analysis reflects as constants the baseline 
plant location and performance characteristics. 

a. . Collector Field -- The collector field includes all delivered collector 
hardware, site pteporation, foundations, installation, field wiring, and 
co II ector alignment and checkout. The overall bounds shown for the 
collector field represent an arbitrarily chosen +25% variation from the 
baseline estimate of $170 million. This extreme variation in collector field 
cost results in a + 11 % change in energy cost per kWh. Within the range 
shown to illustrate sensitivity, the cost risk associated with the collector 
field is expected to fall within the range of minus 7% to plus 12%. Possible 
future variations in the delivered collector hardware pricing policy account 
for 50% of the 7% downside uncertainty and 60% of the 12% upside 
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TABLE VIII.C. l 
SYSTEM SEt\lSITIVITIES SUMN,ARY 

Parameter 

Capital Cost 

Collector Field 
Balance of Solar Plant 
Conventional Thermal Plant 

lnsolation (Plant Location) 

Performance 

Collection Efficiency 
Generation Efficiency 

Unit Size Variation 

Capacity Factor 

O&M Cost 

Fixed Charge Rate 

Intrinsic 
Risk Level 

Moderate 
High 
Low 

Moderate 

Moderate 
Low 

N/A 

N/A 

Moderate 

High 

Estimated 
Risk Ranae 

- 7% to+ 12% 
-15% to+ 20% 
- 5% to+ 5% 

8.0 to 7.0 

.746 to .686 
None 

t'1one 

None 

2% to 2 1/2% 

.20 to .25 

System Cost 
Sensitivitv 

- 3% to+ 5% 
- 5% to +6 1/2% 
- 1% to+ I % 

- 3% to+ 4% 

- 2% to 2 1/2% 
None 

None 

None 

- 0% to+ 4.6% 

- 20% to-+- 0% 

uncertainty. The extent of bedrock outcroppings at the proposed plant 
location, which could affect site preparation and foundations cost, accounts 
for 50% of the downside uncertainty and 40% of the upside uncertainty. The 
indicated risk range limits of 93°..6 and I I 2°10 of baseline cost equate to 
changes of approximately minus 3% and plus 5% in cost per kWh. 

b. Balance of Solar Plant - The balance of solar plant includes tower, receiver, 
thermal storage and transport, steam generator, and plant control. The 
overall bounds shown for balance of solar plant again represent an arbitrary 
:r 25% variation from the baseline estimate of $127 million. This variation in 
balance of solar plant cost results in o :r SC?n change in energy cost per kWh. 
Within the range shown to illustrate sensitivity, the cost risk associated with 
the balance of solar plant is expected to foll within the range of minus 15% 
to plus 20%. Relatively less maturity of design associated with the receiver, 
tower, and thermal storage and transport causes these items to be the major 
contributors to cost uncertainty within the balance of solar plant. The 
estimated thermal storage and transport cost risk variations account for 57% 
of the 15% downside uncertainty and 59% of the 20% upside uncertainty. 
The estimated receiver and tower cost risk variations together account for 
34% of the downside uncertainty and 33% of the upside uncertainty. The 
indicated risk range limits of 85% and 120% of baseline cost equate to 
changes of approximately minus 5% and plus 6-1/2% in cost per kWh. 

Vlll-11 



2. 

3. 

,,.. ..... Conventional Thermal Plant - The conventional thermal plant includes the 
turbine generaror, condenser, feedwater and cond~sote trains, auxiliary 
mechanical equipment, auxiliary electrical equipment, other conventional 
plant equipment, and switchyard and transmission lines. The overall bounds 
shown for conventional thermal plant represent en arbitrary ± 25% variation 
from the baseline estimate of $62 million. This variatior. in conventional 
thermal plant cost results in a :t 4% change in energy cost per kWh. Since 
these systems are conventional and well understood, the cost risk is expected 
to fall within the range of minus 5% to plus 5%. These values equate to 
changes of approximately minus I% and plus I% in cost per kWh. · 

Plant ~ocation (lnsolation) 

The se:isitivity of electric energy cost to variation in insolation associated with 
possib12 plant location changes has been assessed over a range of 6.5 to 8.0 
kWh/m /day (baseline = 7.5) with annual energy output held constant. This 
represents an extreme range of insolcrtion values for any solar sites. This scenario 
requires resizing of the collector fielc and tower (inversely to insolotion change), 
with the design of the remaining portion of the total plant unchanged from the 
baseline design. Baseline collector field and tower costs were scaled in relation to 
the range of insolation variation with all remaining total plant costs held constant 
at baseline values. This r~ults in changes in energy cost per kWb ranging from an 
8% increase at 6.5 kWh/m /day to a 3% reduction at 8.0 kWh/m2/day. Within the 
range shown to illustrate sensitivity, the cost risk associate~ with insolation 
variation is expected to fall within the range of 7.0 to 8~0 kWh/m /day for possible 
alternate sites. These values equate to changes of approximately plus 4% and 
minus 3% in cost per kWh. 

Equipment Performance 

The impact of equipment performance uncertainty has been assessed for two 
primary functions in terms of efficiency. 

a. 

b. 

Collection Efficiency - The sensitivity of electric energy cost to potential 
variations in collection efficiency has been assessed over an efficiency range 
of .65 to .75 at the design point (baseline approximately .72}, with annual 
energy output held constant. This performance variation requires resizing of 
the collector field and tower (inversely to collection efficiency change) with 
the design of the remaining portions of the total plant unchanged from the 
baseline design. Baseline collector field and tower costs were scaled in 
relation to the range of collection efficiency variation with oil remaining 
elements of total plant cost held constant at baseline values. This results in 
changes in energy cost per kWh ranging from a 5-1 /2% increase at .65 
efficiency to a 2-1/2% reduction at .75 efficiency. The individual, 
constituent efficiencies are accurately known. However, the cumulative 
effect of minor variations in the seven efficiencies making up the collection 
efficiency leads to a an estimated risk range of + 3%. This range in 
collection efficiency equates to changes in cost per kWh ranging from a 
2-1/2% increase at .686 efficiency to c 2% reduction at .746 efficiency. 

Generation Efficiency - The sensitivity of electric energy cost to expected 
turbine generator efficiency has been assessed in relation to variations in 
equivalent heat rate over a range of 7584 to 8533 Btu/kWh {baseline - 7974), 
corresponding to an efficiency range from 0.45 to 0.40, with annual energy 
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output he Id constant. This performance variation requires resizing of the 
collector field, tower, receiver, thermal storage, and stea"T'I generator 
(inverse !y wit!; turbine gen-erator efficiency or directly with equiva lei;t heat 
rote cnanoe). with the desig., of the turbine generator, plant control, and 
balcnce of pta:,t remaining unchanged from the baseline desig.-,. Baseline 
costs for the collector field, tower, receiver, thermal storage, a:id steam 
aenerator were sea led in re lat ion to the ranoe of heat rate variation wit~ the 
re'Tlaining elements of total plant cost held-constant at baseline values. This 
results in changes in energy cost per kWh ranging from a 5% increase at 
8533 Btu/kWr to c 3-1 /2% decrease at 7584 Btu/kWh. Since turbine 
generator efficiency is accurately known, no risk range was considered. 

4. Unit Size Vcriotiori 

5. 

,. 
0. 

T:ie sensitivity of electric energy cost to potential variations in unit size has been 
cssessec over a range of ~5 to 170 MV,'&:> gross power roting (base line = I l"O), vdt~ 
annual energy output held constant. T!iis scenario requires resizing of the steam 
generator, turbine generator and balance of plant (scaled in proportion to power 
rating changes), and portions of thermal storage (downsized), with the design of the 
remaining portions of the total plant unchanged from the baseline design. Baseline 
steam generator, turbine generator and balance of plant, and applicable thermal 
storage costs were scaled in relation to the range of power rating variation with all 
remaining elements of total plant cost held constant at baseline values. This 
results in changes in energy cost per kWh ranging from a 2-1 /2% increase at 170 
M'Ne to a decrease at 95 MWe of less than 1%. 

Capacity Factor 

The sensitivity of electric energy cost to variations in specified plant ccpacity 
factor has been assessed over a capacity factor ranqe of 0.4 to 0.7 (baseline= 0.6), 
with annual energy output varying in proportion to changes in capacity factor. This 
scenario requires resizing of the collector field, tower, receiver, and thermal 
storage (sea led in proportion to capacity factor changes), with the design of the 
remaining portions of the total plant remaininq unchanged from the base line 
design. Baseline costs for the collector field, tower, receiver, and thermo! storage 
were scaled in relation to the range of capacity factor variation with the remaining 
elements of total plant cost held constant at baseline values. The resulting capital 
costs for each selected capacity factor were ratioed inversely by the capacity 
factor to establish the re lat ionsh ip of busbcr energy cost to copac ity factor. Th is 
relationship, when normalized to the baseline capacity factor of 0.6, shows 
variation in energy cost per kWh ranging from a 15% increase at 0.4 capacity factor 
to 4% reduction at 0.7 capacity factor. 

O&M Cost as a Percent of Caotial 

The sensitivity of electric energy cost to variations in operations and maintenance 
(O&M) cost has been assessed in terms of percent of capital cost over a range of 
1.5% to 3% (baseline = 2%), with the fixed charge rate, capitol cost and annual 
energy output held constant. This variation in O&M cost results in changes in 
energy cost per kWh ranging from a 9-1 /2% increase ct 3% O&M to a 5% reduction 
ct 1.5% O&M. Within the range shown to illustrate sensitivity, the cost risk 
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associated witt1 O&M cost vorictio:-t is expected to be all on the hian side of the 
baseli:ie ·o:.,e to lac~ of detailed thermal transport equipment maint-eno"lce plans, 
one shoulc fall within the range of 2% to 2.S~o of capita; cost. This risk variation 
over the baseline equates to an increase of 4.6% in cost per kWh. 

Fixed Charoe Rate 

The sensitivity of electric energy cost to variations in the projected fixed charge 

rote has been assessed over a range of 18% to 30% (baseline = 25%), with capital 
cos~, operations a,-,d maintenance cost, and annual .energy output held constant. · 

This variation in fixed charge rate resuits in potential changes in energy cost per 
kWh that ore much mere significant than all the other sensitivity variables 

considered, ranging from a 20% increase at .30 fixed charge rote to c 28% 
reduction at • 18 fixed charge rate. Within the range shown to illustrate sensiti.Jitv, 
the cost risk is expected to fall within the range of 20% to 25%. This assumes no 
worsening of present economic conditions affecting fixed charge rote wfth all cf 
the risk being for potential improvement on the downside. This assumption results 
in a possible reduction in cost per kWh of up to 20%. 

A summary of the system sensitivities is presented on Table Vlll.C. I. For each of 
the sensitivities, there is an indication of a subjective assessment of intrinsic risk 

level. Systems which are state-of-the-art and well known have a lower intrinsic 
risk on cost and performance then new technology systems. In addition, the 
relative state of design, verification testing, and production planning affects 

intrinsic risk. 

The collector cost intrinsic risk level is moderate because of the extensive design, 
testing and production planning completed. The balance of solar plant is assessed 

as high, because of the relatively less mature state of the design. These 

assessments are relative, and should be interpreted as allowing for the possibility of 

both upside and downside risk being equally probable. 

The conventional thermal plant has c low intrinsic risk because of its maturity. 

The moderate risk on insolation reflects both uncertainty at the Lucerne Valley site 
and the possible selection of an alternate site. The moderate risk for collection 
efficiency arises primarily fr.om atmospheric transmission and receiver convective 

loss uncertainties. Generation efficiency is accurately known. Unit size and 
capocity factor have no applicable intrinsic risk, as these are preselected. 
However, performance variations will reflect themselves in capacity factor, and 
possibly in net ~pacity. 

The O&f./1 cost risk is moderate, because detailed maintenance plans for the salt 
equipment have not been developed. 

The fixed charge rate is a function of economic parameters beyond the control of 
the utility. The probability of change is high.. 

An overview of the cost sensitivity/cost risk analysis shows the fixed charge rate to 

outweigh all other variables in terms of degree of sensitivity and potential cost 
risk. As mentioned in the discussion of the system sensitivities summary table, 
most of the fixed charge rate components are determined by general economic 
conditions beyond the control of the utility. However, if a more definite economic 

trend becomes apparent during the project review cycle, any resulting change in 
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fixed charge rate should be assessed to determine the impact on eriergy cost. Other 
variables with relatively significant cost sensitivities include coliector field capita! 
cost, balance of solar plant capital cost, and capacity factor. Safeguo .. ds involving 
svstem specifications and hardware design should be introduced early in the pro:ect 
;:>icn:-iing activity to control the growth in these varia:>les and incorporate changes 
resulting i?i lower energy cost wherever possible. 

Vlll-D. FlhJANCIAL ANAL YSlS 

The purpose of the economic and financial analyses which follov.' was to develop a 
prelimina:-y assessment of the economic and financial feasibility of the Solar 100 project 
as described and defined in earlier sections of this report. 

A 100 t✓,W solar facility could reasonably be owned by c utility, a municipality, or with 
modification of existing federal regulations, an entrepreneur. To insure that the 
alternate scenario results would be based on comparable date, the common input values 
and assumptions, as detailed in Table VIJI.D. I were held constant between scenarios. 

The mode of ownership would impact the means of financing end the availability of tax 
credits. Currently, if owned by a third party, a solar facility would be eligible for a !0% 
investment tax credit (ITC) end a 15% energy tax credit (ETC). A utility would only 
qualify for the ITC while c municipally owned facilty would not qualify for either credit, 
nor would it pay taxes in general. Financing would be more readily available too utilitv 
or municipality then to en entreprenuer. The cost of financing would be least for c 
municipality and most costly to the entrepreneur. 

Given the unique set of advantages end disadvantages, the overall assessment of the 
results based on the financial analyses of the thr.ee scenarios that a solar 100 plant owned 
by private investors which sells the output to SCE shows the most promise. However, it 
is important to note that under the present provisions of PURPA, a 100 MW solar plant 
owned by private investors would be subject to State end federal rote regulation. 

I • Utility Ownership_ 

A utility's objective function is to minimize the cost to the ratepayer subject to the 
constraints of reliability, capital availability, regulatory law and demand. The 
focus of a financial analysis from the utility perspective must therefore be on the 
total cost of o project to the ratepayer. The objective of the financial analysis of 
the 100 MW Solar facility was to access the reasonableness of the various potential 
modes of ownership, the total cost to the ratepayer under utility and third party 
ownership were compared. Additional utility specific assumptions are shown on 
Table Vlll.D.2. 

For a facility constructed and owned by a utility, once operational, the ratepayer 
will be charged for the return of capital, return on capital, income taxes, all other 
taxes, administration costs, end oil expenses incurred to operate and maintain the 
facility. For the purpose of this analysis perfect, instantaneous rotemaking was 
assumed. This implies that all costs ere recovered as incurred. Additionally, full 
normalization of all tax timing differences was assumed. Assuming perfect and 
instantaneous rctemaking removes the only financial risk associated specifically 
with the solar project. Because the project is relatively small and to the extent 
that the Commission allows full cost recovery, there would be no incremental 
financial risk per se. 
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I. General 

2. 

3. 

• Plant rated capacity - 100 M\Ne (100% ele tricity, no cogeneration) 

• 30 year operational life 

• Power availability: , 
. ,/ ","/ 

/ ~>'''/ 

489,990 MWh/Year net of scheduled and forced outage and aux!liary 
power requirements 

Scheduled availability: 

1986 
1987 
1988 on 

Annual Escalation Rates 

• Capital Equipment 

• O&M and A&G 

• Energy Payments 

Revenues 

1982-1985 
1986 
1987-1990 
1991 on 
Property tax 

12.5% 
62.5% 
100% 

10% 

9% 

11.00/4 
10.0% 
9.6% 
9.3% 
2.0% 

• 
• 

Schedule -Avoided Cost Basis (11/81 basis) 

Energy Payments 

Rates (November 1981 - January 1982 Dollars) 

$0.080/KWh 
$0.073/KWh 
$0.071/KWh 
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On-Pegk 
Mid-Peak 
Off-Peak 
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T A3LE VIII.D. I (b) 
FINANCIAL ANALYSIS 

COMMO!'J ASSUMPTIONS 

4. Costs 

5. 

--
• Investment 

• O&M 

Base Investment (incl engr) 
Sales Tax 
Additional Contingencies 
SCE Construction Overhead 

Total Investment 

Annual O&M (incl waterline) 
Average 
I st year add (one time) 

Municipal Bond Debt service 
One time water surcharge 
Insurance~ A 
A&G ~,cF~'"'"-".r 
Property tax 

Dec. 81$ 
$363.6M 

12.7 
54.5 
17.5 

$448.3M 

$5.55M* 
.Bl M** 

$.74M*** 
$1.1 IM 

2.5% of Principal 

* Allocate relative to power availability. 
~ 1986 cost - $ l .25M. 

1.1 % of Investment* e s-c · Cf 4-/_j r, 
1.0% of Investment es-c . ,;;. "., (~ t,. 

*~ $.985 M/Year, starting in 1986. 

Capitalization 

• Assumptions 
Ca-eitolized for Levelized 
TC Depree. P. Tax Expense O&M Element Debt 

Capital X X X 
Sales Tax X X X 
!DC/Commit Fees X X 
Property Tax X X 
Construct /Lieb. Ins. X X X 
Engineer ( I st 2 Yrs) X A A 
SCE AG&I X X X 
Water Main 
O&M - Basic 

AG&I 
Property Tax 

X = Prime Treatment 
A= Alternative 

• Funding 

TyPe Cost N/R Engineering 

Year 
Percent 

82 
.5 

83 
2.6 
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Capitol Investment 

84 85 86 87 Total 
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I. 

2. 

3. 

4. 

5. 

6. 

TABLE VIII.D.2 

Cost of Caeital 

Co!Tlponent C$2i'tal Ratio 

Long-Term Debt 45% 
?referred Stock 11 
Common Stock 44 

Total 100% 

AFUDC Rates 

1982 
1983 
1984 
1985 
1986 
1987 

SCE Co!:2· Cg,eital Escalation Rates 

1983 
1984 
1985-1986 
1987 on 

Caeacitr Porment 

• $180/kW /Year 

• 60% nominal capacity factor 

Tax Considerations 

• 

• 

Federal . 

State 

15 Year ACRS depreciation 

10% ITC 

Cost 

I ,o, 
-70 

I I 
19 

9.20% 
9.75 

10.25 
10.50 
11.30 
11.60 

13.0% 
14.0 
11.0 
10.0 

30 year straight line depreciation 

Regulation 

• Normalization of ACRS depreciation & ITC 
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In the early vea:-s the largest components of the revenue requirement for o Soler 
facility are the return of coo ital and return on capita!. Consequently, as shown in 
Fig,.rre Vlll.D. I, the onnuo I revenue requirement declines until the year 200 I. At 
that time the operating costs start to dominate the total revenue requirement 
ca~s;nc it to increase bv the end of the o::>erctino life. The revenue reauirement 
has iri~reased bv coout i7% over the initial leveli. Avoided cosi ooyme~ts, under 
the study assumotions, would increase over the entire 30-year period. 
Fioure Vlll.D.2 shows that the annual revenue reauirement and the avoided cosi 
oovment would eoua!lze in the 1995-1996. time oeriod. From ISl96 on the annual 
avoidec cost pav-nent would exceed the annual revenue requirement. 

For decision mokhg, the total oresent worth of the annual revenue requirements 
and the total prese;1t worth of the avoided cost payment must be compared. 
Fig.;re Vlll.D.3 shows that, because of the high revenue requirements in the earlv 
veers, the cumulative present worth of the revenue requirement remains above the 
cumulative present worth of the avoided cost pavment throughout the 30 years. 
Note that that is true whethe:- o 10% caoital escalation rate or Edison's coroorate 
capitol escoloti_on rctes ore assumed. The decision variables are as follows: 

Total PW Revenue Reouirements 
Total PW Avoided Cost Payment 

250 

200 

: 150 
"' =a 
C 
0 .. 
C 

~ 
::i 100 

50 

Cwitol Escalation Assumotions 
10% SCE CORP. 

Legend 

$601.1 
536.1 

(Millions) 

D Operating & Maintenance 

.ESS,3 Income Taxes :• Return on Capital 

[//,1 Return of Capital 

$640.5 
536.1 

1987 88 89 90 919293 94 95 9697 98992000010203 04 05 06 07 08 0910 1112 13 14 1516 17 
Year 

Figure Vlll.D.1. Annual Revenue Requirement - Utility Ownership 
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Figure VI 11.0.3. Utility Ownership - Cumulative Present Worth 

Vlll-20 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 

I 
I 
I 
I 
I 

I 
I 
I 

Tnese results indicate that the cost to Edison's ratepayer of obtaining electricity 
fro~ a l 0Q fll,'f' so lai focilitv wov Id be minimized by ourchasing the power from o 
third party at fu 11 ovoi ded cos-:-. 

Tne results o: anv financial anolvsis will be sensitive to the inout assumotions. 
Figures VIII.Q.4 and \'111.D.5 depict the results of changing the capitol costs or the 
rote at which the avoided cost pavment escalates. Deoending on the caoital 
escalation rate, capitol costs would have to decline 10-15% before the decision 
woLtld chance. f:J..s the he liostats reorese!"\t nearly 40°10 of the tote I costs the 
required reduction in capital costs coJld be achieved by c 25-40% reduction in the 
he liostat costs. 

On a leveiizec! basis, the base case annual escalation rate for the avoided cost 
payment is approximately 9.6%. For the decision to change, the escalation rate 
would hove to increase to 10.5%-11.0% annually depending on the capital 
escalotior, rate. 

In cane lusion, without a reduction in the capita I costs or an increase in rate of 
esca I at ion of avoi dee! cost, from the fi none ia I perspective the vt i I ity rateooyer is 
better off if the power is puchased at full avoided cost from o third partv. This 

conclusion is Edison specific because the inout is based on Edison's cost of capitol, 
capitol structure, and avoided cost schedule. 
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Figure Vlll.D.4. Sensitivity to Capital Cost - Utility Ownership 
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Figure Vlll.0.5. Sensitivity to Avoided Cost - Utility Ownership 

2. Entrepreneur Owner 

a. Financial Analvsis 

ihe entrepreneur owner supports the utility's objective of minimizing 

ratepayor costs since the entrepreneur's income is determined by the utility's 

avoided cost as allowed by the energy supplied. The entrepreneur must 

determine whether the income received in meeting the utility's objective 

will earn a satisfactory return on the investment in the resources required to 

generate the energy stream. A s.ctisfactory return must meet or exceed the 

marginal rate acceptable to the investor considering the perceived resource 

requirements and risks inherent in the project. 

The acceptable marginal rate will vary with each investor, so that the 

analysis seeks to define the cash inflows and outflows, and then to determine 

values for the various financial figure of merits that an investor would 

e.mploy in making an investment decision. In addition, financial sensitivity 

to various risks such as capital cost overruns and unrealized avoided costs 

are of interest to the investor. 

The analysis capitalizes all costs during construction except those in the 

first two years which are engineering related. The letter ore expensed, and 

thus, not included in the tax credit and depreciation base. Federal energy 

tax credits are taken and the 5 year ACRS schedule is employed, but state 

energy credits are not token, and 8 year depreciation is assumed for state 

taxes. The after tax results are summarized below: 
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Dollars in Millions Year 2000 Return· on 
1-PV fv'iaximurr, 

,P: 20% Exoosure~ IRR Sales Capital 

Baseline $35 $67 35% 35% 16% 

80% Cost Multiplier $50 $54 43% 37% 21% 
120% Cost Multiplier $20 $112 28% 34% 12% 

100% Avoided Cost $48 $67 39% 36% 18% 
80% Avoided Cost $23 $67 30% 34% 13% 

* Occurs in I 985 

The baseline case calculotes the avoided cost energy payments ct 90 percent 
of allowable avoided costs, and considers cap;tal and engineering -costs cf 
427 million in December 1981 dollars. This value is based on the tote! work 
order level costs of 431 million less 4 million for the switchyard end 
transmission line, which the utility provides (Table VIII.A. i). The ·cost also 
excludes the uti Ii ties' construction overhead and cost of capital which are 
considered in other cash flows. Heliostat hardware costs, which account for 
almost 30 percent of total costs, ore based on assumed overall production of 
75,000 heliost·ats over 10 years. Table Vlll.D. I details the common assump­
tions while Table VIII.D.3 delineates specific assumptions used for the 
entrepreneur perspective. Detail reports providing cash flow, pro formo ta>: 
calculations, and other financial statements and ground rules ere included in 
the reference document. Figure VIII.D.6 indicates the nature of cash flow. 

The detail report shows that, by the year 2000, the internal rote of return 
and the return on sales are within a few points of their final values, but the 
return on net capital employed -ultimately grows to 80%. Figures VIII.D.i 
and Vlll.D.8 odd further perspective about the influence of profitability and 
capital cost variation while Figure VIII.D.9 deals with the value of the 
federal energy tax credit. Other sensitivities ore examined in the reference 
document. 

Figure Vlll.D.7 indicates quick profitability once operations start, but then 
several . years of negative net cash flow cause declining returns as the tm: 
impact of depreciation and interest expense lessens. The downward spike 
reflects one year (1997) when the cumulative net cash flow goes negative, 
again. The final loan payment is made in that year ending any further 
negative net cash flows. Capital overruns may still allow an acceptable 
internal rate of return (IRR), but as implied, may extend the period of 
negative cumulative net cash flow by several years. Underruns will maintain 
a positive cumulative net cash flow as--well-as substantially improve the 
JRR. 

Figure VIII.D.8 shows the combined impact of escalation rates and the 
percent of avoided cost realized in revenue. Profitability appears especiall_y 
sensitive to the escalation rote of revenues although the level of avoided 
cost revenue realized is also quite significant. The figure suggests that 
energy cost escalation below general inflation need not discourage investors 
provided the power purchase contract provide revenues at close to full 
avoided cost. 

Vlll•23 



TABLE Vlll.D.3 

(_ 

I. Financia: 

I 
I 
I 
I 
I 

2. 

• 

• 

• 

Construction loan 

Short term loans until turnover 

First loon 1982 

Pa}•ment of interest only during construction period based on loan to I 
date + I /2 of current year loan 

65% deb//, 35% equity I 
18% interest rate 

Commitment fee at .005 per year of remaining loan I 
Commitment based on total loan commitment less loan to date+ 1/2 

1 o_f current year 

Project financing 

65% debt, 35% equity 

16% interest rate 

I 0% year loan 

Constant payment loan 

Loon cost issuance fee at .006 

Discount rate 

20% after tax 

Avoided Cost Payment 

I 
I 
I 
I 
I 
I • 

• 

Energy Payment 

Negotiated at 90% of full payment (consideration for SCE providing 

1 land, interconnection facilities, and switchyard hardware). 

Capacity Payment Clevelized, 1988 dollars) 

$240/KW/Year (based on the 1985 figure, escalated - not an SCE 
published payment) 

I 
I 
I 
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3. 

TABLE Vlll.D.3(b) 
- '.JA t\lel::Af 

0.60 nominal capacity factor (0.56 calculated, ofter forced outage) 

On-Peak Mid-Peak Off-Peak 

Sumrner Winter Summer Winter Summer Winter 

.87 .78 .88 .72 .48 .30 

Capacity end cvailcbility penalties applicable in off-peak peri.od, 
only. 

Negotiated at full payment, due. 

Tex Considerations 

• Tax Credit 

• 

• 

Federal 

State 

Tax Rates 

Federal 

State 

25% 

0% 

46% 

9.6% 

(in year cost incurred) 

Depreciation (partial start in 1986, balance in 1987) 

Federal 

State 

5 year ACRS on federal 

8 year SYD 

Figure Vlll.D.9 indicates the importance of the federal energy credit, 
as-well-as the impact if the credit is cut-off before project completion. The 
curve reflects that the energy tax credits are taken as capitol outlays are 
made. Thus, an advantage is gained as the cut-off dote is extended. As a 
result, a December 1985 cut-off, when the credit is scheduled to expire, may 
still allow an acceptable retum to many investors even if the credit is not 
"grandfathered" out. 

b. Financial Risks 

Lenders generally ore concerned with the adequacy of a project's debt 
service capability. That is, lenders require a high degree of assurance that 
regardless of events the entity will be able to fulfill its contractual 
obligations. Therefore, to successfully obtain project financing for this 
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Figure yt 11.D.6. Entrepreneur Ownership - Baseline Cash Flow 
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project, the risks will hove to be adequately addressed and appropriate 
guarantees provided to assure the lenders that debt service can be 
maintained. Technical risks ore addressed in Section IX of this report; the 
purpose of this section is to adequately describe financial risks associateC: 
with raising of capital by the entrepreneur for construction. 

Effective risk management is key to the projects attractiveness to both the 
investor and lender. Risks associated with o project such as this are 
generally divided into two categories: 

o Risks presented during the construction phase, and 
o Risks presented during the· operational phase. 

There are two primary components to risks presented during construction; 
cost overruns and cosntuction delays. · 

For c fee, an A&E firm may be willing to guarantee the date of completion 
and accept a firm price contract with appropriate escaiction clauses. In 
tum, the A&E firm may require similar guarantees and contracts from i.ts 
suppliers. However, in a new technology program of considerable cost1 the 
A&E and suppliers may require a substantial fee for schedule and cost 
guarantees. Fee requirements may be offset somewhat by other 
considerations such· as market entry or an equity position if the return is 
attractive. Even so, preventative measures which include adequate time for 
design and test, proper system selection, selection of competent contractors. 
and suppliers, advance permitting, and schedule incentives may be the most 
effective risk management devices. Such measures are usually combined 
with insurance to provide on adequate risk management portfolio. 

Risks presented during operation include, but ore not limited to, 
underperformonce due to design, underperiormance due to negligent 
operation, underperformonce due to inadequate solar insolation, and 
·decreases in the price of electricity. As with the construction risk, the A&E 
firm and the individual suppliers may be required through negotiation to 
guarantee some degree of performance at a specified level of solar 
insolation. Again, for a new technology program, the price would be very 
substantial. Also, the scope of A&E liability typically foils short in two 
ways: (I) vendor liability is usually limited to repair or replace equipment, 
and (2) the length of guarantee is usually too short to satisfy lenders. If 
vendor reputation is strong, insurance may be obtained to extend coverge to 
satisfactory levels. 

Another risk associated with the operation phase is underperformcnce caused 
by operator negligence. The facility operator. would be required to assume 
this risk. The investment' bonkers indicated that both lenders and investors 
would prefer to hove the utility who purchases the power to be the 
operator. With a utility as the facility operator, there would be no apparent 
problem in providing assurance that the facility will be operated in an 
effective manner. 

Solar insolotia, risk is the risk that the quality and quantity of energy (i.e., 
sunshine) will be within the design limits. Competent system design analysis 
is critical in assessing this risk. The entity responsible for site selection may 
be in· the ~s~ position- to assume this risk. Insurance might be available. 

Vlll-28 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I ,. 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

r:1 
'I 
' I I 
I 
'-

I 
I 
I 
I 
I 
I 

3. 

O:ice the factors that could cause power output shortfalls are properly 
assured against, another risk lenders and investors are concerned with is the 
cssiJrance that the power produced will be purchased and the energy payment 
will be enoug!i to cover the debt service. A long term power purchase 
contract between a utility and the project owner would be required. This 
co:itract would specify that the utility would be obligated to purchase all the 
power produced. The power purchase price typically is established as c 
percent of the utility's published avoided cost. 

If the economics of the project are heavily dependent upon. the levels of the 
future avoided cost, the energy payment could be too low to cover the debt 
service. This risk can best be managed by in depth analysis and a carefully 
negotiated power purchase contract. 

Regulatory risk may be presented during both constructron and operation. 
Regulatory risk concerns changes in state and federal regualtions. This risk 
may be assumed by the owner or the purchaser of power as negotiated. Two 
examples of regulatory risks are the availability of rhe federal energy tax 
credit, as previously discussed, and the size limitation under PURPA, which 
currently does not cover a 100 MWe noncogeneration plant. The latter if not 
changed, forces a more creative legal structure. Although difficult to 
control, continued awareness allows effective anticipation of potential 
changes, and a strong lobby con make legislators aware of industry concerns. 

Lenders and investors ore also concerned with project delay in the event of a 
mishap while the parties argue over liability. Instead of waiting for liability 
to be determined, the project owner would be the lender's choice as the 
overall responsible party for debt repayment. The project owner will then 
deal with the other parties to determine the cause of underp.er'formance and 
the debt repayment responsibility. 

In sum, preventative measures associated with competent management and 
realistic schedules are the most effective risk management devices. 
Guarantees for costs, schedule and performance would require substantial 
fees unless market entry or an equity position is a consideration, and at best, 
they have limited application in a new technology program. As indicated, 
many of the above-mentioned risks or other as yet unidentified risks could 
possibly be managed through an insurance policy that would be adequate to 
satisfy lender and/or investor requirements. However, a commercial 
enterprise based on a new technology is likely to be subject to high rates by 
insurers due to lack of claims experience. 

The sensitivity analysis indicates that there are circumstances, particularly 
in consort, that may so unfavorably influence the solar project's profitability 
that it would .be difficult. to attract investors. However, provided the 

· projected returns, and with effective allocation and management of cost, 
schedule, revenue, performance and regulatory risks, there appears adequate 
leeway to assure investor and utility interest in an entrepreneur ownership 
arrangement. 

Municipal Ownership 

One of the scenarios considered in the Solar 100 Project study is the possible 
financing and ownership of a I 00 megawatt solar generating facility by · a 
municipality or other public agency. 



This scenario assumes that a city or other local public agency owns its own 

distribution system and wants to consider developing its own generating caj::>Clcity to 

serve at least port of the needs of its customers rather than dependin; on purchased 

power. 

From the standpoint of the Southern California Edison Company, this scenario has 

the advantage of making approximately 100 MW of generating capacity in the 

Edison system presently used to serve public agencies in its service area available 

fer altemctive uses thus delaying the need for adding new capacity. 

From the standpoint of the local public agency, this scenario would reduce the 

agency's reliance on purchased power and the uncertainties associated with future 

price and availability which such dependence entails. While it does not offer total 

energy independence, it may offer a substantial measure of energy self-sufficiency. 

In exchange for a substantial present investment the community would be gaining 

the potential for significant long-term savings. 

o the. facility can be financed with tax-exempt bonds thus reducing 
interest costs. 

0 

0 

materials and equipment used in construction would not be subject to 
sales or use taxes. 

the- facility would be exempt from property taxes. 

On the other hand, the potential tax benefits associated with private financing and 

ownership would be lost under this scenario. 

To assess the possible interest in ownership of a 100 MW solar plcnt by a local 

public entity, a financial analysis of such an investment has been prepared. 

The assumptions used in the base case analysis are found in Tab~e Vlll.D. I and 

Vlll.D.4; the results of the analysis ore shown in Table Vlll.D.5. Table Vllll.D.6 

shows the impact of certain changed input values on the price of electricity in the 

first year of operation. 

Table Vlll.D.7 which follows is based on an estimated overage cost of purchased 

power of 6.0345 cents per kilowatt hour in the fourth quarter of 1981 end shows 

how the estimated cost of purchased power compares with the estimated cost of 

power generated at the solar plant based on the assumptions used. No transmission 

costs hove been included in the anloysis. Figure Vlll.D.10 shows the same 

information as that contained in Table Vlll.D.7 in graphic form. 

Risks 

The financing, construction and operation of a 100 MW solar plant by a municipality 

is subject to the usual project risks of cost overruns end completions delays in the 

construction period and failure to perform adequately and costly maintenance 

during the operating period. Risks are compounded in a project utilizing new 

technology or one which will operate on a scale not previously attempted. 
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I. Construction Costs 

• Total Investment 

Less 

• Soles Tax 

• SCE Const. Overhead 

Municipal Investment 

2. Financing 

• Interest on bonds 12% 

$448.3M 

12.7 

17.5 

418.1 

• Bond reserve fund - I yr. level debt service 

• Bond issuance cost - 3% of bond amount 

• Interest earned on unexpended bond proceeds 14% 

• Interest earned on debt service/reserve fund 12% 

• 30 year maturity 

• Level debt service 

• Bond issuance 3Q82 

The principal project risks are discussed in an earlier port of this section and many 
of these apply to the Municipal Ownership Case. In addition, the municipal scenario 
is subject to a few risks that are unique to that case. These include the possibility 
that the bond issued will not be sufficient to complete the project or that a 
taxpayer's suit may delay or block the project. 

Insufficiency of bond proceeds can be addressed by seeking authorization for bonds 
in excess of anticipated needs. The best protection against o taxpayer's suit is a 
comprehensive feasibility study which demonstrates the project to be in the 
community1s best interest. 

Volatile interest rotes present another uncertainty. It may be possible to issue 
short term debt to finance engineering design work ·and thus await more favorable 
market conditions for the issuance of long term debt. 
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TABLE VIII.O.S(a) 
JOINT SOLAirGENEHAflON .STUDY 

SOUHCES ANO USES OF FUNDS STATEMENT 
MUNICIPAL OWNEHSHIP CASE 

(MILLIONS OF DOLLARS) 

YEAll: 

Sources of Funds 1982 1983 198ft 1985 -- --- ---
Tax Exempt Bond Proceeds 852.11 - - -
Interest Earnings on Bond Funds@ 14% 101.60 102.30 95.92 69.06 
Interest Earnings on DSRF@ 12%{,IJ-J'/OS-,'78) 12.69 12.69 12.69 12.69 
Unexpended Funds __ - 730.61 730.81 639.54 ---

Total Sources of Funds 966.lt0 845.60 839.43 721.30 --- --- ------- --- ----- ----
Uses of Funds 

Eng./Constr. Costs - 2.19 12.54 97.63 271.98 
Interest on Bonds@ 12% (8S;J. • f I .1--' f d-) I02.25 102.25 102.25 102.25 
Debt Servi£e Reserve Fund 105.78 - - -
Bond Issuance Costs (ii) 3% 25.56 - - -
Unexpended Funds 730.61 --- 730.81 639.54 347.06 

Total Uses of Funds 966.lt0 8lt5.60 e39.,d 721.30 ------ -------- --- ·---

1986 · 1987 lol<ll ---- ----- --
- - 852.11 

JI.Sit 7.25 l107.67 
12.69 12.69 "/6.12 

3117.06 103.50 2551.52 ------ ------ ---- .. __ 
391 ~30 123.4'• 3087.117 -- --- - -------------- -----·--·--

185.54 21.19 591.0R 
I02.25 I0i.!.25 613.52 

- - 105.79 
- - 25.56 

I03.50 - 2551.52 ---- -- ------
391.30 123.114 3887.117 ---- --- ----·-------·- ---- -- . ---~ ~--

-------------------
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TAl1LE VIII.D.S(b) 

JOINT SOLAH GENEHATION STUDY 
MUNICIPAL OWNEHSHIP CASE 

ANALYSIS OF HEVENUE HEQUIHEMENTS ii --- ·---------·-----·-----

\' 11 }'>"a/}'?, (MILLIONS OF DOLLARS) 

'-, 
'· YFAH: 

·, 
Annual Costs 

·, 
' 1988 1989 1990 1991 1992 1993 199ft 1995 
",.,'--- --- --- ----- ---- ---- -------

Debt Service --~ 105. 78 IOS.78 105.78 105.78 105.70 105.78 IOS. 78 · I05. 7ll 
Debt Service Coverage@ 30% , '3 x /0'f, ?-S 31.74 31.74 31.74 31. Jlt 31.74 31. 111 31. 11, 31. ,,, 

O&M 9.63 10.50 11.41-t 12.47 13 •. 59 I ft.82 16.15 11 .{;0 

G&A 7.09 7.73 8.43 9.18 10.01 I0.91 11.89 12.96 -- -- --- -- --- -- --- ----

< Total Annual Costs 154.24 155.75 157.39 l59.f7 161.12 163.25 165.56 168.09 -- less: Interest Earnings on-DSRF 12.69 12.69 12.69 12.69 12.69 12.69 12.69 12.69 . 
w -- --- --·- --- -------
w 

Net Annual Costs 141.55 lltJ.05 I ltlt.69 146.48 lltB.43 150.55 152.87 155.39 

Price Per kWhr to Break Even .29 .29 .30 .30 .30 .31 .31 .32 



TABLE VIII.D.S(c) 
JOINT SOLAH.GENEHATIOM STUDY 

MUNICIPAL OWNF.HSl·III' CASE 

ANAL Y~:,:,::::~:~:~::E0:/, a' u ~) 

YEAH: 

Annual Costs 1996 1997 1998 1999 · 2000 7-00I 2002 200] 
-- --- --·- ----- -··------ -- --·-· ---•-· . ---

Debt Service 105.78 105.78 105.78 105.78 105.78 105.78 105.78 105.78 

Debt Service Coverage @ 30% 31. 11, 31.74 31.74 31.7'• 31.7ft 31.74 31. 11, JI. 11, 

O&M 19.19 20.92 22.80 24.85 27.09 2~.52 32.18 ]5.08 

G&A 14.13 I s.110 16.79 18.30 19.95 21.74 2:J.70 25.flJ --- --- ------ ------ ----- -- ~ - --· 

< Total Annual Costs 170.84 173.84 177. I I 180.67 184.55 188.78 193.lt0 198.ltJ 
-,- less: Interest Earnings on DSRF 12.69 12.69 12.69 12.69 12.69 12.69 12.69 12.69 

~ -- ---- --- ----- ---·---

Net Annual Costs 158.14 161.14 I 611.41 167.97 171.86 176.09 180.70 185.73 

Price Per kWhr to Break Even .32 .33 .34 .3'• . .35 .36 .37 .38 

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



I 1 1 -------------------
TAl1LE vm.D.S(d) 

JOINT SOLAH GENEHATION STUDY 
MUNICIPAL OWNERSHIP CASE 

ANALYSIS OF HE VENUE REQUIHEMENTS. ------------------·-----

(MILLIONS OF IJOLLAHS) ( c,,-.,/-, ,' ,0 
YFAl1: 

Amual Costs 2001, 2005 2006 2007 2008 2009 2010 2011 -- --- --·- ---- ---- -----·-

Debt Service 105.78 105.78 105.78 105.78 105.78 105.78 IOS.70 105.78 
Debt Service Coverage @ 30% 31.74 31.74 3 I .7t, 31.74 31. 71-t 31.74 31. 11, 31. 71, 
O&M 38.23 41.68 45.t,3 49.52 53.97 58.83 64.12 69.89 
G&A 28.15 30.69 33.45 36.46 39.74 ltJ.32 1,1 .22 51.117 -- --- --- --- --- -----

< Total Annual Costs 203.91 209.88 216.40 223.50 231.23 239.67 2118.86 258.88 - Less: Interest Earnings on DSRF 12.69 12.69 12.69 12.69 12.69 12.69 12.69 12.69 • w --- -- -- -·--- ---- --·-- -···--
01 

Net Annual Costs 19 f.21 197.19 203.70 210.80 218.SIJ 226.97 236.17 2116.19 

Price Per kWhr to Break Even .39 .40 .t,2 .43 .,,5 .46 .48 .so 



Annual Costs 

Debt Service 
Debt Service Coverage @ 30% 
O&M 
G&A 

< Total Annual Costs -.. Less: Interest Earnings on DSRF 
w 
0) 

Net Annual Costs 

Price Per kWhr to Break Even 

T ADLE vm.11.S(e) 
JOIMT SOLAh GENEHATION STUDY 

MUMICIPAL OWNEHSHIP CASE 
ANALYSIS OF HEVEMUE HEOUIHEMENTS ------------------- ------

(MILLIONS OF DOLLARS) C'~ V)t J~/ 

YEAH: 

2012 2013 2014 2015 2016 -- ---- --- ---
105.78 105.78 105.78 105.78 105.78 
31.74 31.74 31. 11, 31.74 31. 11, 
76.19 83.04 90.52 98.66 107.5ft 
56.10 61.IS 66.65 72.65 79.19 --- --- --- ---

269.80 281.71 294.69 308.83 32't.25 
12.69 12.69 12.69 12.69 12.69 ---- ----

257.11 269.02 281.99 296.1 ft 311.56 

.52 .55 .58 .60 .6lt 

2017 Tolal ----- -- ----·-- ... 

- 3170.00 
- 951.00 

117.22 1319.20 
86.32 971.1,1 -·--- -------

203.5ft 6'1 I 1.61 
12.69 300.02 --- --•---H--

190.0lt 6030.79 

.39 12.118 

-------------------
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TABLE VIII.D.6 
IMPACT OF CHANG~S IN COSTS ON THE FIRST 

YEAR PRICE OF ELECTRICITY 
(CEt-.JTS PER kW!ir) 

Capital Costs 

+25% 

Base Case 

-25% 

O&M Costs 

+25% 

Bose Case 

-25% 

35 

29 

23 

29 

29 

28 

Certain protections for bondholders have been incorporated in the Cash Flow 
Analysis for the Municipal Ownership Case. These include a debt service reserve 
fund equal to a year's debt service which provides assurance that bondholders will 
be paid if there is a delay in project construction or insufficient revenues during 
operation, and the assumption that debt service coverage of 1.30 will be required by 
the bond indenture. 

Conclusion 

The capital investment required by the plant is large and results in an initial solar 
generated power cost substantially higher than the cost of purchased power. The 
gap between the two costs narrows in future years as the cost of purchased power 
rises more rapidly than the cost of solar generated power. · 

The interest of a municipality or other public agency in the investment will depend 
upon how it evaluates the future savings in relationship to the present investment 
required end the risks perceived in the project. 
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TABLE Vlll.D. 7 I EST! MA TED COST OF SOLAR GENERATED POWER 

COMPAR~D TO ESTI ¥.A TED PURCHASED POWER COSTS AT 
SELECTED ESCALATION RA TES I (CENTS PER KILOWATT HOUR) 

Purchase Power Cost I Escalated at: 
Soler Generated 

I Yecr Power Cost 8% 10% 12% 

1982 7 7 7 
. . . . . . . . . . . . . .. I 1988 29 11 12 14 

89 29 1 I 13 15 
90 30 12 15 17 I 91 30 13 16 19 
92 30 14 18 21 
93 31 16 19 24 

I 94 31 17 21 27 
95 32 18 23 30 
96 32 20 26 34 
97 33 21 28 38 I 98 34 23 31 42 
99 34 25 34 47 

2000 35 27 38 53 I 01 36 29 41 59 
02 37 31 46 66 
03 38 34 50 74 

I 04 39 36 55 83 
05 40 39 61 93 
06 42 42 66 104 

I 07 43 46 74 117 
08 45 49 81 131 
09 46 53 89 147 
10 48 58 98 164 I 11 50 62 108 184 
12 52 67 118 206 
13 · 55 73 130 231 I 14 58 78 143 259 
15 60 85 158 290 
16 64 92 173 . 324 

I 17 69 99 191 363 

TOTAL $12.02 $12.01 $l9.i6 $32.76 

I 
I 
I 
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IX. R!S~(S ANSI CONSTRAINTS 

A. Technical Risks and Monaaement Pion 

This subject was introduced in Section Ill where technology readiness is discussed 

for alternative central receiver systems. The desi-gn and operation of Solar I and 

additional studies and developments specifically related to molten salts provide the 

basis for the Solar I 00 design. The general conclusion is that the technology is 

ready, but residual issues relating to extrapolations of results to o larger scale and 

extended operating times do exist. It is believed that these issues can be 

satisfactorily resolved within state-of-the-art design end manufacturing 

capab i I it ies. 

Nitrate-based molten salts have been used as heat transport media in the petroleum 

and chemical process industries and in metallurgical heat treatment operations for 

more thor. 40 veers. Their application in processes where water and organic fluids 

were inadequate (temperatures above 700°F) required the development of 

equipment to handle and contain the material. 

Physical and chemical properties, heat transfer data, and corrosion rates were 

reported for molten salt as early as 1940. More recently, the potential benefits 

from use of molten salt in solar applications (see discussions in Section 111.C) 

motivated the Department of Energy to sponsor an extensive program to provide 

additional technical information for the design of solar central receiver svstems 

using this medium. These activities provide. a substantial additional base in 

combination with the past industrial experience for this medium. 

As with any new technology which uses designs and experience from related fields 

and experimentation, there are equipment designs which require modification and 

data which must be extrapolated. This carries a certain degree of risk in the form 

of potential cost incurred for equipment design changes and potential penalties 

resulting from degraded performance or reduced life. However, the specific 

programs, experiments and analyses of the DOE and others .directed toward use of 

molten nitrate salts in solar central receivers work to both identify areas of risk 

and reduce them to acceptable levels. This is the essential objective of a risk 

management plan. For this conceptual engineering study, an assessment of these 

risk areas has been made and a preliminary apporach to risk reduction has been 

identified. 

I • Development Status 

The Solar 100 central receiver power plant consists of two fields of heliostats, two 

towers and receiver systems, a molten salt transport and storage system with 

associated pumps, tonks and valves, a salt driven steam generator and a 

conventional turbine generator plant. The development of all of these, except the 

turbine generator plant (whi~ mokes use of proven equipment and procedures) is 

discussed below. 

Heliostats 

Several generations of heliostat development hove occurred as a consequence of 

DOE-funded programs. The predecessor of current heliostat designs were installed 

at the solar furnace facility at O'Deillo in France in 1969 and are still in 

operation. The first American central receiver heliostats, installed at the Central 

IX•1 



I 
Receiver Test Facility (CRTF) in Albuque.rq~ in 1977, are also still in operation. I 
CRTF utilizes 222 heliostots, each with 37 m of reflective arec. Tne Solar I Pilot 
Plant in Barstow, which began sha~own testing in 1981, utilizes 1818 heliostats of 

1 an improved design. These 40 m Solar I heliostots ore the product of several 
competitive DOE-funded heliostat development efforts which took place in 1977 
and 1978. These first generation central receiver system heliostots were designed 
to a Sandia Laboratories heliostat specification and were extensively tested by I 
Sandie at CRTF. 

A second generation of five competitive heliostat development contracts was I 
funcied by DOE in 1979 and 1980. The resulting heliostat design corrected 
deficiencies of the first generation heliostats. Heliostats from four of the five 
second generation heliostat suppliers were tested extensively by Santjio early in 

1 198 l. The results of the evaluation showed that with minor design changes, the 
four .tested second generation heliostats are viable designs (Reference IX.A.. I). The 
inherent weaknesses of the first generation designs were all eliminated by one or 
more of the second generation heliostats. Several of the second generation I 
heliostats met substantially all functional requirements and need only minor 
modifications for complete functional compliance with the Sandia Notional 
Laboratories at Livermore (SNLL) A I 0772 heliostat specification. Accelerated life I 
testing identified several second generation mirror module designs with long life 
potential. One second generation mirror module design, with a specific adhesive 
modification, was judged by SNLL (Reference IX.A.2) to have an anticipated life of I 
20 to 30 years. 

More long-term testing is needed to confirm attainment of the specified 30-year 

1 life capability. 

Receiver Towers 

Based on existing power plant stock practice, the technology required to design and 
construct the two required receiver towers, using slip-formed concrete, is judged to 
be fully developed and proven. 

Receivers 

A summary of receiver developments of the last five years is shown in 
Table IX.A. I. The list is based on information contained in References IX.A.3 to 
tO. It includes twelve receivers ranging from 0.3 to 42 MWt in capacity, most of 
which have operated at temperatures near I ,000°F. Five of the receivers are 
associated with central receiver pilot plants whid:\ have just recently come into 
service. One of these pilot plant receivers, part of the THEMIS plant at 
Targassone, France

6 
utilizes a (HITEC) salt receiver that operates at an outlet 

temperature of 850 F. 

Steam Generators 

Many sodium heated steam generators of various sizes, up to several hundred MWt, 
have been built and thoroughly tested. This technology is to a large extent 
applicable to molten salt steam generators, superheaters and preheaters. Several 
hundred small ( 11 MW t max.) and low pressure (1,000 psig max.) molten salt steam 
generators are in use in industry. All users contacted are satisfied with the 

performance obtained with molten salt. Tube leaks in the industrial molten salt 
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TABLE IX.A. I 

HECEIVEH DEYED5PMEN'"r SUMMARY - ---------

Mm<. Media Mnxlmum Tr.st 

r..!!!trocf O!. ~tlficotion Mt-,!fla Size Te,~raturc !·le~J.!Jux [_ C!<: !!!!I. Yf'ar l·if'ttl Sourer. }!!!II I lours 

MW1 
OF MW/rn'-----

(iloly) Francia W/S 0.3 ---- ---- ACTF 197R Solur 150 

MMC ----- W/S I l,0IO ---- CRNS, Fronce 1916 Solar 161 

MMC/FW DOE Dev. Rcvr. W/S 5 960 0.7 SNLA-l(HF 1'177 <luarl7 lnmp 231 

RocketdynP. Barstow 70 Tube \Y/S 2 l,OI0 0.31 CIUF 1979-flO Solar ,,oo 

lloelng EPRI-DOE Air I 1,500 0.10 CIHF 1979 Solar "'' 
MMC DOE Dev. Rcvr. Oruw Solt 5 1,050 0.63 CIUF 1900-RI Solar ,,m>. 

~ ESG/Rockwell Sodium 3 1,100 1.5 CIHF 1901-1982 Solm 
w 

Hocketdyne Barstow Solar I W/S "' 960 0.3 lktrstQw, CA 1982- Solor 

MW IEA Almeria Sodium 2.'J 985 0.62 Alrnf'!rln, Spoln 1981 Sohtr 

(Great IJrltoln) (Spain) 

Tlmrnls (Fr<111Cf!) IHTEC Solt 11.2 8110 0.70 r Urgnsc;onr.1 f f(IOCP. · 1987.- Solor 

Ansoldo Eurellos (Italy) WIS 4.8 950 0.8 Adrono, Sh:-lly 1981- Solar 

(Jopon) Sunshine Projr.ct W/S 6 480 -- Nlo-Mochl, l<oqCTWa 19(11 Solor 

(Spoln) CESA-I W/5 ,,.8 980 0.6 Alrnerlo, Spain 1982 Solnr 

----------- ------ ·--

Solnr 100 ReqiJlr~ments Drow Solt 120 1,050 0.6 Comtm'rclol Plant 1987 Solur 

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



I 
steam generators are common and are attributed by the users to inadequate I 
feedwater chemical control. All of these industrial molten salt steam generators 

ooerate with HITEC (see next paragraph) salt/at temperatures of 850°F and 

below. They produce saturated steam with no superheating. I 
lv,olten Salt Transport and Storaoe System 

The thermal transport and storage svstem utilizes draw salt (60% sodium nitrate, 

40% ;:>otossium nitrate) as the thermal transport medium. Drow salt melts at 430°F 

and its primary industrial use is as a bath for heat treatment of aluminum alloys. A 
very similar and related salt, HITEC (7% sodium nitrate; 40% sodium nitrite; 53% 

potassium nitrate) is ·widely used in the industrial heat transfer loops discussed in 

Section IX.A.2. It melts at 2900f= but is twice as expensive as draw salt and is also 

significantly more corrosive at high temperatures. A considerable body of 

materials design data for draw salt systems has been gathered by DOE-funded 

laboratory and test loop programs. Most component experience is with the related 
HITEC salt. 

a. Salt Stability - Laboratory tests (Reference IX.A. I 9) and extended running of 
a material test loop (Reference IX.A.14) have demonstrated that draw salt 
exposed to air cover gas operating between the limits of 550°F and I ,0S0°F 
equilibrates with an apprpximately 2% concentration of sodium nitrite and 
remains stable at this state. This small chemical change in chemistry leaves 
salt properties essentially unaltered and is acceptable. 

b. 

c. 

Impurities and Contaminants - Trace impurities of calcium, magnesium and 

silicon form compounds which can precipitate and stick to metal surfaces. 
Contamination by water and carbon dioxide forms hydroxides and carbonates 
which can also separate out as precipitates. All of these precipitates are 
filterable. N02 bubblers were shown to be very effective in removing 
hydroxides and carbonates during opertion of a draw salt test loop 
(Reference IX.A.14). 

Materials CompatabiHty - The Solar I 00 draw salt thermal transport and 
storage loop requires materials which wi II permit 30 years of operation 
between the temperature limits of 550°F and I ,0S0°F~ Carbon steel has a 
well demonstrated capability of reliable service in chemical process industry 
HITEC salt loops at temperatures well above 550°F (actually as high as 
8S0°F) for periods in excess of 20 years. The same .installations commonly 
operate type 304 stainless steel (SS) tanks and reactor shells in HITEC at 
850°F. Laboratory tests at SNLL (Reference IX.A. I I , 12 and 13) and two 
years operation of a dynamic draw salt test loop at Martin Marietta 
Corporation (Reference IX.A.14) hove identified lnconel 800, 31 655 and 
30455 as acceptable containment materials for draw salt at l ,I00°F. 
Thirty-year corrosion allowances based upon two-year corrosion tests and 
the most conservative of three extrapolation techniques (Reference lX.A.14) 
ore shown in Table lX.A.2. 

These corrosion allowances do not account for the possible effects of creep 
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and thermal cycling on corrosion rates. Very severe repeated thermal ( 
shocking (I I 00F noF quench) of corroded coupons (Reference IX.A.14) 
showed the corrosion film to be very hardy. Microscopic examination after 
50 quench cycles showed no evidence of spoiling. Subsequent measurements ( 

of the effect of creep (Reference IX.A.15 and 16) in 1,000 hour tests of 
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Table IX A-2 

30-YEAR CORROSION ALLOWANCES IN MOLTEN DRAW SALT (Mils) 

550°F 750°F 1075°F 

lnconel 800 6. 
316 ss 12. 
304 ss 19.5* 
Carbon Stee I 9.5 54.8 

*Linear extrapolation of one years corrosion (Reference IX A-13). 

lnconel 800 in drow salt has revealed that corrosion layers on creep­
deformed specimens are thicker than on undeformed specimens, but the rate 
of growth of the corrosion layers ore essentially the some. The effects of 
corrosion film cracking due to creep hod no measurable effect on material 
strength properties and microstrvctural observation revealed no propensity 
for environmental cracking to occur. Intrusions of the oxide into the base 
metal were judged to be the result of deformation-induced grain boundary 
cracking and not the result of exposure to the molten salt. In other words, 
draw salt does not promote a stress corrosion mode of material removal 
when the corrosion film is cracked. · 

Pumps - Vertical multi-stage pumps with submerged bearings, similar· in 
configuration to vertical condensate pumps, have been used in industrial 
HITEC heat transfer loops for over 40 years. These pumps cover a range of 
capacities exceeding the requirements of the Solar 100 receiver and steam 
generator salt pumps but operate at considerably lower head (c maximum of 
250 feet of head compared to over I ,000 feet re(fvired for the receiver 
pumps). Fluid temperatures ore usually below 850°F although satisfactory 
service at temperatures up to 950°F hos been documented. Industrial 
experience with salt pumps has been favorable. 

Valves and Instrumentation - Valves hove been operating satisfactorily in 
several hundred of the industrial HITEC molten salt systems that hove been 
built during the lost 40 years. Most are globe valves that operate at 850°F 
and below, are self-clrainoble and commonly hove interool be.llows stem seals 
to prevent leakage. Some butterfly and plug valves hove also been used. 
The HITEC loop valves range from 3 to 8 inches, involve throttling of less 
than I 00 psi and operate continuously at one operating condition for months 
at a time. All users are satisfied with the valves overall performance. 

Industrial HITEC loops do not use check valves or high pressure reducing 
valves and do not experience doily thermal cycling characteristic of solar 
central receiver service. 

The commonly used valve trim material, Stellite #6, did not show any visual 
corrosion after a 6,000-hour immersion test conducted by Mortin Marietta 
(Reference lX.A.12). Erosion-corrosion characteristics of Stellite in high 
throttling service have not been determined. 

Tanks - Hundreds of horizontal cylindrical HITEC salt tonks are presently in 
service in industrial plants. Typical tank sizes ore up to 12 feet diameter 
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and 30 feet long. They are constructed of 304 SS and usually operate ct I 
8S0°F and below. Operation at temperatures as high as 950°F has been 

reported. 

Two vertical axis cylindrical tanks each 120 feet diameter and 45 feet nigh I 
are required (one for storage of 550°F salt; the other for storage of 1,050 F 
solt) for the Solar 100 molten salt system. Each tank holds up to 3.5 million 

1 gallons of salt. Similar flat bottom tonks approximately 280 feet in 
diameter ond 65 feet high (2B million gallons) are used for storage of 4S0°F 
oil in the Syncrude Inc. Project in Alberta, Canada. Three vertical 
cylindrical dump tonks each 28 feet.diameter x 28 feet high (125,000 gallons) I 
have been fabricated for 700°F sodium service and are currently stored at 
Memphis preparatory to installation at the Clinch River Breeder Reactor 
{CRBR). A 60 feet diameter 45 feet high thermal storage tank for I 
containment of oil ond rock at 575°F has been installed at the Solar I 
Central Receiver Pilot Plant at Barstow, California. And finally, a number 
of vertical flat bottom cylindrical tonks over 200 feet in diameter and 

1 100 feet tall, which hove been constructed for LNG storage, require 
allowances for large thermal contraction si-milar in nature to the allowances 
for large thermal expansion required for the large molten salt tanks of 

1 Solar 100. 

Heat Tracing - AU Solar 100 molten salt piping, the salt storage tonks and 
portions of the receiver and steam generator require 550°F heat tracing. 
Heat tracing is required to: 

0 

0 

0 

preheat piping and components prior to charging with molten salt 

p"revent freezing of salt during extended shutdown 

thaw frozen salt should it ever become necessary. 

Much of· the heat tracing must withstand l ,OSO°F temperature in a passive 
state for 30 years. 

While similar heat tracing requirements are rare, they do exist and hve been 
addressed with uniform success at three separate liquid sodium installations; 
the Energy Technology Engineering Center (ETEC) at Santa Susanna, 
California; the Fast Flux Test Facility (FFTF) in Hanford, Washington; and 
the Experimental Breeder Reactor Facility (EBR2) near Idaho Falls, Idaho. 

Thousands of trace heaters are installed in sodium loops at ETEC. They 
operate at temperatures from 300°F to I ,200°F. Some heaters have operted 
continuousty for nearly IO years. Most heaters are periodically shut down as 
repairs and modifications are made to the sodium loops. Tubular electric 

heater replacements ore routinely made on 300°F to 400°F sodium lines 
without shutting the loop down. ETEC has experienced reliable service from 
their heat tracing and do not consider heat tracing to be a significant cause 
of facility shutdown. 

FFTF heat tracing operates between 300°F ond I ,200°F and is also based on 
the use of tubular electric heaters. Redundant heaters ore used and each 
element is operated at only one-third of· its rated capacity. After 
experiencing a number of problems during shakedown testing, reliable 
operation of the heat tracing hos been obtained. 
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EBR2 hes been operating for 18 years with induction type heat tracing. The 
induction field set up by logging No. 8 wire at a one-inch pitch outside of the 
insulation, causes heating of the carbon steel pipe by wrapping it with o 
sheet metal carbon steel sleeve. Axial breaks in the sleeve are permitted. 
Circumferential breaks are bridged with tack welds. Normal operation of 
these heaters is at SB0°F. The system has been operating for 18 years very 
reliably. With less than IO hours of repair a year, mostly on controls, the 
heat treeing has no impact on availability of the facility. 

In each of these systems, reliable operation was attained following on initial 
shakedown period during which operating deficiencies were identified and 
corrected. 

Solt Properties - Salt's viscosity, surface tension, density and phase diagram 
have been determined and reported by DOE (References I X.A.16 c;md 17). 
Heat capacity measurements of draw salt made by Sandia Laboratories are 
reported in Reference I X.A.18. Data on the thermal conductivity of the salt 
ere being generted by the Norwegion Institute of Technology under c DOE 
contract. 

Salt Handling - Methods of handling and charging systems with large 
quantities of molten salt have been studied by Oli.n Chemical Group for 
DOE. The charging procedure for Solar I 00 is straight-forward from past 
experience. However, Olin has addressed methods to improve the handling 
efficiency and time to charge the system, which will be considered for this 
plant. 

2. Industrial Experience 

During the last 40 years, well over 500 industrial HrTEC heat transfer loops hove 
been placed in operation around the world. Most of these loops hove salt 
inventories about 1% the size required for the Solar 100 central receiver power 
plant. Their pump capacities equal and surpass Solar 100 salt pumping 
requirements, olthough pumping heods ere considerably less than the Solar I 00 
receiver pump requirements. 

Operating temperatures are usually BS0°F and below. But some operation ot 950°F 
(in Houclry process loops prior to World War II) and at I ,000°F (at the lntenco plant 
in Houston, Texas) has been reported. The experience is significant since the 
HITEC salt is known to be more corrosive than the Solar I 00 draw 5':Jlt at high 
temperatures. These loops also provide field experience with 3- to 8-inch valves. 
Solar I 00 uses mostly 12-inch valves. The loops do not thermally cycie or duplicate 
the high pressure throttling requirements of Solar 100 valves. 

These loops provide a significant body of relevant experience regarding component 
designs, materials and operating procedures. 

3. Solar JOO Technical Risk Areas 

Technical risks associated with the Solar 100 central receiver power plant are 
discussed below in descending order. 
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The greatest technical risk is in the molten salt receiver. Some of the risk is 
inherent in the increase in size over previous receivers (over 7 times as large as the 
Barstow Pilot Plant water/system receiver; over 27 times as large as the THEMIS 
HITEC salt receiver; over 60 times as large as the Martin Marietta draw salt 
receiver). Part of the risk must be associated with the fact that the hottest metal 
temperatures in contact with the salt are at the receiver tubes. 

Given the large scale up from previous designs, the high temperature of the 
receiver tubes and the temperature cycling characteristics of receiver operation, a 
risk of premature tube failures in early generation receivers does exist. 

Steam Generator 

The risk of steam generator tube sheet leaks is judged to be moderate. Tube sheet 
leaks are common in industrial HITEC salt heat transfer loops. The us~ of welded 
tube sheet joints fabricated to utility industry standards should significantly 
improve the prospects for obtaining a leak-free steam .generator. Until this result 
is demonstrated, however, some risk of water/steam leakage into the salt through 
tube sheet cracks must be acknowledged. Such leakage is a contaminant which 
would form hydroxides in the salt. 

Molten Salt Corrosion Allowance 

Corrosion allowances discussed in Section IX.A.I and cited in Table IX.A.2 are 
based on materials testing tht did not simulate the daily thermal cycling that is 
characteristic of Solar 100 salt loop operation. It should be expected that corrosion 
tests conducted with thermal cycling will yield corrosion allowances greater than 
those listed in Table IX.A.2. Severe thermal shock ( I , I 00 F no F quench) tests of 
corroded specimens and corrosion tests measured under creep stress conditions have 
revealed that the salt induced corrosion films are very hardy and that corrosion 
film cracking does not induce stress corrosion modes of material removal. From 
Table IX.A.2, it is clear that a considerable increase in the previously projected 
corrosion allowances can be accommodated without serious impact on component 
designs. Without a change in corrosion mode (e.g., stress corrosion) the corrosion 
rate cannot exceed the initial rate of oxide buildup on uncorroded parent metal 
which, for the alloy steels, extrapolates to an upper bound of about 0.1 inch for 30 
years, based on information reported in Reference lX.A.14. A minor fraction of 
this upper bound is the most that might be expected to result from thermal cycling 
corrosion, so the prospects of discovering that one of the alloy steels selected for 
Solar 100 (i.e., carbon steel, 304S5, 316S5 and lncoloy 800) is unacceptable is 
certainly small. 

It is clear that the possible effect of thermal cycling on required corrosion 
allowance constitutes a risk that must be addressed. 

Precipitation of Salt Impurities 

The potentially adverse effects of precipitation of salt impurities constitutes a 
moderate to small risk considering the fact that they are all known to be 
filterable. Nevertheless, measures for the disposition and control of precipitates 
must be defined and demonstrated to eliminate the risks of heat transfer 
degradation, sludge formation anq component fouling. 
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4. 

Tcnks 

The I ~050°F draw salt tank will be the largest tank ever constructed for operation 
ct that temperature. While the required technology for fabrication of large 
stainless steel tanks with large dimensional changes is known and demonstrated, 
some level of technical risk is inherent for a tank which exceeds previously 
demonstrated combinations of size and temperature. This risk is judged to be 
moderate, bvt will require special attention to provision of access should repairs be 
required. 

Heat Trocina 

\l._lhile experience at sodium facilities indicates that, after an initial shakedown 
period, reliable heat tracing operation is attainable, some risk of piping or 
component rupture during a thawing operation exists due to expansion of the salt. 
The salt should be thawed progressively away from a, available free liquid surf ace 
to ovoid damage. 

Valves 

Although many years of experience with valves in industrial, HITEC salt loops 
exists, the lack of thermal cycling, large throttling and l,0S0°F operation in these 
loops introduces the risk of earlier-than-expected curtaH-ment of valve life. 

Pumps 

Technical risks associated with the salt pumps are considered small. 

Technical Risk /v'1anagement Pion 

General 

The following is a pion for reduction of technical risk by: 

o adoption conservative design measures and criteria 

o reenforcement of the design bases with data from a molten salt test loop 
currently being designed by Olin Corporation, McDonnell Douglas 
Astronautics Company end Foster Wheeler Development Corporation 

Receiver 

In order to reduce the likelihood of early failure of receiver tubes the following 
measures will be adopted: 

·o reduction of peak r~ceiver design heat flux from the 0.~ MW/m2 of the 
French THEMIS pilot plant receiver, and th~ 0.63 MW/m of the Martin 
Marietta salt receiver to c value of 0.60 MW/m 

o prov1s1on of a real time infrared optical scanner for location and 
measurement of peak receiver tube temperatures during operation (to permit 
remedial action in the event· of unexpectedly high flux concentration end 
temperature) 

o design to facilitate replacement of receiver tubes 
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Steam Generator 

0 

0 

Minimize risk of tube sheet leaks by 

use of highest qualrty tube sheet welds 

intensive quality control 

Provide for measurements of hydroxides in steam generator salt flovroutlet 
for detection of steam genertor water/steam leaks. 

o Provide an 1-..102 bubbler in the molten salt pump minimum-flow recirculation 
loops for removal of hydroxides whenever steam generator leaks occur. 

Corrosion Allowances 

o Measure corrosion under thermal cycling conditions in the OLIN/ MDAC/FW 
salt loop and alter the corrosion allowance of Tobie IX.A.2 accordingly. 

Precipitants 

o Add filter stations to the molten salt pump minimum-flow recirculation 
loops for removal of precipitants. 

o Test filtration and other precipitant control methods in the OLIN/MDAC/FW 
s~lt loop. 

Heat Tracing 

o Conduct thaw tests in the OLIN/MDAC/FW salt Joop for identification of 
satisfactory procedures. 

Va~ves 

0 

Tanks 

0 

0 

Test a variety of valves (including conventional designs without bellows stem 
seals) under thermally cycling conditions in the OLIN/MDAC/FW salt loop 

Siz~ the hot and warm salt tonks to permit either tank to hold the entire 
system inventory ( to enable access for repair of the other tank). 

Make provisions for flushing tanks with wa_ter to dissolve and remove salt 
residues prior to repair. 

Complementary Activities Affecting Technical Risk 

Pilot Plant Operation 

In addition to the Barstow 10 MW Pilot Plant there are 5 foreign pilot plants (3 
currently operating, 2 scheduled for operati.on in 1982) that will be valuable sources 
of operational experience and will provide extended field testing of many important 
components. Each pilot plant is scheduled to operate for several years. The 
complete lin is 
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0 Barstow (USA, W/S 47 MWt) 

0 THEMIS (France, HITEC salt, 11 MWt) 

0 ALMERIA (!EA, sodium, 3 MWt) 

0 CESA-I (Spain, W/5, 5 MWt) 

0 EURELIOS (Italy, W /5, 6 MWt) 

0 SUNSHINE (Japan, W/5, 6 MWt) 

Maintenance of technieal liaison with these projects and timely information of their 
progress con help to significantly reduce the technical risks of the Solar I 00 
project. Some of the expected products of the pilot plant test programs include: 

0 

0 

0 

verification of receiver design margins 

field performance, life and availability records for major components 

record of component failures and their remedies 

o establishment of preferred plant operating procedures 

The pump, valve, tank, receiver and steam generator experience with the THEMIS 
HITEC salt system at Targossone, Fronce will yield much information of particular 
value to the Solar 100 project. 

Combined System Exeeriment 

With the planned termination of DOE funded solar programs late in 1983, efforts 
are underway to arrange for operation of a combined system experiment at CRTF 
before the facility is shutdown. This experiment would involve operation of a .5 
MWt molten salt loop combining the Martin Marietta l ,0S0°F draw salt receiver 
and salt tanks (already at CRTF) with a 5 MWt salt steam generator mode of off­
the-she If heat exchanger elements adapted for salt service. Extended operation of 
this loop could be of immense value to the Solar 100 project. It would duplicate 
Solar I 00 thermal cycling, high P valve throttling, system corrosion, precipitant 
control, heat tracing and system operating procedure constraints with full 
temperature draw salt to a degree unmatched by any other availobie foci.lity. 

The minimization of Solar I 00 technical risks would be well served by support of 
efforts to run the combined system experiment and by lobbying efforts to keep 
CRTF open for extended operation of the experiment through 1984. 
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XI. UTILITY ADVISORY BOARD 

In order to disseminate information on the Solar I 00 Project and to solicit comments on 

the conceptual study, the Utility Advisory Board (UAB) was formed. The UAB consists of 

various southwest utilities which would have a commericol interest in a cost-effective 

sole:- thermal power plant. The binding parameter which is common to all members of 

the UAB is the availability of soler sites; the southwestern portion of the United States is 

recognized as one of the best areas in the world for solar development. 

Participation in the UAB was by representatives of the following utilities and 

organizations: 

Electric Power Research Institute 
Arizona Public Service Company 
Sierra Pacific Power Company 
Pacific Gas and Electric Company 
Public Service Company of Colorado 
U.S. Deportment of Interior - Bureau of Reclamation 
Public Service Company of New Mexico 
Bonneville Power Administration 
El Paso Electric Company 
Los Angeles Department of Water and Power 
San Diego Gos end Electric 
Utah Power and Light 
California Department of Water Resources 

Two meetings of the UAB were held, and a final meeting to review the final report will 

be held when it is completed. The first meeting of the UAB was held on June B, I 981. 

The purpose of this meeting was to present the intended scope of the study and to solicit 

comments from the utilities. Presented were the basic ground rules and assumptions 

necessary to conduct the study, the methodology for comparing the various candidate 

systems, the scope of the conceptual design and costing, and finally the scope of the 

business/financial study. 

On August 27, 1981, the second UAB meeting was held. The trade studies hod been 

completed and a molten salt system had been selected to be carried into conceptual 

engineering, costing and innovative financing. During the meeting, detailed discussions 

of the trade study were held including comparative system efficiencies, costs and risks. 

Financial discussions consisted of potential structures, participants and modeling 

techniques. Additionally, potential areas of govemment impact were delineated. These 

areas included continuation of energy tax credits and various PURPA considerations. 

The Utility Advisory Boord p,rovided a useful forum where ideas from other utilities could 

be expressed and incorporated as appropriate. 
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XII. · CONCLUSIONS Al'\ID RECOMM~NDATIONS 

The three participating companys, Southern Colifomio Edison, McDonnell Douglas and 

Bechtel reached the following conclusions: 

I. It is technicolly feasible to build c 100 MWe solo."' thermal power plant by 1988. 

Such c plant is envisioned to use 2-:-5_0MW heliostat fields each with c separate 

receiver/tower in a surroundfi~ld(s)configuratio.-,; both fields will supply a common 
power block. -- - -

2. The technicol risks of building a 100 MWe solar pla-it appear to be manageable. The 

technology is ready although residual issues relating to extrapolation of results 

from prior prototypes and tests to larger scale and extended operating times do 

exist. It is believed that these issues con be resolved within state-of-the art design 

and manufacturing capabilities. 

3. The financial analyses showed that utility ownership was not c viable option since 

the resulting energy costs woul-d exceed Edison's avoided cost. Municipal ownership 

is a possible viable option although highly contingent upon methods of financing. 

Third party or entrepreneurial ownership offers the potential of electricity priced 

below avoided or marginal costs and a sufficiently high rate of return to attract 

investors. Third party financing is viable due to different tax laws associated with 

nonutility ownership. 

4. Although this report investigated a conceptual design that was site specific to 

Edison, it was also concluded that the solar thermal central receiver concept is 

potentially viable anywhere in the southwestern U.S. and Hawaii. 

To further pursue Edison's corporate objective's of having 300 MWe of solar 

capacity by 1990, Edison released a Solar Program Opportunity Announcement 

(SPOA) on May 3, 1982, to solicit proposals for a third party ownership of Solar I 00; 

proposals are due September 17, 1982. Edison, therefore, expects to hove o 

minimum of one large solar central receiver by 1990 at or below avoided cost to its 

rate payer. In order to expand the use of central receiver type power stations to 

lower the unit cost of heliostats (which accounts for 40010 of total plant cost), 

Edison recommends other utilities to solicit proposals vie on SPCA to compare this 

technology to present day alternatives. While it is understood that other utilities 

have a different generation mix and rates, the incremental rate structure is 

probably based on oil and therefore similar to Edison's. 

There ore different methods of solar generation (e.g., photovoltaic, trough, 

parabolic disk), however, none of the methods in their present state-of-the art 

offers the immediate potential of producing electricity at below fossil (oil/gos) 

generated costs. These costs could be appreciably lower ff heliostat production 

costs could be lowered. Gi~n the alternatives facing today's utilities., a central 

receiver solar .thermal power plant must be an alternative carefully compared to 

other forms of generation. Contrary to other forms of nonrenewable sources of 

power which has, and will continue to hove, a constantly spiraHing increase in both 

capital and fuel costs, solar thermal offers lower unit costs with production 

i ncreoses and no f ue I cost. 

X11•1 



I 
I 
I 
I 
I 
I 
I 

·--1 
.. 1 
i .. l 
LI 
I 

l_ I 

"I 
I 

II 

I 
I 
I 

XII I. 

11.B. I 

l!.B.2 

11.E.1 

Ill.A.I 

111.B.1 

111.B.2 

111.B.4 

REFERENCES 

Edison's Standard Design Criteria (SCE internal document) 

"Barstow lnsolation and Meteorological Data Base," C. M. Randall, the 

Aerospace Corporation, Morch~ 1978, Aerospace Report No. A TR-78 

(7695-05)-2. 

"10 MWe Solar Thermal Central Receiver Pilot Plant - Overall Plant Design 

Description" 

SAND 80-8235 "1980 Solar Central Receiver Technology Evaluation," Sandie 

Laboratories, 1980. 

MDC G6n6 (SAN 1108-76-8) "Central Receiver Solar Thermal Power System 

Preliminary Design Report," MDAC, Oct. 1977. 

SAND 79-Btn "Conceptual Design of a Solar Advanced Water/Steam 

Receiver," Babcock & W ilc:ox, March 1979. 

MCR-79-1370 (SAND 79-8175) "Advanced Water/Steam Receiver Final 

Report," Mortin Marietta, January 1980. 

SAND 80-8180 "Electric Power Generating Subsyst-em Study for Advanced 

Water/Steam Receivers," General Electric, April 1980. 

Xlll-1 



111.c.1 

111.c.2 

111.D. I 

lll.D.2 

lll.D.3 

IV.C.I 

IV.C.2 

V.A.I 

M;)C G8667 (SAN 0609-1) "Sierrc Pacific Utility Repowering Final Technical 

Report," C. ?.. 2aston and D. L. Endicott, MDAC, June 1980. 

DOE/SF I 0i39-1 "Saguaro Power Plant Solar Repowering Project Final 

Technical Report," Eric R. Weber, Arizona Public Service Co., July I 980. 

Rockwell Hybrid Study. ESG-79-30 (DOE/ET/20567) "Solar Central Receiver 

Hybrid Power System Sodium Cooled Receiver Concept," Rockwell Energy 

Systems Group, January 1980. 

MDC G8667 (SAN0609) "Sierra Pacific Utility Repowering Final Technical 

Report," C.R. Easton, D. L. Endicott, MDAC, June 1980. 

ESG-79-2 (SAN/ 1483) "Conceptual Design of Advanced Central Receiver 

Power Systems - Sodium Cooled Receiver Concept," Rockwell Energy 

Systems Group, March 1979. 

AI0772D, December 11, 1979. 

Specification, Sandia Laboratories. 

Collector Subsystem Requirements 

DOE Solar Central Receiver, Oct. 13-15, 1981, Second Generation Heliostat 

Testing and Analysis, W.R. Delameter, Sandie National Laboratories. 

"The West Associates Solar Resource Evaluation Project," Solar Energy 

Measurements during 1976, 1977, 1978, 1979, R. J. Yingen, SCE R&D, 

Rosemead, CA, October I 980. Report 80-RD-126. 

Xlll•2 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
r--

l I 
l-1 
f-
i I 
r1 [_ 

I 
:1 
i-­l_.1 

Cl 
L:I 
LI 
ii 
L •. 

II l 

'._I 

: 1 

I 
I 
I 
I 

V.A.2 

V.A.3 

V.C.I 

V.C.2 

V.C.3. 

V .C.4. 

v.c.s 

V.C.6 

V.C.7 

(SOLlf'-1S) 11A Hcndt>ood of Solar Energy Data for Surfaces of Arbitrary 

Orientation," J. H. Smith, JPL Publications, LSA 5101-91, January 1980. 

(SOLMET) "Input Dato for Solar Systems," V. Cinquemarie, J. R. Owenley, 

and R. G. Baldwin, prepared by NOAA, National Climatic Center, Asheville, 

NC. lnterogency Agreement Number E(49-26)-1041, hlovember 1978. 

ORNL/ENG/TM-2, Nuclear Reliability Assurance Dato Guide, 0Qk Ridge 

National Laboratory 

RADC-TR-75-22, Nonelectric Reliability Notebook, Rome Air Development 

Center, January 1975. 

NPRD-1, Nonelectric Ports Reliability Date, Rome Air Development Center, 

Summer I 978. 

SP-862-05, Failure Rate Data Handbook (F ARADA), June 1973. 

MIL-STD-2 I 7C, Reliability Prediction of Electronic Equipment. 

Plot Plan Availability - 10 MWe Solar Thermal Central Receiver Plot Plant -

MDAC SAN 049948, MDC G8263, April 1981. 

Ft. Hood Solar Cogeneration Facility Conceptual Design Study, Final 

T echnicol Report, MDC G9716, August 1981. 

Xlll•3 



v.c.s 

VI.F.1 

Vlll.B.l 

IX A-1 

IX A-2 

IX A-3 

IXA-4 

IX A-5 

Ten Year Review !9i0-1797, Report on Equipment Avoilability, National 

Electric Reliability Council. 

11 100 Solar Thermal Central Receiver Siting Study" by R. D. Sung, 

December I 981, (SCE internal document) 

SAN 0499-6 (MDC G7855), ''System Safety Plan," June 1979. 

Second Generation Heliostat Evaluation Summary Report, 

SAND-81-8034, January 1982, pg. 12. 

Testing and Evaluation of Second Generation Heliostat Mirror Modules, 

SAND-81-8263, January 1982, pg. 12. 

Central Receiver Solar Thermal Power System, Phase I, Vol. IV 

Receiver Subsystem, Preliminary Design Report, SAN-1110-77-2, 

April 1977. 

Design and Fobricaiton·of a· I MWt Bench Model Solar Receiver, 

Interim Summary Report, EPRI ER-I IOI-SY Project 377-2, Electric 

Power Research Institute, August 1979. 

Alternate Central Receiver Power System, Phase 11, Final Report, 

Vol. 11, Molten Salt Receiver, MCR-81-1707, Martin Marietta 

Corp .. May 1981. 

Xlll-4 

I 
I 
I­
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 

.1 
I 
I 

-1 
I 

--1 
I 

_I 

!I 
{I 

·- I 
I 
I 
I 

,I 

IX A-6 

IX A-7 

IX A-8 

IX A-9 

IXA-10 

IXA-11 

IX A-12 

fX A-13 

IX A-14 

Central Receiver Solar Thermal Power System, Phase I, Preliminary 

Design Report, Vot. IV, Receiver Subsystem, SAN-I 108-76-8, 

October I 977. 

International Energy Agency Small Solar Power Systems {SSPS} 

Project Review (January 1981 ), SAND-81-8216, May 1981. 

Lo Premiere Centrale E lectrosolaire F roncaise: C.N.E. Sol-Them is 

2,500 kW, Electricite de France, 15 Mai 198 I. 

Energy/Eurelios, Commission of the European Communities, 1980. 

The Sunshine Project - Outline of Solar Thermal Power Generation 

Pilot Plant, Electric Power Deve~opment Co., Ltd. 

The Chemistry of the Binary NaNO3 - KNO3 System, SAND 81-8007, 

June 1981. 

Corrosion of 304 55 by Molten NaNO3 - KNO3 in a Thermal Convection 

Loop, SAND 80-8856, December I 980. 

Thermal Convection Loop Corrosion Tests of 3165S and INB00 in Moiten 

Nitrate Sol ts, SAND 81-8210, February 1982. 

Alternate Central Receiver Power System, Phase I, Final Report Volume 111 

Molten Salt Materials Test, MCRSl-1707, Mortin Marietta Corporation, 

Moy 1981. 

Xlll-5 



IX A-15 

IX A-lo 

IX A-Ii 

IX A-18 

IX A-19 

Slow Strain Rate Testing of Alloy 800 in Molten Nitrate Salts 

SAN:::>-82-820 I , January 1982. 

Progress Report: Molten Nitrcte Salt Technology Development 

SAND-82-8220, April 1982. 

Molten Nitrate Salt Technology Development Status Report, 

SAND-80-8052, March 1981 • 

Viscous Flow and Structure in Alkali Metal Nitrates, S'AND-82-8669, 

April 1982. 

The Chemistry of the Binary, NaNO3 - KNO3 System, 

SAND-81-8007, June 1981. 

Xlll-6 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 


