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PREFACE 

This report is submitted by the McDonnell Douglas Astronautics 
Company to the Department of Energy under Contract EY-76-C-
03-1108 as the final documentation of CORL Item 2. This Pre
liminary Design Report summarizes the analyses, design, test, 
production, planning, and cost efforts performed between 
1 July 1975 and 1 May 1977. The report is submitted in seven 
volumes, as follows: 

Volume I, Executive Overview 

Volume II, System Description and System Analysis 

Volume III, Book 1, Collector Subsystem 

Book 2, Collector Subsystem 

Volume IV, Receiver Subsystem 

Volume V, Thermal Storage Subsystem 

Volume VI, Electrical Power Generation/Master Control 
Subsystems and Balance of Plant 

Volume VII, Book l, Pilot Plant Cost and Commercial 
Plant Cost and Performance 

Book 2, Pilot Plant Cost and Commercial 
Plant Cost and Performance 

Specific efforts performed by the members of the MDAC team 
were as follows: 

• McDonnell Douglas Astronautics Company 
Commercial System Summary 
System Integration 
Collector Subsystem Analysis and Design 
Thermal Storage Subsystem Integration 

• Rocketdyne Divis ion of Rockwell Internationai 
Receiver Assembly Analysis and Design 
Thermal Storage Unit Analysis and Design 

• Stearns -Roger, Inc. 
Tower and Riser/ Downcomer Analysis and Design 
Electrical Power Generation Subsystem Analysis 
and Design 

• University of Houston 
Collector Field Optimization 

• Sheldahl, inc. 
Heliostat Reflective Surface Development 

• West Associates 
Utility Consultation on Pilot Plant and Commercial 
System Concepts 

iii 
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Section l 

INTRODUCTION 

The major efforts which have been part of this contract for a preliminary 
design of a l 0-MW Central Receiver Solar Thermal Power System have 
involved the early development of a preliminary baseline design, a series 
of Subsystem Resear~h Experiments (SRE) to verify the initial design con
cepts, and the meshing of the early design with experimental data to produce 
the final preliminary design. Throughout these activities an active sys tern 
analysis and integration effort has been maintained to provide direction and 
focus to the various program efforts. These activities have included the 
transformation of initial program requirements into a preliminary system 
design, the evolution of subsystem requirements which lay the foundation 
for subsystem design and test activity, and the overseeing of the final pre
liminary design effort to ensure that the subsystems are operationally com
patible and capable of producing electricity at the lowest possible cost per 
unit of energy. Volume II of the Preliminary Design Report presents the 
results of the overall system effort that went on during this contract. The 
effort is assumed to include not only the total sys tern definition and design 
but also all subsystem interactions. 

l. 1 PROGRAM GOALS 

The major goal of the program has been to develop a preliminary design of 
a l 0-MWe central receiver Pilot Plant system capable of providing technical 
verification of an anticipated cost-effective Commercial system design. In 
addition, economic data acquired during the Pilot Plant effort would be useful 
in predicting early Commercial system costs as well as giving direction to 
major cost- reduction efforts. 

To achieve that goal, it was first necessary to define a technically and 
operationally sound Commercial system design that is consistent with 
design guidelines and restrictions imposed by the Department of Energy. 
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Within that framework, several design approaches were possible. Through 

a properly directed system analysis effort, key sys tern and inter sub sys tern 

trade studies were carried out to identify the most cost-effective design 

approach for the Commercial system. In many cases, as are discussed 

later in this volume, high performance on an individual subsystem level was 

compromised in order to produce the most cost-effective integrated system. 

This result clearly indicated the possible flaw that can arise in de signing a 

subsystem on the basis of individual performance only without regard for the 

resulting cost implications and its interactions with the rest of the system 

elements. 

With the conceptual definition of the Commercial system to serve as the 

starting point, the previously expressed program goal of defining a repre

sentative Pilot Plant was then possible. In general, the approach used in 

defining the overall Pilot Plant as well as the various subsystems was to 

duplicate or represent as closely as possible any critical parameters of 

the Commercial system which could possible lead to a question of the techni

cal soundness of the Commercial system design or the designs of any of 

the subsystems. In general, the parameters represented issues pertaining 

to the integrated operation of the system, the operation of the sub sys terns 

over their anticipated operational ranges, and issues related to the geo

metrical aspects within the collector field and between the collector field 

and receiver. In addition, because of the cost sensitivity of the collector 

field on the Commercial system, the desire to employ full-size Commercial 

heliostats to gain manufacturing and operational experience was an over

riding concern in developing the Pilot Plant design. 

1. 2 PROGRAM METHODOLOGY 

The overall program methodology which has served to guide the system 

analysis and integration effort and provide a starting point for the subsystem 

design and test activities is shown in Figure 1-1. Starting with a series of 

program inputs which include Department of Energy, utility, and self-imposed 

constraints, along with representative environmental conditions, an initial 

Commercial system definition was developed. From this definition, a series 

of verification requirements were established which combined with other 

Pilot Plant design objectives and guidelines to form a set of Pilot Plant 

design requirements. Alternate approaches to Pilot Plant design were 

1-2 
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considered which satisfied the defined requirements. Simultaneous to the 

Pilot Plant design effort, the Commercial system design was being revised 

as necessary to provide additional focus for the Pilot Plant design effort. 

Based on inputs from both the Pilot Plant design effort and the revised Com

mercial system definition effort, a refined Pilot Plant analysis was carried 

out which introduced the selection criteria and resulted in the selection of 

the preferred approach to Pilot Plant design. Subsequently, a design freeze 

was initiated which led to the Pilot Plant preliminary design and system cost 

analysis efforts which represent major outputs of the current contract. Par

allel to the Pilot Plant activity, the Commercial sys tern design was under

going further expansion as necessary to support the Commercial system 

cost analysis effort which serves as a second major output of this contract. 

In developing the designs of both the Pilot Plant and the Commercial systems, 

and for various subsystems, an effort was maintained at all times to employ 

a multidiscipline design approach. In addition to drawing heavily on system 

analysis and technology experts, design efforts included active participation 

personnel in from system effectiveness, manufacturing, safety, quality 

assurance, logistics, planning, fiscal management, and pricing. 

1. 3 COMMERCIAL SYSTEM SUMMARY 

The principal task in developing the Commercial system definition was to 

transform a series of Department of Energy requirements and design guide-
-----------

lines into an operation~¥-- sounff~ cost-effective system design. In arriving 

at the CG-St-effective system design (i.e., minimum mills /kW-hr configuration), 

an effort was made to include considerations of both initial investment and the 

anticipated operational costs. The actual design evolved through a series of 

high-level cost and performance trade studies which resulted in a conceptual 

system definition and a series of sub sys tern requirements, design constraints, 

and interface conditions. Subsystem design efforts in turn worked toward 

the establishment of cost effective designs within the constraints imposed by 

the overall system definition. 

1. 3. 1 Requirements 

Generalized design guidelines have been established by the Department of 

Energy for the Commercial system in addition to a specific set of performance 
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requirements. It was established that the system will be designed on the 

basis of established water-steam turbine equipment and will derive its power 

for turbine operation exclusively from collected solar energy. This philosophy 

rules out the design of a hybrid system in which a solar receiver and a fossil

fueled boiler are operated in a parallel or series-parallel configuration. 

As a result, a thermal storage subsystem must be included in the design to 

absorb the operational transients in available power and provide extended 

generating capacity during periods when the sun is not available. The system 

will also be designed to use wet cooling although it is recognized that dry 

cooling will be mandatory once initial commercial penetration is made. 

Finally, the system must be designed to be compatible with extended opera

tional periods in a desert environment. 

Specific Commercial system performance requirements are tabulated in 

Table 1-1, along with an indication of the source. In general, those labeled 

"MDAC" were developed as a result of trade studies carried out by MDAC 

to provide additional design resolution. The 100-MWe net capacity require

ment from receiver steam and the corresponding 70-MWe power level from 

the thermal storage represent minimum Commercial-size modular capacity. 

The indicated values of solar multiple and hours of storage were developed 

by MDAC as a result of an economic trade study which treated collectable 

power, storage capacity, turbine power demand and spillage, for a stand

alone Commercial system. The hot-startup requirement, as indicated in the 

table, is intended to be as short as possible within the practical limits of 

the turbine equipment. 

Since the operation of the system is closely coupled with the local environ

ment, a summary of the major environmental and site-related requirements 

is presented in Table 1-2. For the most part, these requirements have been 

established from existing wind, ambient temperature, and seismic data. 

1. 3. 2 System Characteristics 

A conceptual description of the overall baseline system including the five 

major subelements is shown in Figure 1-2. The collector and receiver 

subsystems were designed primarily from energy collection considerations. 

These considerations led to the selection of 360-deg collector field which uses 

to the greatest extent possible the effective ground area in the vicinity of 
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Table 1-1 

COMMERCIAL SYSTEM REQUIREMENTS 

Design Point Power Level 

• 

• 

From Receiver 

(Best sun angle 

950 w/m2 insolation) 

From Thermal Storage 

maximum power collected 
Solar Multiple = design point power to turbine 

Hours of Storage 

System Startup Times 

• Hot 

• Cold 

Plant Availability 

(Exclusive of sunshine) 

Operational Lifetime 

(With normal maintenance) 

,:,Minimize within practical limits 

1-6 

100-MWe Net 

70-MWe Net 

1. 7 

6 

20 Minutes>:• 

6 Hours 

90% 

30 Years 

Source 

DoE 

DoE 

MDAC 

MDAC 

DoE 

DoE 

DoE 

DoE 



Table 1-2 

MAJOR ENVIRONMENTAL AND SITE-RELATED REQUIREMENTS 

Source 
Temperature 

• Design Point 28°C (82. 6°F) Dry Bulb DoE 

23°C (74°F) Wet Bulb DoE 

• Survive -30°C to +50°C 

( - 2 0° F to +1 2 0° F) 

Wind Condition 

• Maximum Operational with Gusts 16 m/ s (36 mph) 

• Maximum Survival 

Sustained (Tower only) 40 m/s (90 mph) 

With Gusts (Other Subsystems) 40 m/s (90 mph) 

Seismological Seismic Zone 3 

Soil Conditions 

NRC Reg. Guide 1. 60 

Response Spectrum 

OBS - O. 165 hor. "G" 

SSS - O. 333 hor. "G" 

Barstow Data 

DoE 

MDAC 

MDAC 

DoE 

DoE 

DoE 

MDAC 

DoE 

the tower. The external single-pass-to-superheat receiver was design to be 

compatible with the 360-deg collector field. The external design results in 

a relatively short tower because the redirected energy must merely strike 

the side of the receiver instead of passing through an aperature with a limited 

field of view. In addition, the single-pass design has a low thermal mass as 

well as a low structural mass which ensures compatibility with the transient 

solar environment in which it must operate and permits the use of reasonable 

tower designs even in seismically active areas. The thermal storage sub

system uses the thermocline or temperature stratification method for storage 

where both hot and cold fluids are contained in the same tank simultaneously. 
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The storage media is a low-cost mixture of Caloria HT-43 and rock. The 

approach results in an extremely inexpensive storage system which is capable 

of producing moderate temperature steam for turbine operation. In addition, 

the thermal stor\ge subsystem can be operated in its charging and discharg

ing mode simultaneously. The turbine, generator, and heat- rejection equip

ment are all commercially available items which require no development for 

solar-electric applications. 

The principal characteristics of the overall system and major subsystems are 

summarized in Figure 1-3 and Table 1-3, In evolving this system design, 

which is compatible with the previously specified requirements, a continual 

effort was made to develop a system which had the lowest cost of energy on 

an annual basis even through the absolute performance level of many of the 

subsystems was significantly compromised. Th1s situation was acceptable 

because of the significant cost implications involved in achieving higher 
-

performance for many of the subsystems. A discussion of several of these 

key cost and performance trade studies is presented in the next section. 

The overall system design illustrated in Figure 1-3 and summarized in 

Table 1-3 consists of a 100-MWe single-tower module with an energy collec

tion solar multiple of 1, 7. The tower location and field trim were defined to 

maximize the annual energy collection per unit of investment. The heliostat 

layout, which is in a radial stagger arrangement, has a packing fraction 

which varies from "'45% near the central exclusion to "-' 13 % along the northern 

perimeter with an average field coverage density of "-' 23 %, 

The receiver can provide various steam conditions to the rest of the system 

through a simple control temperature set point adjustment. This permits the 

receiver to be operated in a manner which is most compatible with the over

all system operating mode. The two outlet steam conditions defined in Table 

1-3 correspond to conditions where the receiver powers the turbine directly 

(rated steam) and when all receiver power flows to thermal storage (derated 

steam). The advantage of the two steam condition approach is that the steam 

temperature can be maintained at as low a condition as possible while still 

satisfying the temperature requirements of the equipment it supplies. This 

results in minimizing receiver surface temperature and thereby reducing 

receiver heat loss. 
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Table 1-3 

COMMERCIAL SYSTEM CHARACTERISTICS 

Module Size 

• Capacity 

• Solar Multiple (Equinox noon) 

Receiver Configuration 

Receiver Size 

• Diameter 

• Height 

Receiver Steam Conditions Putlet) 

• Pressure 

• Temperature 

Rated Steam 

Derated Steam 

Thermal Storage Media 

Method of Storage 

Thermal Storage Capacity 

Thermal Storage Temperature Range 

Turbine Configuration 

·Turbine Steam Conditions (Inlet) 

• Throttle Steam 

• Admission Steam 

Heat Rejection 

100 MWe 

1. 7 

External, single-pass-to-superheat 

11. 1 MPa 

516°C 

368°C 

17m (56 ft) 

25. Sm (84 ft) 

(1615 psia) 

(960°F) 

(694°F) 

Caloria HT-43 + Rock 

"Single" tank (thermocline) 

6 Hours 

232 ° to 316°C (450° to 600°F) 

Tandem- Compound, Double- Flow, 
Automatic Admission, Industrial 
Turbine 

510°C (950°F) 

1 O. 1 MPa (1465 psia) 
296°C (565°F) 

2. 52 MPa (365 psia) 

Wet cooling towers 

---------
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The thermal storage subystem which employs the Caloria plus rock mixture 

is designed to provide 6 hr of extended turbine operation by releasing sensible 

heat over the temperature range of 316° to 232°C (600°-450°F). The Caloria 

plus rock mixture used in a single- tank thermocline storage mode represents 

the most cost-effective approach to large-scale storage. The fact that turbine 

cycle performance is compromised because of the moderate temperature 

steam available fro1n the storage subsystem is far outweighed by the cost 

impact necessary to achieve higher-temperature storage and thereby higher 

cycle efficiency when operating from storage steam. The effect is discussed 

in greater detail in the next section. The subsystem itself is capable of 

accepting excess receiver steam above that required for the turbine, produc

ing a steady-state source of turbine steam while accepting highly transient 

input energy from the receiver, and developing a steam flow which can be 

used to supplement receiver flow through the turbine. 

The turbine selected for the system is a commercially available automatic 

admission industrial turbine with the admission port being designed to be 

compatible with steam conditions available from thermal storage. 

1. 3. 3 System Design Evolution 

The system design, as well as the conceptual definition of the various sub

systems, emerged as a result of a series of cost and performance trade 

studies. For the most part, these studies can be subdivided into two general 

categories: those related to optical energy transfer and those related to the 

water/ steam loop. The first of these categories include the collector/ receiver 

configuration and collector field module size. The latter category treats the 

approach to thermal storage, the definition of the overall steam conditions, 

and overall water/steam loop complexity. Due to the highly interactive nature 

of the parameters involved in each of these categories, the trade studies, in 

general, are complex and not easily separable into discrete study packages. 

However, for the purposes of current discussion, the studies have been 

simplified into discrete study areas and are summarized in the following 

paragraphs. 

1. 3. 3. 1 Collector Field/Receiver Configuration and Module Size 

The overall goal of this set of studies was to define the configuration and 

module size which leads to the lowest cost of energy on an annual basis. 

1-12 



The studies treated all of the cost and performance aspects of the energy 

collection portion of the system, which includes the collector field(s), 

receiver(s ), tower (s ), and the water/steam piping. From the collector 

field standpoint, the critical performance is sues include size and angular 

limitations imposed by the receiver, cosine effects, blocking and shadow

ing, and heliostat focusing and tracking accuracy required. The critical 

receiver parameters include size and weight, quantity, complexity, surface 

absorptivity, radiation/ convection lasses, availability, and thermal 

response. Tower considerations which are reflected almost exclusively in 

cost impacts include height, strength required for receiver support, and 

quantity. Piping network parameters include run lengths, heat loss, and 

pressure drop. 

The conclusions developed as a result of the MDAC study effort indicated 

that an external receiver with a 360-deg collector field is the most cost

effective approach to system design. This means that the poorer average 

collector field performance associated with a partial southern field layout 

and the higher heat losses associated with the external receiver are more 

than offset by the ability to use fewer, shorter towers with lighter loads to 

support. Also, the full 360-deg collector field allows a larger number of 

heliostats to be placed reasonably close to the receiver. This is particu

larly important if atmospheric attenuation factors and beam-dispersion 

effects are included for remote heliostats. Also, £rain the standpoint of 

thermal responsiveness, it is desirable to have a receiver which is com

patible with the highly transient aature of the incident solar radiation. For 

this reason, a multiple panel single-pass-to-superheat approach was selected. 

The low thermal mass and the external nature of the panels permits rapid 

cooldown and ease of maintenance, which results in higher availability levels 

than would be experienced with a recirculating cavity-type receiver. 

From the standpoint of module size, single- and multiple-module approaches 

were considered as alternatives for commercial (100 MWe) system design. 

The results of a study comparing l, 3, and 10 modules are shown in Figure 

1-4. The study was based on a total field size necessary to provide a 1. 7 

solar multiple. Implicit in the analysis are the assumptions of identical 

receiver performance in all cases (normally the smaller units would have a 

1-13 
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lower performance), geometrically identical collector fields, and negligible 

pressure drop in the interconnecting piping. The increase in relative cost 

as more smaller modules are assumed is due primarily to the addition of a 

fairly expensive horizontal piping network, which experiences heat loss over 

a 24-hr period, and an increase in tower cost associated with building many 

shorter towers as opposed to building a single larger tower. If the piping 

pressure drop effects were considered, the multiple-tower approaches would 

suffer additional penalties. 

1. 3. 3. 2 Water /Steam Loop Design 

The subsystems which combine to form the water/ steam loop include the 

receiver, thermal storage, and balance of plant. As in the case of the col

lector field/receiver design, the overall goal in defining these subsystems 

is to minimize the cost per unit energy produced. In addition, because these 

systems are closely coupled to form the water/steam loop, care must be 

exercised to develop designs which are operationally compatible from a 

temperature, pressure, and flow rate standpoint. 

The starting point for the design of these subsystems is the Department of 

Energy requirement to use existing steam turbine designs. The requirements 

imposed on the turbine are: (1) have at least a 100-MWe rating, (2) be cap

able of nonreheat cycle, (3) be capable of rapid daily startup, and (4) be 

capable of separate or simultaneous operation from two steam sources 

(receiver and thermal storage). A survey of existing turbines capable of 

satisfying these conditions, q.uickly narrows to a 100-MWe industrial turbine 

manufactured by General Electric. The inlet steam temperature may be 

specified at any level between 482 ° and 538°C (900° and 1, 000°F), while the 

pressure may be specified somewhere in the range of 8. 72-10. 1 MPa 

(1, 265-1, 465 psia). From a cycle efficiency standpoint, which has signifi

cant leverage on sizing the rest of the system, it is desirable to operate at 

as high a pressure and temperature level as possible. This has resulted in 

the selection of a pressure level of 10. 1 MPa (1,465 psia) at the turbine inlet 

as the design point condition. To ensure that the bulk temperature levels in 

the receiver and piping network do not exceed 538°C (1, 000°F) on a steady 

basis, a design point turbine inlet temperature of 510°C (950°F) has been 

selected. 
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With the turbine inlet condition set, the receiver and thermal storage must 

be designed to be compatible to the greatest extent possible with these con

ditions. From the receiver standpoint, small variations in the design point 

pressure and temperature level produce only minor effects on receiver cost 

and performance. Therefore, the receiver can be designed to directly match 

the turbine inlet steam conditions (adding some temperature and pressure for 

piping losses). 

Of the three subsystems which make up the water/steam loop, the design of 

the thermal storage subsystem plays a critical role in influencing system 

cost and performance. The critical issue which must be investigated involves 

the trade between a moderate-temperature (low-cost) storage approach, which 

compromises turbine cycle efficiency against the significantly more expensive 

high- temperature options capable of producing higher temperature steam and 

thus higher cycle efficiency. The results of a trade study carried out to 

evaluate this design is sue are shown in Figure 1- 5. The horizontal bars on 

the figure show the relative cost of adding an increment of electrical energy 

and thereby combine all the critical cost and performance issues into a single 

evaluation parameter. The first case represents the baseline Caloria plus 

rock storage approach which employs the thermocline principle of stratified 

hot- and cold-temperature layers in a common storage tank. Also shown is 

the temperature level of the steam which can be produced by the storage 

media. The remaining cases shown are designed to produce higher tempera

ture steam by using multiple stages and Hitec as the high-temperature stor

age fluid. In viewing these results, it is seen that for all but Case 3, the 

incremental cost per unit energy increases because the increased cost asso

ciated with adding the high-temperature capability far outweighs the increased 

electrical output resulting from higher cycle efficiency. Only for the case (3) 

where both the Caloria and Hitec tanks are filled with rock material is it 

economically justified to adopt the multifluid (temperature) storage approach. 

Due to the current lack of information pertaining to the operation of Hitec

rock systems in a thermocline mode and system operational complexity 

introduced with the use of multiple storage loops, the lowest cost per unit 

energy approach was not adopted as the baseline design. However, continued 

experimental work should be carried out in that area. 
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THERMAL STORAGE 
STEAM TEMP 

CASE ,oc, (OF) 

1. CALORIA/ROCK (BASELINE) 299 570 

2. CALORIA/ROCK PLUS HITEC 400 (750) 

3. CALORIA/ROCK PLUS HITEC/ROCK 400 (750) 

4. ALL LIQUID (CALORIA, HITEC) 400 (750) 

5. ALL HITEC/ROCK 400 (750) 

Figure 1-5. Comparison of Thermal Storage Concepts 
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1. 3. 4 System Operation and Control 

To ensure the successful operation and control of the solar electric system, 

it is envisioned that a master control subsystem will be a vital part of the 

overall system design. The heart of the master control will be a computer

ized control capable of assisting an operator in starting and running the 

system. It is felt that this capability will be necessary due to the unorthodox 

nature in which solar power plants will operate. Conventional plants main

tain close control over their firing rate which is one of their critical control 

parameters. The solar plant on the other hand must continually react to 

uncontrolled changes in input power. This reactive method of operation 

requires that a control capability exist which minimizes any lag time. It 

is also important that the system be brought up on a daily basis as rapidly 

as pas sible in order to maximize the energy production capability without 

compromising the lifetime of critical components. In addition, the master 

control and related computer capability will play a vital role in providing 

a predictive capability for the system which can be affected by a wide variety 

of environmental factors. 

1. 4 PILOT PLANT SYSTEM 

As previously stated, the purpose of the Pilot Plant is to provide a technical 

verification of the Commercial system and an early indication of system 

economics. The first task in designing a Pilot Plant is to determine the 

extent of the verification required along with the potential cost impact. In 

general, three broad levels of Commercial system simulation are possible. 

In order of increasing complexity or cost, they are: (1) an operational simu

lation where representative subsystems are operated in an integrated fashion 

without regard for subsystem scalability, (2) the operational verification of 

subsys terns which replicate anticipated commercial subsystems in size, 

operating conditions, or geometry, and (3) the operational verification of a 

system whose subsystems are scaled versions of their commercial counter

parts, while the relative sizes between the subsystems are also preserved. 

This latter approach to verification include-s such factors as duplicating the 

Commercial system solar multiple and hours of storage. 

In reviewing the three approaches, it is felt that the first method, although 

the least expensive, involves significant compromise in many areas of interest. 

For example, a unique collector field and receiver configuration independent 
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of the Commercial system could be used for verification. Although this 

approach would provide a great deal of valuable operational information, many 

details related to the similar collector field or receiver would be omitted. 

The third approach, on the other hand, represents an overkill of the verifi

cation activity by requiring that the relative sizes of the sub sys terns be 

maintained at their commercial levels. This would mean that a solar multi

ple of 1. 7 and a 6-hr storage capacity would be required. It would seem 

difficult to justify the significantly larger cost increase in the Pilot Plant 

that would be necessary to satisfy such an approach. 

The proper compromise for the Pilot Plant design appears to be to employ 

the second method, where subystems which are scaled versions of the Commer

cial subsystems are operated in an integrated manner while such factors as 

size and geometry are preserved. This includes the 360-deg nature of the 

collector field and receiver, the relative tower height (heliostat look angles), 

spacing within the collector field, and the use of full- size heliostats. As a 

result of this philosophy, an effort has been made throughout the design of 

the Pilot Plant to develop a-system design which closely resembles the ulti

mate Commercial system on a subsystem basis while satisfying all imposed 

requirements. 

1. 4·. 1 Requirements 

A summary of the principal performance requirements for the Pilot Plant is 

presented in Table 1-4. With the exception of the value for solar multiple 

which is a characteristic of the MDAC system_.. the requirements are all im

posed by the Department of Energy. The principal difference in the sizing 

condition between the Pilot Plant and Commercial system is that the Pilot 

Plant is sized for 2 PM on the worst cosine day (Winter solstice). The 

Commercial system is sized for noon on the best field cosine day (equinox). 

The specified levels for electrical power production from receiver and 

thermal storage steam along with the indicated hours of storage represent 

practical compromise between the full Commercial system and levels which 

are so small that scaling up to Commercial-size systems. is impossible. 

Additional requirements related to the design environment are identical to 

those specified for the Commercial .system in Table 1-2. 
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Table 1-4 

PILOT PLANT SYSTEM REQUIREMENTS 

Design Point Power Level (Net) 

• 

• 

From Receiver 

(2 PM day of worst sun angle, 
950 W /m2 insolation level) 

From Thermal Storage 

Solar Multiple 

Hours of Storage 

System Startup Time 

• Hot 

• Cold 

Plant Availability 
(Exclusive of Sunshine) 

Operational Lifetime 
(With Normal Maintenance) 

1. 4. 2 System Definition 

10 MWe 

7 MWe 

1. 1 

3 

20 Minutes 
(or as fast as· practical) 

6 Hours 

90% 

30 Years 

The first step in defining the Pilot Plant system is to focus on the key aspects 

of the Commercial system which will require prior technical verification. In 

addition to the issue of overall system operation, the areas requiring technical 

verification, in general, are related to the collector, receiver, and thermal 

storage subsystems which are unique to a solar plant. Once these issues have 

been defined, a natural £lowdown of requirements to the Pilot Plant is estab

lished which supplement those specified in Section 1. 4. 1 to provide the 

necessary design, performance, and operational information for the Pilot 

Plant design. 

From the collector subsystem standpoint, it is desirable to preserve both 

the full-size Commercial heliostats and the overall collector field geometry. 

By using Commercial heliostats, it is possible to verify the heliostat design, 

gain manufacturing experience, and develop operational and life data on the 
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Figure 1-6. MDAC 10-MW Central Receiver Collector 
Field Layout 
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Commercial heliostat design. By preserving the collector field geometry and 

relative heliostat spacing, it is possible to gain information on aerodynamic 

and optical interactions as well as installation and maintenance experience 

on closely packed heliostat arrays. In addition, by preserving field geometry, 

the heliostats are verified for all possible operational tracking angles. 

For the receiver, it is desirable to preserve a high degree of similarity 

to the Commercial design in key areas such as materials, tube sizes, and 

panel designs. To maintain a thermal environment in the tubes which is 

similar to that anticipated for the Commercial receiver, constraints must 

be established for the heat flux distribution over the surface, This trans

lates directly into constraints on receiver size and heliostat aim strategies. 

The major verification objectives related to thermal storage involve the 

operation of the thermocline within the tank, long- term Caloria stability, 

and rock/tank structural interaction. In addition, a verification of a con

trolled charging and dis charging process as it interacts with the other system 

elements is also required. 

A summary description of the baseline Pilot Plant design which was developed 

to satisfy all the allocated and imposed requirements is presented in Figures 

1-6 and 1-7 and Table 1-5. The collector field layout shown in Figure 1-6 is 

intended to approximate the radial stagger heliostat arrangement of the Com

mercial system. It is composed of 1, 760 heliostats on 32 circular arcs with 

the inner 19 forming complete circles. To facilitate access, the continuous 

arcs have been broken by quadrant roads. A summary of collector field 

sizing data is contained in the first part of Table 1-5. 

The water/steam loop schematic, shown in Figure 1-7, depicts the major 

elements of the receiver, thermal storage, and balance of plant equipment. 

The receiver, schematically shown in the upper left corner, is composed 

of 6 preheat panels followed by 18 parallel single-pass-to-superheat panels. 

During startup and shutdown, receiver outlet flow is diverted to the receiver 

flash tank to ensure that no water is passed to the rest of the system through 

the main steam downcomer. The thermal storage subsystem shown in the 

upper right corner is composed of the thermal storage heater, which is used 
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Table 1-5 

PILOT PLANT SYSTEM AND SUBSYSTEM LEVEL CHARACTERISTICS 

Collector Field Size 
(Excluding Tower Exclusion) 

Number of Helios tats 

Heliostat Arrangement 

Receiver Centerline Elevation 

Receiver Size 

• 
• 

Diameter 

Height 

Receiver Steam Conditions 

• 
• 

Pressure 

Temperature 

Rated Steam 

Derated Steam 

Thermal Storage Temperature Range 

Turbine Steam Conditions 

• Throttle Steam 

• Admission Steam 

0, 29 X 106 m 2 

(3, 12 X 106 £t2} 

1760 

Radial Stagger 
(Continuous Arcs} 

80m (262 ft} 

7m (23 ft} 

12. Sm (41 ft} 

1 O. 45 MPa (1515 psia) 

516°C (960°F) 

349°C (660°F) 

21 9 ° to 3 0 2 ° C ( 4 2 5 ° to 5 7 5 ° F) 

510°C (950°F} 
1 O. l MPa (1,465 psia} 

274°C (525°F) 
2. 65 MPa (385 psia} 

to charge system by condensing receiver steam: a thermal storage unit (TSU), 

which contains the Caloria/rock mixture; and the steam generator, which is 

used to generate turbine admission steam by extracting energy from the high

temperature side of the TSU, The turbine and balance of plant equipment 

shown in the bottom of the figure consists of a 12. 5-MW automatic admission 

industrial turbine and four extraction heaters. The turbine is capable of 

operating exclusively from either receiver steam using the first port or 

thermal storage using the downstream admission port. In addition, simul

taneous o~eration from both steam sources is possible. In all cases, total 

turbine flow is limited by the maximum flow capability of the last stage. 

A summary of the pertinent design conditions for the receiver, thermal 

storage, and turbine are shown in Table 1-5. 
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Section 2 

DATA LISTS 

This section presents a concise response to the "Data List" items requested 

by Sandia for both the Commercial and Pilot Plant systems. The information 

is presented as briefly as possible with references being made to more com

plete discussions in other sections. Because the primary thrust of the cur

rent contract effort has been to develop a Pilot Plant design, some of the 

detailed information requested for the Commercial system exceeds the scope 

of the design effort carried out for that system. In most cases, however, 

efforts have been made to provide estimates of the Commercial system design 

and performance parameters in compliance with the request. 

2. 1 COMMERCIAL SYSTEM 

2. 1. 1 Plant Design Characteristics 

Design characteristics of interest include all of the pertinent design, per

formance, and operational information necessary to completely describe the 

system. 

2. 1. 1. 1 Plant Schematics 

The overall Commercial system schematic which treats boJh the water/steam 

and Caloria fluid loops is shown in Figure 2-1. Included are the major ele

ments of the receiver (upper left) and the thermal storage (upper right) 

subsystems, as well as the balance of plant equipment (bottom half). Figures 

2-2 through 2-7 illustrate the flow paths associated with the six basic system 

operating modes. A detailed discussion of the Commercial system operating 

modes is in Section 3. 7. 1, 

2. 1. 1. 2 Physical Characteristics 

The overall characteristics of the Commercial system collector field and 

pertinent collector field and receiver design information are shown in Figure 

2-8. Additional information pertaining to the receiver dimensions, storage 

material, operating temperatures and pressures, etc is presented in Table 2-1. 
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Table 2-1 

COMMERCIAL SYSTEM CHARACTERISTICS 

Module Size 

Capacity • 
• Solar Multiple (equinox noon) 

Receiver Configuration 

Receiver Size 

• 
• 

Diameter 

Height 

Receiver Steam Conditions 

• 
• 

Pressure 

Temperature 

Rated Steam 

Derated Steam 

Thermal Storage Media 

Method of Storage 

Thermal Storage Capacity 

Thermal Storage Temperature Range 

Turbine Configuration 

Turbine Steam Conditions 

• Throttle Steam 

• Admission Steam 

Heat Rejection 

2-10 

100 MW 

1. 7 

External, single-pass- to- superheat 

17m ( 5 6 ft) 

25. 5m (84 ft) 

11. 1 MPa 

516°C 

368°C 

(1, 615 psia) 

(960°F) 

(694° F) 

Caloria HT-43 + Rock 

"Single" tank (thermocline) 

6 Hours 

232° to 316°C (450° to 600°F) 

Tandem- Compou:ii.d, Double
Flow, Automatic Admission, 
Indus trial Turbine 

510°C (950° F) 

10. 1 MPa (1465 psia) 

296°C (565°F) 

2. 52 MPa (365 psia) 

Wet cooling towers 



2. I. I. 3 System Waterfall Charts 

A detailed breakdown of the Commercial system performance is presented in 
a waterfall format for both the equinox noon design point and on an annual 

average basis in Figure 2-9 and 2-1 O. Included in each figure is a detailed 

tabulation of the appropriate step-by-step efficiencies. In e.ach case, a total 

of 810 MW of thermal power is assumed to strike the heliostat surfaces if 

they are oriented normal to the incident sunlight. Implicit in this value is a 

conservative heliostat outage assumption of ~ 2 %. If the full field of 22, 914 

heliostats were operational, the solar power striking the heliostats oriented 

normal to the sun would be 826. 1 MW. This would require a correspond-

ing adjustment in the waterfall levels shown. It should also be noted that in 

determining overall system efficiency, care must be exercised to subtract 

out the power flow to thermal storage before any overall efficiency level is 

calculated based on the power levels shown. 

2. 1. 1. 4 Subsystem Characteristics 

The nominal subsystem characteristics and corresponding maximum and 

minimum conditions in general fall into two categories: those related to the 

optical portion of the system, and those related to the fluid loop components. 

The heliostats which make up the collector subsystem are designed to effec

tively track the sun at solar elevation angles in excess of 10°. Since local 

shadowing at certain locations within the collector field can obscure the 

heliostat sensor mirror at low sun elevation angles, sensor controlled track

ing will be impossible for those affected heliostats. In those portions of the 

field, a selective heliostat activation procedure will be employed such as 

bringing on every other one. In this way, an early and effective quanti~y of 

thermal power can be redirected toward the receiver, thus facilitating receiver 

startup. 

The maximum and minimum operating ranges for the subsystems which inter

face with the water/steam or Caloria loops can, in general, be expressed as 

a range of flow rate or power level that is permitted while critical temperature 

and pressure conditions are constant. Following this approach, the nominal 

operating conditions for the receiver, thermal storage, and turbine are de

fined in Table 2-2: typical ranges for the various subsystems are tabulated in 

Table 2-3 by flow rate and power level, assuming that the stated pressure 

and temperature conditions are maintained. 
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Table 2-2 

COMMERCIAL SUBSYSTEM NOMINAL OPERA TING CONDITIONS 

Temperature Pressure Flow Rate Power Level 
oc MPa Kg/ sec MW 

Subsystem (OF) ( psia) (lb/hr) (Btu/hr) 

Receiver 

• Rated Steam 516 11. 1 213.0 506, 4 
( 9 60) (1,615) ( 1. 687 X 10 6) ( 1. 73 X 109) 

• De rated Steam 368 11. 1 135. 9>:< 254.2 
( 694) (1,615) ( 1. 08 X 10 6) (0, 868 X 109 ) 

Thermal Storage 

• Charging Steam 360 10. 1 135,9 255 
at Heat ( 680) ( 1, 465) ( 1. 08 X 10 6) (0, 870 X lQ9) 
Exchanger 

• Discharge Steam 299 2.72 114. 3 284 
Leaving Steam ( 570) ( 3 9 5) ( 0 • 9 0 6 X 10 6) (0, 969 X 109) 
Generator 

Turbine 

• Throttle Steam 510 10. 1 121. 3 297 
( 9 50) ( 1, 465) (0, 960 X 106) ( 1.01 X 10 6) 

• Admission Steam 296 2, 52 114. 3 284 
( 5 65) ( 3 65) ( 0, 9 0 6 X 10 6) (0. 969 X 109) 

•:•Limited by Sandia constraint on thermal storage charging rate 

2-14 



Table 2-3 

COMMERCIAL SUBSYSTEM OPERATING RANGES 

Temperature Pressure Flow Rate Power Level 
o C MPa Ki/ sec MW 

Subsystem (OF) (psia) ( 10 lb/hr) (109 Btu/hr) 

Receiver 

• Rated Steam 516 10.2 - 11.1 34. 0** - 213. 0 92. 4** - 506. 4 
(960) ( 1. 485 - 1. 615) (0. 269 - 1. 687) (0. 32 - 1. 73) 

• Derated Steam 368 10.2 - 11.1 34. 0** - 135. 9* 63. 7** - 254. 2* 
( 694) ( 1. 485 - 1. 615) (0. 269 - 1. 08) (0. 217 - o. 868) 

Thermal Storage 

• Charging Steam at 360 10. 1 6. 7** - 135. 9 12. 5** - 255* 
Heat Exchanger ( 680) ( 1. 465) (0. 053 - 1. 08) (0. 043 - o. 870) 

r:,.> _. 
Discharge Steam 299 2. 72 12. 6** - 114. 3 (JI • 31. 4** - 284 
Leaving Steam ( 570) (395) (0. 100 - 0. 906) (0. 107 - 0. 969) 
Generator 

Turbine 

• Throttle Steam 510 10. 1 34. 0** - 121. 3 92. 4** - 297 
( 950) ( 1. 465) (0. 269 - 0. 960) (0. 32 - 1. 01) 

• Admission Steam Only 296 2. 52 12. 6>.'<* - 114. 3 31. 4>'.c* - 284 
( 565) ( 365) (0. 100 - 0. 906) (0. 107 - 0. 969) 

>'.cLimited by Sandia constraint on thermal storage charging rate 
,~*Approximate values 



. 2. 1. 1. 5 Subsystem Efficiencies 

The efficiency variation for the collector subsystem is shown in Figure 2-11 

for various sun azimuth and elevation angles. Implicit in this data are the 

following assumptions: 

• Heliostat reflectivity= 1. 0. 

• Receiver interception factor= 0. 958 

• Sensor post blocking and shadowing factor = 0. 98 

• Atmospheric attenuation factor = 1. 0 

Collector subsystem efficiency at other values of heliostat reflectivity can 

be 'determined by multiplying the indicated efficiency by the actual reflectivity. 

The receiver efficiency defined as the power absorbed into the steam divided 

by the incident power is summarized as follows: 

Time Incident Power Absorbed Power Efficiencx; 

Equinox Noon 560 506.4 0.904 

Minimum Rated Steam 118 92.4 0.783 

Annual Ave rage 482 433 0.898 

Assumptions made in arriving at these values include an absorptivity of 0. 95, 

an emissivity of O. 89, a wind speed of 3. 5 m/ s ( 8 mph), and an ambient 

temperature of 23°C (74°F). Since neither forced nor free convection dominates, 

a root sum squares addition of the two heat loss components was applied. 

Under the temperature and wind conditions defined above, O. 92% of the incident 

power would be lost because of convection. 

The thermal storage subsystem has a volumetric efficiency defined as the 

ratio of extractable energy to total energy in the tank of 90%, The subsystem 

has an energy recovery efficiency of 98% which is defined as the ratio of 

extractable energy to charging energy. 

The gross cycle efficiency for the turbine is shown in Figure 2-12 as a function 

of turbine flow rate for both receiver and thermal storage steam operation. 

A wet cooled condenser is assumed with a turbine back pressure of 6, 35 cm 

Hg (2. 5 in Hg). 
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2. 1. 1. 6 Auxiliary Power Requirements 

A summary of the total Commercial system auxiliary power requirement is 

contained in the following tabulation for four different conditions. A detailed 

breakdown of this data is contained in Section 3. ·5, 5. 

• Equinox Noon (Design Point) 

• Evening Operation from Thermal Storage 

• Emergency Power 

• Nighttime Standby 

2. 1. 2 Design Rationale and Evolution 

(See Section 3. 2) 

2. 1. 3 Annual Energy Calculations 

Auxiliary Power 
Requirements 

(kW) 

12, 000 

6, 100 

1, 483 (AC) 

50 (DC) 

685 

Annual energy calculations were carried out for the Commercial system for 

several different insolation models. The simplest analysis assumed a con

stant insolation level of 9 50 W /m
2 

throughout the year. The system was 

assumed to have a solar multiple of 1. 7 with 6-hr storage capability. The 

assumption was made that the collector field was activated at a 10-deg sun 

elevation angle and by a 15-deg sun elevation angle, the receiver had 

reached a derated steam condition at which time all energy could be diverted 

to storage. At the time when the calculation was made, it was assumed that 

the threshold for rated steam operation from the receiver was 50% of maximum 

design flow. At this point, the turbine would be completing the starting and 

loading phase. An accounting of the energy collection for the various days 

of the_ year is shown in Table 2-4, along with an indication of the quantity 

flowing directly to the turbine, that going to storage, and that portion lost 

because .of over-collection ( rate of energy collection exceeds the capability 

of the turbine and thermal storage unit to accommodate the energy flow). 

Assuming a net cycle efficiency of 33. 7%, which includes the influence of plant 

parasitic loads, a net annual electrical production of 423, 000 MWH would 'Le 

anticipated. This calculation also assumed that the system were down 35 days 

per year due to cloudiness or maintenance requirements. 
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Table 2-4 

SYSTEM PERFORMANCE SUMMARY 

SOLAR MULTIPLE = 1. 7, 6-HR STORAGE 

Direct Turbine 
Operation Period of 

Total ( 100 MWe) Operation From 
Collection Required Excess Energy to Storage 
Capability Energy Period Energy Storage 70 MWe Spillage 

Day (MWHt) (MWHt) (Hr) (MWHt) (MWHt) (Hr) MWHt (%) 

Jun 21 5,290 3,485 11. 7 1, 805 1, 757 6. O 48 0.9 

May 21/ 5,202 3, 396 11. 4 1, 806 1, 757 6. 0 49 0.9 
Jul 21 

Apr 21/ 4,905 3, 158 10. 6 1, 747 1, 747 5. 96 0 0 
"-) Aug 21 
N 
0 

Equinox 4,422 2,860 9. 6 1, 562 1, 562 5. 33 0 0 

Feb 21/ 3, 731 2,443 8. 2 1, 288 1, 288 4.40 0 0 
Oct 21 

Jan 21/ 3, 122 2, 115 7. 1 1,007 1,007 3.44 0 0 
Nov 21 

Dec 21 2, 832 1,966 6. 6 866 866 2.96 0 0 



Since these calculations were developed, changes in the receiver operating 

requirements as well as changes in receiver design will allow rated receiver 

steam to be maintained down to 16% of maximum design flow. This would 

permit the turbine to experience a slightly longer operating day using receiver 

steam exclusively. This would result in a slight increase in the anticipated 

energy output. 

2. I. 4 Transient Plant Operation 

(See Section 3. 7) 

2. 1. 5 Plant Control 

The approach to plant control for the Commercial system is essentially 

identical to that defined for the Pilot Plant, with the differences arising in 

the number of hardware items being controlled. The principal feature of the 

selected approach to plant control is the full complement of manual and 

computer-aided controls which provide maximum flexibility to the operator or 

test engineers. A more detailed discussion of the elements of the overall 

plant control and the master control part of plant control is in Volume II, 

Section 2. 2. 5, and Volume VI, Section 6 •. 

2. I. 6 Plant Safety Considerations 

The plant safety considerations for the Commercial system are identical to 

those of Pilot Plant. They are discussed in Section 4. 10. 3. 

2. 2 PILOT PLANT SYSTEM 

2. 2. 1 Plant Design Characteristics 

The plant design characteristics of interest include all of the pertinent design, 

performance, and operational information necessary to characterize the Pilot 

Plant system. 

2, 2, I. 1 Plant Schematics 

The overall Pilot Plant system schematic which treats both the water/ steam 

and Caloria fluid loops is shown in Figure 2-13. Included in the schematic 

are the major elements of the receiver (top left corner), the thermal storage 
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subsystem (top right corner), and the balance of plant equipment (bottom . . 
half of figure) which are similar to the corresponding subsystems of the 
Commercial system. Figures 2-14 through 2-19 illustrate the flow paths 
associated with the six basic system operating modes previously defined for 
the Commercial system. A more detailed discussion of the Pilot Plant 
operating modes is in Section 4. 6. 1. 

2.~. 1. 2 Physical Characteristics 

The overall characteristics of the Pilot Plant collector field were presented 
in Figure 1-5; a summary of other pertinent subsystem characteristics are 
in Table 1-4. 

2, 2. 1. 3 Waterfall Chart 

A detailed breakdown of the Pilot Plant system performance is presented in a 
waterfall format for the Winter 2 PM design point, for equinox noon, and on 
an annual average basis in Figures 2-20 through 2-22, Included on each 
figure is a detailed tabulation of the appropriate step-by-step efficiencies. 
In each case presented, a total of 61. 4 MW of thermal power is assumed to 
strike the heliostat surfaces when they are orientated normal to the incident 
sunlight. Implicit in this value is a conservative heliostat outage rate assump
tion and relocation penalty of 3. 2%. If all available heliostats were oriented 
normal to the sun, the solar power striking the glass surfaces would be 
63, 5 MWt, If this power were available, a corresponding adjustment would 
have to be made in the various waterfall levels shown. 

2. 2. l, 4 Subsystem Characteristics 

As in the case of the Commercial system, the ,Pilot Plant subsystem character
istics can be subdivided into those related to the collector field and those 
related to the water/ steam and Caloria loops. The heliostats which make up 
the collector field will be identical in design and operation to those anticipated 
for the Commercial system, They will be capable of effectively tracking the 
sun at solar elevation angles in excess of 10 deg. Since local shadowing at 
certain locations within the collector field will obscure the heliostat sensor 
mirror at low sun elevation angles, sensor-controlled tracking will be 
impossible for those affected heliostats, In those portions of the field, a 
selective heliostat activation procedure would be employed, such as bringing 

2-23 
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Figure 2-21. Pilot Plant System Power Flow (Winter 2 PM) 
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Figure 2-22. Pilot Plant System Power Flow (Annual Average) 



on every other heliostat during low sun periods. This same concept of 
individual heliostat control allows individual heliostats to be commanded out 
of service or to a preferred orientation. 

The receiver and thermal storage subsystems and the balance of plant 
equipment must be designed to satisfy a compatible set of nominal design 
conditions because of the close coupling that occurs through the water/ steam 
loop. A summary of the nominal operating conditions for the receiver, thermal 
storage, and turbine are shown in Table 2-5. For the receiver and turbine 
(throttle steam operation), the nominal value corresponds to the Winter 2 PM 
design point. The nominal conditions for the thermal storage correspond to 
the maximum charge rate and the maximum discharge rate which would occur 
during nighttime turbine operation. Data related to the operating ranges of 
these subsystems are shown in Table 2-6. 

2. 2. 1. 5 Subsystem Efficiencies 

The efficiency variation. for the collector subsystem is shown in Figure 2-23 
for various sun azimuth and elevation angles. Implicit in this data are the 
following assumptions: 

• Heliostat reflectivity = 1. 0 

• Receiver interception factor = 0. 977 

• Sensor post blocking and shadowing = 0. 98 

• Atmospheric attenuation factor = 1. 0 

Collector subsystem efficiency at other values of heliostat reflectivity can 
be determined by multiplying the indicated efficiency by the actual reflectivity. 

The receiver efficiency defined as the power absorbed into the steam divided 
by the incident power is summarized as follows: 

Incident Power Absorbed Power 
Time (MWt) (MWt) Efficiency 

Equinox Noon 43.4 37. 1 0.854 
Winter 2 PM 38. 7 32. 6 0.842 
Minimum Rated Steam 14. 9 10.0 o. 671 
Annual Average 37. 1 31. Z 0.841 
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Table 2-5 

PILOT PLANT NOMINAL OPERA TING CONDITION 

Temperature Pressure Flow Rate Power Level 
oc MPa Kg/ sec MW 

Subsystem (OF) (psia) (lb/hr) (Btu/hr) 

Receiver 

Rated Steam 516 10. 45 12.9 32. 6 6 
(960) (1515) (102, 440) (lll.3xl0) 

Derated Steam 349 10.45 16. 5 . 32. 8 
6 

( 660) (1S15) ( 130, 482) (111. 9 X 10 ) 

Thermal Storage 

Charging Steam 343 10. 1 16. 5 30.0 6 
at Heat ( 650) ( 1465) ( 130, 482) ( 102. 4 x 10 ) 
Exchanger 

Discharge Steam 277 2.76 13.2 32. 1 6 
Leaving Steam ( 530) ( 400) ( 104, 700) ( 109. 5 X 10 ) 

Turbine 

Throttle Steam 510 10. 1 12. 9 32. 5 6 
( 9 SO) ( 1465) ( 102, 440) ( 110. 9 X 10 ) 

Admission Steam 274 2.65 13. 2 32. 0 6 
( 525) ( 385) ( 104, 700) ( 109. 4 X 10 ) 
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~ 

Subsystem 

Receiver 

Rated Steam 

Derated Steam 

Thermal Storage 

Charging Steam 
at Heat 
Exchanger 

~ Discharge Steam 
Leaving Steam 
Generator 

Turbine 

Throttle Steam 

Admission Steam 

Table 2-6 

PILOT PLANT SUBSYSTEM OPERA TING RANGES 

Temperature Pressure Flow Rate oc MPa Kg/sec 
(OF) ( psia) (lb/hr) 

516 10. 45 3. 7,:,,:, - 14. 8 
( 960) ( 151 5) (28,900 - 117,568) 

349 10. 45 3_7,:<,:, - 16.5 
( 660) ( 1515) (28, 900 - 130, 500) 

343 10. l o. 83*,:, - 16. 5 
( 650) ( 1465) ( 6, 524 - 130, 500) 

277 2. 76 1. 27,:o'f. - 13. 2 
( 530) ( 400) ( 10, 100 - 104, 700) 

510 1 o. 1 3. 7>:<>'f. - 14. 6,:, 
(950) ( 1465) (28, 900 - 117, 568) 

274 2. 65 1. 27,:,* - 13. 2 
( 525) ( 385) ( 10, 100 - 104, 700) 

Power Range 
MW 

( Btu/hr) 

10>:0 :< - 37. 1 
(34. 1 - 126. 6 X 10 6) 

7.3~"* - 32.8 
6 ( 24. 9 - 11 1. 9 X 10 ) 

1. 5,:o'f. - 30. 0 6 
( 5. l - 102. 4 x 10 ) 

3. 1 ,:0 :, - 32. 1 
6 ( 10. 6 - 109. 5 X 10 ) 

10. 0** - 36. 9* 6 (34.l -125.9xl0) 

3.l~'*-32.0 
6 ( 10, 6 - 109. 4 X 10 ) 

*Requires a 2. 5% turbine overflow capability (turbine is capable of 10% overflow operation) 
*,:'Approximate 
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Assumptions made in arriving at these values include an absorptivity of O. 95, 

an emissivity of O. 89, a wind speed of 3. 5 m/ s ( 8 mph) at 10m elevation, 

and an ambient temperature of 23°C ( 74°F). Since neither forced nor free 

convection dominates, a root sum squares addition of the two. heat loss 

components was applied. Under the temperature and wind conditions defined 

above, ~ 2. 3% of the incident power at equinox noon would be lost due to 

convection. 

The thermal storage subsystem has a volumetric efficiency defined as the 

ratio of extractable energy to total energy in the tank of 85 to 90%. The 

subsystem has an energy recovery efficiency of 9 6 to 98%, which is defined 

as the ratio of extractable energy to charging energy. 

The gross cycle efficiency for the turbine is shown in Figure 2-24 for operation 

off both receiver (throttle) steam and admission steam. These curves are 

based on an assumed wet cooled condenser that is capable of producing a 

6. 35 cm Hg (2. 5 in. Hg) back pressure in the condenser. Also shown in 

the figure is an estimate of the turbine generator output as a function of flow 

rate when operating exclusively from receiver steam. 

2. 2. 1. 6 Auxiliary Power Requirements 

A summary of the total Pilot Plant auxiliary power requirement is contained 

in the following tabulation for five different conditions. A detailed breakdown 

of the data is contained in Section 4. 3. 5. 

• Winter 2 PM Design Point 

• Equinox Noon 

• Evening Operation from Thermal Storage 

• Emergency Power 

• Nighttime Standby 

2. 2. 2 Design Rationale and Evolution 

(See Section 4. 4,) 
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2. 2. 3. Annual Energy Calculations 

The Pilot Plant annual energy calculations described in detail in Section 4. 5 

were carried out for 1963 with Inyokern as the reference site. The environ

mental data including direct insolation, ambient temperature, and wind speed 

was taken from ,the Aerospace data tapes. The preferred approach to plant 

operation was to direct flow to the turbine whenever possible with thermal 

storage being charged only when the receiver is operated in a derated steam 

mode due to cloudy or poor insolation conditions. The predicted net energy 

output for the Pilot Plant operating in that environmental and mode is 

27,430 MWHe. 

2. 2. 4 Transient Plant Operations 

(See Section 4. 6. 3). 

2. 2, 5 Master Control 

Master control consists of the control and display hardware and the associated 

software necessary for coordination bf all subsystem processes, either auto

matically or manually under direction of the Pilot Plant operator. 

Computer automated techniques are designed into master control to benefit 

the following operations; 

• To continuously compute the collector subsystem synthetic track 

during each solar day and correct this track and subsequently the 

heliostat positions using algorithms influenced by current meteorology 

and plant performance data. 

• To continuously optimize the plant heat, steam generation, and 

plant balance profiles at startup and during steady-state operation 

when immediate and temporary weather changes, coupled with 

varying receiver and thermal storage heat input and output demands, 

present a situation crucial to maintaining the plant on-line. 

• To provide on-time data reduction of voluminous plant operation and 

performance data to the engineers during the development phase. 

• To evaluate and develop the computer in a solar-power generation 

system as a controller for follow-on power-generation control 

applications of the same type. 
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The master control architecture is modular in design to accommodate scaling 

to the Commercial solar power-generation plant. The following design concepts 

facilitate the growth and expansion capabilities of master control: 

• The computer system memory and peripheral devices are interfaced 

to a common bus that is expandable and can accommodate a large 

number and variety of peripherals. 

• MDAC special-purpose devices (i. e,, steering logic and collector 

subsystem interface) are modular and addressable by the computer 

making it easy to add on. 

• Applications software is written in function independent modular 

form sharing common tables, buffers, etc. This design minimizes 

program rewrite and redesign to accommodate changes and expansion. 

• Using the MDAC combination analog and digital automatic control 

design simplifies the software and provides flexibility in implementing 

new control functions. 

• Patch panels and analog recording devices are of modular design 

and can be added or removed easily, as required. 

• The MDAC design minimizes wiring and signal conditioning to 

support master control manual and automatic control using steering 

logic, buffered amplifiers, and patch panels. The feature permits 

economical add-ons and reduces maintenance. 

Items in master control that require alterations to accommodate expansion 

are: 

• The control console which will have to be enlarged and probably 

redesigned to accommodate the increased number of control and 

monitoring devices. 

• The uninterruptible power source which will have to be sized to 

handle the increased power requirements of master control. 

Additional design information pertaining to master control and its relationship 

to overall plant control is presented in Volume VI, Section 6. 

2. 2. 6 Plant Safety Considerations 

(See Section 4. 10. 3.) 
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Section 3 

COMMERCIAL SYSTEM DEFINITION 

3. 1 REQUIREMENTS 

Table 3-1 contains a complete listing of the Commercial system performance, 

environmental, and design requirements along with the corresponding values 

for the Pilot Plant system. Also contained in the tabulation is an indication 

as to the source of the requirement. Those labeled "MDAC" were developed 
as a result of trade studies or design conservatism introduced by MDAC, 

those labeled "DoE" were specified by the Department of Energy. 

Reviewing first the performance requirements, the design point power levels 

of 100-MWe net power when operating from receiver steam and the 70-MWe 

net power when operating from thermal storage steam represent minimum 

design power levels. MDAC has chosen to design their Commercial system 

to these minimum levels since they represent conditions which are compatible 
with existing turbine equipment which would be used for a solar application 

and the proposed MDAC approach to low-cost thermal storage. The solar 

multiple of 1. 7 with 6 hr of thermal storage capability (at the 70-MWe power 
level) resulted from an MDAC system trade study for a stand-alone solar 

plant. Details of the trade study are in Section 3. 2. 5. 

The maximum thermal storage charging rate of 255 MWt corresponds to 
50% of the maximum receiver power. This is consistent with the Department 

of Energy design guideline for charging thermal storage of using 50% of the 

maximum receiver output or the difference between the maximum receiver 

output and that required to drive the turbine at its design power level (whichever 

is greater). In reality, this charging limitation imposes a severe and 

unnecessary constraint on the design and operation of the Commercial system. 
The receiver, for example,· is already designed for full-flow operation for 

rated steam; therefore, from a receiver standpoint, there is no reason to 
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ft) ..., 

Performance /Environmental 

Design Point Power Levels 
(950 Watts/m2 Solar lnsolation) 

Solar Multiple 

Hours of Thermal Storage 

Maximum Thermal Storage 
Charging Rate 

System Startup Times 

Table 3-1 (Page 1 of 3) 

SYSTEM REQUIREMENTS 

Commercial 
System 

100 MWe Net (Rec.) 
(Best Sun Angle) 
70 MWe Net (T. S.) 

1. 7 

6 

255 MWt 

Hot Start - 20 Minutes* 
Cold Start - 6 Hours 

Plant Availability O. 9, Excluding 
Sunshine 

Annual Energy Output TBD 

Solar lnsolation 950 W/m2 

Temp~rature 
Operation to Performance Reqmts TBD 

Reduced Performance and Survival -30° to +50°C 
( -20° to + l 20°F) 

Design Point Operation Wet Bulb, z3c-c (74°F) 
Dry Bulb, 28°C ( 82. 6°F) 

*Minimize within practical limits 

Pilot Plant 

10 MWe Net (Rec.) 
( Worst Field Cosine) 
7 MWe Net (T. S.) 

1. l 

3 

30 MWt 

Hot Start - 20 Minutes* 
Cold Start - 6 Hours 

O. 9, Excluding 
Sunshine 

TBD 

950 W/m
2 

TBD 

-30° to +50°C 
( -20° to + 120°F) 

Wet Bulb, 23°C (74°F.) 
Dry Bulb, 28°C ( 82. 6°F) 

Requirement 
Source 

DoE 

MDAC 

MDAC 

DoE 

DoE 

DoE 

DoE 

DoE 

DoE 



'r' w 

Environmental 

Wind Conditions 
(At l0M Elevation) 

Max Operational, with Gusts 

Max Sur vi val 

Sustained (Tower Only) 

With Gusts (Other Subsystem) 

Wind Velocity Profile 

(Relative to lOm height) 

Seismological 

Soil Conditions 

Lightning Protection 

Precipitation 
Rain 

Average Annual 

Max 24-hr Rate 

Snow ( Design Snow Load) 

Sleet ( Max. Ice Buildup) 

Table 3-1 (Page 2 of 3) 

SYSTEM REQUIREMENTS 

Commercial 
System 

16 m/sec (36 mph) 

40 m/ sec (90 mph) 

40 m/ sec (90 mph) 

Varies Exponentially 

To the 0. 15 Power 

Seismic Zone 3 
NRC Reg. Guide l. 60 
Response Spectrum 
OBE - 0. 165 hor. 11 G11 

SSE - 0. 33 hor. 11 G11 

(Revised to 0. 2 5 hor "G11
) 

Barstow Data 

TBD 
( Cost-Risk Basis) 

100 mm (4 in.) 

7 5 mm (3 in.) 

250 pa ( 5 psf) 

50 mm (2 in.) 

Pilot Plant 

16 m/sec (36 mph) 

40 m/ sec ( 90 mph) 

40 m/ sec (90 mph) 

Varies Exponentially 

To the 0. 15 Power 

Seismic Zone 3 
NRC Reg. Guide 1. 60 
Response Spectrum 
OBE - 0. 165 hor. 11 G" 
SSE - 0. 33 hor. 11 G11 

(Revised to 0. 25 hor 11 G 11 ) 

Barstow Data 

TBD 
( Cost-Risk Basis) 

100 mm (4 in.) 

75 mm ( 3 in.) 

250 pa ( 5 psf) 

50 mm (2 in.) 

Requirement 
Source 

MDAC 

MDAC 

DoE 

DoE 

DoE 
DoE 

MDAC 

DoE 

DoE 

DoE 

DoE 

DoE 



~ 

Environmental/Design 

Hail 

Any Orientation Survival 

Stowed Position Survival 

System Output Voltage and 
Frequency 

System Output Power Quality 

Endurance Capability 

System Safety 

Table 3-1 (Page 3 of 3) 

SYSTEM REQUIREMENTS 

Commercial 
System 

2.0 mm (3/4 in.) at 2.0 m/s 
( 6 5 ft/ sec) Te rm. Ve l. 

2.5 mm (1 in.) at 2.3 m/s 
(75 ft/sec) Term. Vel. 

TBD 

Reliable and Compatible 
with Local Grid 

30 Years 
With Maintenance 

Compatible with 
Cal-OSHA 
( Cost-Risk Approach) 
to Sys. Definition) 

Pilot Plant 

2.0 mm (3/4 in.) at 2.0 m/s 
(65 ft/sec) Term. Vel. 

2.5 mm ( l in.) at 2.3 m/s 
(75 ft/ sec) Term. Vel. 

TBD 
( Compatible with SCE 
Coolwater Facility) 

Acceptable to Local 
Grid (No Electric Energy 
Dissipation) 

30 Years 
With Maintenance 

Compatible With 
Cal-OSHA 
(Hazards Analysis 
to Establish Required 
Safety Criteria) 

Requirement 
Source 

DoE 

DoE 
MDAC 

DoE 

DoE 

MDAC 



constrain de rated steam operation to something less than the receiver's 

maximum design flow. In addition, during system startup using receiver 

steam, a condition arises fairly quickly where the collected power exceeds 

the capability of the thermal storage subsystem and the partially loaded turbine 

to accept all of the flow. At that point, heliostats would have to be driven off 

target to limit the amount of power available to the receiver. As the turbine 

load (and flow rate) were increased following the normal startup procedure, 

the heliostats would be brought back into service. 

The system startup times shown for the hot and cold start (defined by critical 

turbine temperature) represent Department of Energy design guidelines. 

When comparing these times with startup limitations imposed by existing 

turbine equipment, it is seen that the 2.0-min hot startup is optimistic by 

approximately a factor of 2. while the cold startup time is well within the 

predicted startup times using existing turbine equipment. 

The environmental design data shown in Table 3-1, in general, represents a 

compilation of data gathered from desert locations. With the exception of the 

operational and survival wind and the seismic limit for continued operation, 

the requirements were provided by the Department of Energy as program 

inputs. The maximum operational wind limit which influences primarily 

the collector field was developed based on a trade study of heliostat strength 

(and cost) vs lost energy due to early heliostat stow. The indicated optimum 

value of 16 m/s (36 mph) including gusts resulted from the trade study to 

determine the wind speed at which stowage would be initiated. The design 

wind condition for the tower was assumed to be more severe than for the 

rest of the system components. The 40 m/ s (90 mph) sustained value assumed 

represents a 100-yr wind in most areas of the desert southwest, 

The requirement to design the system for a seismic Zone 3, not near a great 

fault, specifies the design value for horizontal acceleration at 0. 33g for a 

safe shutdown condition. This value, along with a fixed-base soil condition, 

was used as the basis for the tower design work carried out for the Com

mercial system. An additional MDAC requirement also imposed an 
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11 Ope rating Basis Earthquake11 acceleration of 0, 165g through which 

uninterrupted operation must be maintained. Superimposed on the horizontal 

accelerations are vertical components which are two-thirds of the indicated 

horizontal values, 

From a design standpoint, the system will be compatible with local electrical 

networks while surviving in a desert environment for 30 yr with routine 

maintenance. In all cases, the system is to be designed to meet Cal-OSHA 

requirements. 

In addition to these specific requirements, the Department of Energy has 

imposed overall design guidelines. They specify the use of conventional 

water/ steam turbine -generator equipment and wet cooling heat rejection 

while ruling out the use of supplemental fossil-fired boilers for turbine 

steam. 

3. 2 SYSTEM DESIGN RATIONALE AND EVOLUTION 

The evolutionary process used to arrive at the Commercial system design 

followed two essentially independent paths. The first focused on the optical 

energy part of the system which treated the collector, receiver configuration, 

and tower. The second part treated the fluid side of the receiver, thermal 

storage, and balance of plant equipment, which are all coupled together 

through the water/ steam loop. Each of these areas contains a complex set 

of interactive parameters which must be treated ih any optimization study. 

For the sake of discussion simplicity, these two areas of analysis have been 

broken down into discrete study areas which highlight many of the principal 

study results, 

3. 2, 1 Receiver Configuration 

The desired receiver configuration was an output of the overall collector 

field/ receiver /tower optimization studies carried out early in the contract 

effort. The purpose of these studies was to arrive at the most cost-effective 

approach to energy collection. Receiver considerations treated in the analyses 

included weight, complexity, quantity required, absorption characteristics, 

radiation and convection losses, availability, thermal response, and cost. 

Collector field effects contained in the analyses included field size as limited 
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by receiver look angle, heliostat cosine, blocking and shadowing, and tracking 

accuracy. Additional factors included tower height and strength (which impact 

cost), number of towers required, and piping networks required to transport 

superheated steam and feedwater. 

The impact of using a cavity receiver with a limited field of view on the col

lector field layout is shown in Figure 3-1. It is assumed in this figure that 

the external receiver, which is compatible with "University of Houston 

optimum field layout" (October 1975 version) is replaced with downward or 

north-tilted cavity receiver with look angles as indicated while holding tower 

height constant. It is seen that the limited-look angles significantly limit the 

useful area of the collector field. The alternatives to gain greater collector 

area are a higher tower or series of towers and receivers. The comparative 

impact on tower height and piping/tower costs as a function of module size 

is showri in Figure 3-2. The superiority of the external receiver configuration 

with its shorter tower and piping runs is apparent. The cost impact was 

based on work done in 1975. Current cost data indicates that a much more 

significant cost difference would actually occur. It should also be pointed out 

that tower costs associated with the cavity receiver do not reflect any 

consideration of the more substantial structure which would be required to 

support the more massive cavity receiver. 

The superiority of the external receiver from a tower and look angle standpoint 

is partially offset by the higher heat losses experienced with the external 

design. A comparative analysis carried out early in the contract and sum

marized in Figure 3-3 shows the superiority of the cavity approach. As the 

module power level increases, however, the efficiency of the external 

receiver increases because of a higher concentration ratio, which is permitted 

because of higher cooling capabilities inherent in the larger receiver. 

The results of the overall optimization study carried out in 1975 indicated the 

overall superiority of the external receiver configuration for a commercial 

system. This result means that the higher heat losses and poorer field 

cosine are more than offset by the receiver tower and piping costs. At that 

point, MDAC was directed by the Department of Energy to cease further 

comparative work and devote the full effort toward the design of a system based 

on the external receiver configuration. 
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3. 2. 2 Single vs Multiple Tower Module Design 

With the selection of the external receiver for the baseline configuration, 

the next issue to investigate is the number of modules (collector fields, 

receivers, and towers) necessary to power an anticipated Commercial system. 

A comparative study was carried out which considered systems made up of 

l, 3, and 10 collector field modules. In each case, the total collector field 

capacity was sized to produce a solar multiple of 1. 7 ( 506 MWt power collected 

at equinox noon). In the study, it was assumed that the modules were all 

geom~trically similar, i.e., a 360-deg collector field, and differed only in 

collection capacity. 

The results of the study that were revised in March 1977 are shown on a 

composite basis in Figure 3-4. From an overall sense, it is clear that the 

single -module approach offers significant advantage over the 3- and IO-module 

approaches with the principal differences arising because of the excessive 

losses associated with the horizontal piping. 

To gain a better understanding of the results, it is appropriate to treat each 

of the elements which contribute to the overall cost of energy. From a 

collector field standpoint, the starting point was the $65M Commercial system 

cost estimate presented in the Preliminary Design Baseline Report (PDBR) 

for a single-module system. The number was revised upward to $68. 2M to 

reflect the added heliostat requirements due to atmospheric attenuation (0. 953 

average for the field) which was not treated initially. Because of the assump

tion of geometrically similar collector fields, the only collector performance 

difference between the approaches involves the atmospheric attenuation which 

favors the multiple towers. Assuming a 50-km visible range, the attenuation 

factors for the 3- and 10-module configuration were O. 965 and 0. 98, 

respectively. At the same time, realistic variations in receiver efficiency 

we re included in the analysis which also impact collector field size. The 

receiver designed to handle high power levels are slightly more efficient due 

to the higher coolant flow per unit circumference which permits slightly higher 

concentration ratios. As a result, receiver efficiencies of 89%, 87%, and 85%, 

were used, respectively, for the 1-, 3-, and IO-module configurations. 

When reflecting on these effects, along with the atmospheric attenuation values 

in collector field size required to provide the design power level, the resulting 
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costs of $68. 9M and $69. SM were developed for the 3- and IO-module 

configurations. As seen in Figure 3-4, these variations in cost or variations 

in performance assumptions which were used to arrive at these cost levels 

are minor in comparison to the variations introduced by the horizontal piping, 

The increments of receiver cost were arrived at by scaling the estimated 

single-module receiver cost of $10M by existing cost-estimating relationships. 

The corresponding costs associated with a 1 / 3 and 1 / 10 capacity receiver are 

$3. 37M and $1. 18M, respectively. The decrease in receiver cost per unit 

capacity as one moves to larger units occurs because of the well-established 

economy of scale effect; i. e,, it is less expensive to use fewer larger 

elements. This effect has been verified by all receiver design studies carried 

out to date. 

The tower costs were developed by scaling the single-module tower costs by 

an established cost-estimating relationship which varies as tower height 

squared. This resulted in the incremental tower increase shown in Figure 3-4. 

Implicit in this analysis is the assumption of similar tower structures (concrete). 

As one moves to many smaller modules, steel towers become an attractive 

alternative of slightly lower cost. However, at the size and strength needed 

for the 1 / 10 capacity module, concrete and steel are economically 

competitive. 

The vertical piping increment which represents a fairly small contribution 

to the overall cost was developed from algorithms which scale with flow 

rate or power level. The result is an incremental cost which is essentially 

constant as one moves from a single large module to 10 smaller modules. 

The cost impact of the horizontal piping was based on actual cost data 

developed by Stearns-Roger using standard estimating techniques. Based on 

assumed module layouts, 2, 408m (7, 900 ft) of 25, 4 cm ( 10 in.) steam 

distribution line and 15. 2 cm ( 6 in.) feedwater distribution line were required 

for the 3-module case. The corresponding steam and feedwater line lengths 

for the IO-module case are 7, 622m (25, 000 ft) each. The same line sizes 

were assumed as in the 3-module cas~~ .: .this assumption resulted in 

somewhat lower costs for the IO-module .case than would actually be 
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experienced because no penalty was assumed for the common manifolding 

which was used extensively in the layout of the 10-module configuration. 

The manifold sizes required to prevent excessive pressure drop over the 

extended run lengths would be significantly larger than the assumed 25. 4 cm 

( 10 in.) size. A' further breakdown of the cost data associated with the piping 

is shown in Table 3-2. This data includes assumptions on valves, elbows, 

insulation, supports, labor, etc. 

The final cost increment shown in Figure 3-4 involves heat loss. This effect 

is a 24 hr per day drain on system energy which must be added back by either 

inc\reasing the size of the collector field or delaying somewhat the useful 

system startup point. The impact, although small, is more significant for 

the multiple-tower configuration due to the long piping runs. It should be 

noted that this study ignored pressure drop effects which would have the 

greatest detrimental effect on the 10-module approach again because of the 

long piping runs. 

An attempt to improve receiver efficiency, such as through a shrouded design, 

was considered as a way to make the multiple -tower configurations more 

attractive. The required receiver efficiency necessary for a breakeven 

condition is shown in Figure 3-5. It is seen that a receiver efficiency greater 

than 100% would be necessary to arrive at a break-even situation if more than 

six modules were considered. For fewer modules, the curve represents a 

goal which must be surpassed to produce a cost-effective system design. In 

all cases considered, receiver design modifications were unable to make up 

the added efficiency necessary to shift the cost-effective design away from a 

single tower design. 

3. 2, 3 Receiver /Turbine Steam Conditions and Module Size 

The selection of system steam conditions and module size (generating capacity 

for an individual system) is governed by overall system economics subject 

to constraints imposed by the turbine, receiver, and thermal storage. Since 

the system is constrained to use conventional turbine equipment, possible 

limitations related to turbine size or acceptable steam conditions should be 

initially identified to establish design constraints for the receiver and thermal 

storage subsystems, 
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Table 3-2 

HORIZONTAL PIPING COSTS 

(MULTIPLE MODULES - 506 MW PEAK ABSORBED POWER) 

Steam Lines 

(Includes 10 in. Schedule 
120 Pipe Plus 4 in. Insulation, 
Elbows, Gate Valves, Supports, 
Labor, and all Indirect 
Contractor Costs) 

Feedwater Lines 

(Includes 6 in. Schedule 
120 Pipe Plus 2 in. Insulation, 
Elbows, Gate Valves, Supports, 
Labor~ and all Indirect 
Contractor Costs) 

Total 

3 Modules 
( $ Millions) 

2. 54 

1. 18 

3.72 

10 Modules 
( $ Millions) 

8. 03 

3. 7 5 

11. 78 

The type of turbine required to be compatible with a solar electric system is 
of a nonreheat, dual-admission type, capable of daily cycling. Since the 
economics trend for the overall system is toward a large module size, the 
turbine equipment should be as large as possible subject to the above con
straints. In surveying the available turbine equipment, the search rapidly 
narrows to a family of nonreheat, automatic admission industrial turbines 
manufactured by General Electric. The nominal turbine has an upper limit 
on generating capacity of "- 100 MWe net when using 50, 8 cm (20 in.) last-stage 
buckets in the low-pressure section. By going to a larger low-pressure section 
with 58. 4 cm ( 23 in.) last-stage buckets, "- 140 MWe could be produced. 
Use of the larger last-stage buckets results in a turbine design which is more 
susceptible to moisture erosion because of higher tip speed and poor perfor
mance under partial flow conditions. As a result, the turbine capable of 
producing 100 MWe of net power was selected for the baseline system. Using 
this turbine, some latitude exists as to the acceptable throttle steam conditions 
(from the receiver). General Electric has indicated that the inlet steam 
temperature may be specified at a level between "- 482° and 538°C ( "'900 and 
1, 000°F) while the pressure may be specified somewhere in the range of 
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8. 72 to 10. 1 MPa ( 1, 265 to 1,465 psia). With these turbine limitations 
established, it is possible to introduce considerations of the other elements 
affecting the water/ steam loop. 

The final steam conditions were selected by giving consideration to all 
elements of the water/ steam loop. Figure 3-6 indicates the nature of the 
interactions considered. The primary or throttle steam temperature was 
selected by considering limitations of the receiver and piping as well as those 
due to turbine. To ensure that the maximum temperature remained below 
538°C ( 1, 000°F), the receiver outlet steam temperature design point was 
selected at 516°C (960°F). This condition is sufficient to produce a turbine 
inlet steam temperature of 510°C (950°F). _Thermal storage considerations 
were not treated in the selection of the primary steam temperature because 
the moderate temperature storage concept (Section 3. 2. 4) requires only 
360°C (680°F) steam for its charging process. 

The primary steam pressure condition was established by considering the 
thermal storage subsystem and the turbine which combine to form the major 
constraining factors for system pressure. To successfully charge thermal 
storage, it is necessary to have a sufficiently high steam pressure so that 
condensation occurs at a relatively high temperature. This influence of 
steam pressure on the charging process can be seen in Figure 3-7. It is 
seen that the charging flow at a pressure of 10. 1 MPa ( 1, 465 psia) stays to 
the right of the Caloria line which indicates that a positive temperature 
potential exists at all points for the heat transfer process. If steam pressure 
were lowered, the charging flow line would cross the Caloria line, resulting 
in an impossible charging condition. An increase in steam pressure would 
create a larger temperature potential for heat transfer, which would reduce 
heat exchanger requirements. The alternative of raising the charging side 
inlet steam temperature above the current value of 360°C ( 680°F) is unattractive 
since the Caloria is a temperature -limited fluid. By contrast, the turbine 
is constrained to operate at a pressure less than or equal to 10. 1 MPa 
(1,465 psia). Thus, the only area of overlapping pressure conditions between 
the turbine and the thermal storage occurs at 10. 1 MPa ( 1, 465 psia), which 
was selected as the principal or throttle steam pressure. To allow for 
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piping pressure drop between the receiver and the turbine/thermal storage, 

a receiver outlet design pressure of 11. l MPa ( 1, 615 psia) was selected. 

3. 2. 4 Thermal Storage/Turbine Admission Steam Conditions 

In selecting the preferred approach to thermal storage several key system 

issues were addressed. First, from an overall requirement standpoint, the 

thermal storage must serve as a source of steam of sufficiently high temper

ature and pressure to allow the turbine-generator to produce at least 70 MWe 

net when operating exclusively from thermal storage steam. In addition, 

this generation rate should occur with approximately the same turbine flow 

as would occur during design point operation directly from receiver steam. 

This eliminates the need to oversize the turbine for thermal storage operation 

which would result in an off-design flow condition occurring whenever the 

turbine operated exclusively from receiver steam. Once a thermal storage 

approach was determined which satisfied these minimum design and per

formance conditions, other options to thermal storage were considered which 

increased performance at an increase in cost. Before a final selection was 

made, issues such as simplicity and the impact on water steam loop controlla

bility were also considered. 

The baseline thermal storage approach which was originally proposed is shown 

schematically in Figure 3-8 along with the charging and discharging side 

water/ steam conditions. The approach represents a minimum-cost, moderate

temperature approach to thermal storage that employs a Caloria and rock 

mixture as the storage media. Extensive discussions were carried out with 

General Electric to determine the suitability of the resulting steam conditions 

with the 70-MW turbine operating requirement. It was determined that these 

steam conditions were satisfactory for the generation of 70-MWe net power 

at a turbine steam flow rate which is similar to the flow rate experienced 

during design point operation directly from receiver steam. 

A series of higher-temperature thermal storage options were considered in 

an effort to improve turbine cycle efficiency when operating on admission 

steam. A general schematic which is representative of these options is 

shown in Figure 3-9. These options all replaced the desuperheating function 
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with a separate high-temperature storage loop which would be used to 
significantly increase the superheat level of steam produced in the steam 

generator. 

The results of the comparative evaluation are shown in Figure 3-10. The 

first case represents the baseline design which is capable of producing steam 

at a temperature of 296°C ( 565°F). The rest of the cases all included a Hitec 

topping loop and assume a thermocline approach to energy storage. Fot\ 

Cases 3 and 5, a Hitec/rock mixture was assumed for the upper-storage 

loop. The results, expressed on a relative basis, indicate that the baseline 

design approach using the moderate-temperature storage approach is 

superior to all but the third case, This means that the storage subsystem 
cost associated with achieving higher steam temperatures and higher cycle 

efficiencies more than offset the benefit to be derived through an increase in 

annual energy output. The overall superiority of Case 3 is expected because 

it preserves the attractive Caloria/rock feature of the baseline design but 

also adds a cost-effective Hitec/rock topping cycle. Due to unknowns related 
to Hitec/rock compatibility, as well as Hitec solidification issues in a rock 

bed, this case was not selected as the baseline design approach. Additional 

subsystem development work to verify the approach appears to be attractive-. 

As a result of the turbine compatibility issues and economic factors just 

presented, the moderate temperature approach to thermal storage was selecte 

This approach is based on the use of a Caloria/ rock mixture which employs 
a thermocline as the method of storage. The Caloria will be exercised over 

a temperature range from 232° to 316°C (450° to 600°F). The re suiting steam 

conditions at the inlet to the turbine admission port are a temperature of 

296°C (565°F) with a pressure of 2. 52 MPa (365 psia). The steam-generation 
process which occurs in the steam generator is shown in Figure 3-7. The 

indicated pressure conditions correspond to that leaving the steam generator, 

It is seen that the pressure is limitecl by the lower pinch-point effect, A 

significantly higher pressure would cause the Caloria and discharge lines to 
intersect, which would be impossible from a heat-transfer standpoint. 
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3. 2. 5 System Capacity and Hours of Storage 

To complete and conceptual definition of the Commercial system, it was 

necessary to develop a sizing relationship between the collector field, thermal 

storage subsystem, and turbine. The basic investigation required involved 

a tradeoff between energy collection capacity and the ability of the balance 

of the system, particularly the thermal storage subsystem and turbine -

generator, to accommodate the collected energy in a cost-effective manner. 

The independent variables for this analysis were solar multiple, which is 

directly related to energy collection capacity, and hours of storage. It was 

assumed for this analysis that the turbine-generator equipment was sized to 

produce 100 MW of net electrical power at the design operating point. The 

results of the analysis as it impacts the relative cost of electrical energy 

on an annual basis are shown in Figure 3-11. The 3- and 6-hr storage 

levels considered represent areas of interest to the Department of Energy. As 

indicated, the results are based on an investigation of a single solar plant 

exclusive of network integration consideration. Also, when operating from 

thermal storage, a power output level of 70 MWe is assumed, as opposed to 

the 100-MWe value associated with receiver operation. 

From the results in Figure 3-11, it is seen that minimum cost points occur 

for solar multiples of 1. 4 and 1. 7 for 3 and 6 hr of storage with the 3-hr 

optimum being"' 2% less costly than the 6-hr optimum point. As one moves 

to the left of a minimum cost point, i.e., to a lower solar multiple, the 

increase in the cost of energy is due to the undersizing of the collector field 

which results in the nonuse of part or all of the thermal storage c~pacity that 

is unused capital equipment. As one moves to a solar multiple greater than 

the indicated optimum value, the energy collected exceeds the capability of 

the thermal storage subsystem and turbine-generator equipment to accom

modate the energy and a condition qf excessive energy spillage results. 

Implicit in this analysis is a solar insolation level of 950 W /m 
2

• The 

analysis was repeated for postulated varying insolation models and the 

results were found to be essentially identical. 

Before selecting one of the two minimum-cost conditions as the baseline s1z1ng 

point for the Commercial system, a more detailed investigation of system 

performance was carried out for these two points of interest. A comparative 
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tabulation of the output on a daily basis for representative days of the year 

is shown in Tables 3-3 and 3 -4 for the SM = 1. 4, 3-hr storage and the 

SM = 1. 7, 6-hr storage cases, respectively. The charts subdivide the energy 

collected during the day (left column) into the portion fed directly to the 

turbine and the excess energy which goes to charging thermal storage. In 

both of the tables, it is seen that the "excess energy" exceeds that necessary 

to fill thermal storage during summer periods of high energy collection 

while an underfill condition would exist during Winter periods of low energy 

collection, This of course is the natural result one would expect from the 

optimization analysis. Drawing attention to the II December 21 11 entries, it is 

seen that operation directly from the receiver could be maintained for 

between 6 and 6. 6 hr, depending on the case considered. If operation is then 

shifted to thermal storage, an additional 1. 62 or 2. 96 hr of generation 

capability would exist. 

Viewing these results from a network integration standpoint, it is seen that 

the wintertime characteristic of the SM= 1. 4, 3-hr storage design, is 

incompatible with normal demand curves for the southwestern United States 

where nighttime peak demands continue until the 7 to 10 PM period, Even if 

daytime turbine startup is delayed to fully charge the 3-hr storage, marginal 

nighttime capability at be st is provided, On the other hand, the SM = 1. 7, 

6-hr storage configuration would possess a 3-hr charge under normal 

conditions where excess energy is fed to storage. The capability to operate 

from storage could be expanded to 6-hr by delaying the startup of the turbine. 

This greater storage capability would be much more compatible with the 

typical nighttime Winter demand and thus appears to be the most attractive 

approach to system sizing. In addition, the cost of backup generating capacity 

which would be required on the network more than offsets the 2% higher 

system cost of energy indicated in Figure 3-11 for the SM = 1. 7, 6-hr storage 

case. For this reason, the SM = 1. 7, 6-hr storage case was selected as the 

baseline system capacity upon which expanded cost and performance studies 

could be based, 

As a point of comparison to the baseline Commercial system design ( solar 

multiple = 1. 7, 6 hr of storage), upon which the detailed design and cost 

data was developed, an alternate Commercial system definition has been 

developed. The alternate configuration is sized for a solar multiple of 1. 4, 

with 3 hr of storage, and corresponds to the minimum point on the left curve 
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Table 3-3 

SYSTEM PERFORMANCE SUMMARY 

(SOLAR MULTIPLE= 1. 4, 3-HR STORAGE) 

Dire ct Turbine 
Operation Period of 

Total ( 100 MWe) Energy Operation From 
Collection Required Period Excess To Storage 
Capability Energy (Hr) Energy Storage 70 MWe Spillage 

Day (MWHt) (MWHt) (Decay)* (MWHt) (MWHt) (Hr) MWHt (%) 

Jun 21 4,375 3,294 10. 6 ( o. 5) 1, 081 879 3 202 4. 6 

May 21/ 4,228 3,234 10. 4 (0. 5) 994 879 3 115 2.7 
Jul 21 

Apr 21/ 4,040 3, 130 9. 8 (0. 4) 910 879 3 31 o. 8 

w 
Aug 21 

"-) 
CD Equinox 3, 642 2,796 9. 1 (0. 3) 846 846 2. 89 0 0 

Feb 21/ 3,073 2,349 7. 6 ( o. 3) 724 724 2.47 0 0 
Oct 21 

Jan 21/ 2, 572 2,037 6. 6 (0. 25) 535 535 1. 83 0 0 
Nov 21 

Dec 21 2, 333 1, 859 6. O (0.25) 474 474 1. 62 0 0 

*Period of transition from 100 MWe to 70 MWe net output. 



Table 3-4 

SYSTEM PERFORMANCE SUMMARY 

(SOLAR MULTIPLE::. 1. 7. 6-HR STORAGE) 

Direct Turbine 
Operation 

Period of 
Total (100 MWe) 

Operation From 
Collection Required Excess Energy to Storage 
Capability Energy Period Energy Storage 70 MWe Spillage 

Day (MWHt) (MWHt) (Hr) (MWHt) (MWHt) (Hr) MWHt (%) 

Jun 21 5. 290 3,485 11. 7 1. 805 1. 757 6. 0 48 0.9 

May 21/ 5,202 3. 396 11. 4 1. 806 1. 757 6. O 49 0.9 
Jul 21 

Apr 21/ 4,905 3. 158 10. 6 1. 747 1. 747 5. 96 0 0 
Aug 21 • 

Co> 
N 
CD 

Equinox 4,422 2. 860 9. 6 1. 562 1. 562 5. 33 0 0 

Feb 21/ 3. 731 2,443 8. 2 1,288 1.288 4.40 0 0 
Oct 21 

Jan 21/ 3. 122 2. 115 7. 1 1,007 1. 007 3.44 0 0 
Nov 21 

Dec 21 2. 832 I, 966 6. 6 866 866 2. 96 0 0 



of Figure 3-11. The impact of reducing the solar multiple and hours of 

• storage not only reduces the size of the collector field and thermal storage 

subsystem but also reduces the tower height, receiver size, and maximum 

receiver flow rate. A comparative tabulation of the pertinent physical 

characteristics fol'. the two commercial system configurations is shown in 

Table 3-5. It is seen that all parameters except the last two experienced 

a reduction in value when going from the baseline to alternate configuration. 

The thermal storage maximum charge rate was held constant since the 

255-MWt level would represent a fairly good design point for the alternate 

design configuration whereas it is significantly undersized for the baseline 

configuration. The maximum discharge rate is held constant because we 

assume that the same admission steam requirement must be maintained 

in the two cases. 

Table 3-5 

COMMERCIAL SYSTEM CONFIGURATION COMPARISON DATA 

Number of Heliostats 
(37. 95 m2 per Heliostat) 

Collector Field Area (x 10 6) 

Tower Height 

Receiver Centerline 
Elevation 

Receiver Size 

Diameter 

Height 

Maximum Receiver 
Absorbed Power 

Maximum Receiver Flow 
Rate 

Thermal Storage Maximum 
Charge Rate 

Thermal Storage Maximum 
Discharge Rate 

Baseline Design 

(
Solar Multiple = 1. 7) 
6 Hours of Stor~ge 

22, 914 

3. 66m2 ( 39. 38 ft 2) 

242m (794 ft) 

2 68m ( 879 ft) 

17m(56ft) 

25. 5m (84 ft) 

506 MW 

211. 2 Kg/ Sic 
( 1. 673 x 10 Lb/Hr) 

255 MWt 

284 MWt 
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Alternate Design 

(
Solar Multiple = 1. 4) 
3 Hours of Storage 

18, 870 

3. 0 lm2 ( 32. 43 ft 2) 

220m (722 ft) 

246m ( 807 ft) 

15. 4m ( 50. 5 ft) 

2 3. 1 m ( 7 5. 8 ft) 

416. 7 MW 

174 Kg/Sec 
( 1. 378 x 10 6 Lb/Hr) 

255 MWt 

284 MWt 



3. 3 COLLECTOR FIELD OPTIMIZATION 

The_ optimization of the collector field represents a major area of concern 

which must be addressed in arriving at a cost-effective Commercial system 

design. The University of Houston has been actively investigating this 

problem for four years and has developed an extensive set of computer codes. 

The codes are designed to define the optimum collector field configuration 

and provide detailed receiver heat flux and panel power distribution. 

The optimization process must necessarily start with a known set of cost, 

performance, and environmental factors. Since the cost data matures 

continuously as the system and subsystem design activities proceed, the 

optimization activity must be continuously updated. In addition, because of 

environmental variations which occur from one site to another, an optimized 

collector field is only appropriate for a specific site of interest. 

The Commercial system cost estimates upon which the optimization 

analysis was based were developed for the PDBR and have been revised in 

selective areas. It is the intention of the University of Houston to reverify 

the Commercial system collector field subsequent to the PDR by using a 

complete set of PDR cost data. In addition, the latest performance and 

environmental data will also be used. 

The present collector field optimization discussion contained in the sub

sequent subsections treats work carried out by the University of Houston up 

to May 1977. From a system de sign standpoint, however, a design freeze 

was imposed in December 1976 to which all system and subsystem design 

activity was to respond. As a result, the University of Houston developed 

and worked with some numbers which are not reflected in the Commercial 

system design presented in the rest of this volume. This section, however, 

contains an internally consistent set of information which describes the 

optimization problem, and the optical simulation model and computer optimi

zation problem, and the optical simulation model and computer optimization 

procedure, and summarizes results of the optimization studiea. 

3. 3. l The Optimization Problem 

This section is concerned with the optical behavior of the collector field 

and its interaction with the receiver. The University of Houston has a 
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computer model of this behavior and has considered methods which lead to 

an economically optimized design of the collector field. Factors treated in 

this section include: 

A. The nature of the desired optimization and the resulting figure of 

merit. 

B. The economic model for the Commercial system. 

C. The design requirements. 

D. The basic variables of the collector field geometry and various 
practical subsets. 

E. The mathematical formulation of the optimization and its 

computerized solution. 

F. The optimized designs and resulting system performance. 

The collector field contains a large number of heliostats whose location with 

respect to the receiver and with respect to each other creates an intricate 

design problem. Heliostat location is measured with respect to the base of 

the tower. An optimized set of heliostat coordinates provides an optimized 

collector field for the present purposes. 

The tower-top receiver is designed to absorb solar energy and to deliver this 

energy to an electric utility for electric power production. The best 

economic measure of performance for this composite system is a suitably 

adjusted busbar cost estimate for the output electric power. However, it is 

felt that an effort to optimize the collector field geometry via busbar cost 

would make the collector field dtisign too difficult, and much too dependent 

on the design of the thermal storage system, the turbo-generator system, 

and the capacity displacement credits. It seemed desirable to consider the 

tower-top receiver as a source of thermal energy which can be "sold" to 

the utility system and therefore the cost of thermal energy at the base of the 

tower can be used as a suitable figure of merit for the optimization of the 

collector field. The specific figure of merit used for the optimization 

analysis was defined as the capital cost of the energy collection equipment 

(collector field, receiver, tower, and vertical piping) divided by the annual 

thermal energy delivered at the base of the tower. 
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A series of environmental and hardware-related factors which influence 

cost and performance of the energy collection equipment must be treated in 

the overall optimization process. The factors include: 

A. Percent of possible insolation due to local weather conditions. 

B. Heliostat related factors: reflectivity, dust, guidance errors, and 

malfunction. 

C. Shading and blocking losses due to neighborin.g heliostats. 

D. Startup and shutdown losses due to wasted insolation and heat. 

E. Atmospheric transmission losses between heliostat and receiver. 

F. Receiver related factors: interception, absorptivity, emissivity, 

convection, and conduction. 

G. Parasitic energy requirements for heliostat guidance and coolant 

pumping. 

The central receiver system concept is an optical concept and as such it can 

be optimized over many design variables which are not included in the 

collector field layout. The heliostats are optimized for mass production cost 

savings and performance under reasonable loads. This is basically a mech

anical problem and the resulting heliostat design is an input to the collector 

field problem. Specifically, heliostat size is fixed. The tower design is 

also basically a mechanical problem; however, in this case, the tower height 

must be specified to satisfy the design requirement for a specified total 

thermal power, which in turn must satisfy the name plate power requirements 

for the utility power plant. Consequently, the tower height becomes a 

byproduct of the collector field optimization. 

The receiver design also affects the optical performance of the system. 

However, for our purposes, it is assumed as given. Receiver size was 

optimized at an earlier stage when various receiver geometries were being 

considered. The receiver size is adequate to handle the required power and 

its configuration is appropriate for the anticipated variation in flux distribu

tion with time. The resulting interception is acceptable and can be optimized 

by varying the aiming strategy, which is independent of the collector field 

layout. · (See Table 3-6.) 
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Table 3-6 

INTERCEPTION PERFORMANCE AVERAGES 

System Aiming Strategy Interception Flux Spillage 

Commercial 3 point 95. 8% 4. 2 % 

Hi-Lo 97. 0% 3. 0% 

Pilot Hi-Lo 98. 0% 2. 0% 

The receiver design is complicated by many considerations. The basic 

design assumed for the optimization analysis is a cylindrical external 

receiver with vertical straight-through heating tubes. The two most serious 

design requirements (in addition to interception) are the flux density limit 

and the panel power minimum. Any heat-transfer device has a flux density 

limit, beyond which some form of damage or malfunction will occur. 

The cylindrical receiver contains 24 panels subdivided into 6 preheat and 

18 boiler panels with each boiler having its own sensor and flow control valve. 

Flow control must be positive, and because of the erratic nature of the two

phase flow, a limited range of flow control is possible. Consequently, it is 

necessary to maintain a minimum panel power at all times during useful 

operations. Furthermore, the manifolds will fail to distribute flow to all of 

the tubes in a given panel if the flux gradient across the panel is excessive. 

Hence a limitation on maximum flux gradients across a panel is also imposed. 

The procedure is as follows: 

A. Set scale of system by specifying the total thermal power at equinox 

noon. 

B. Scale receiver dimensions to satisfy flux density limit assuming 

that adjustments will be made in the aiming strategy. 

C. Optimize the collector field. 

D. Adjust the aiming strategy to reduce the bright spots on the receiver. 

E. Adjust the trim of the field to satisfy panel power minimum if 

necessary. At 35° latitude, the southern field tends to be weak, and 

becomes weaker as latitude increases. A slight departure from 
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optimization may be required here, although the use of preheat 

panels in the southern quadrant of the receiver removes most of this 
problem. 

F. Scale tower height and collector field to achieve exactly the desired 
system power level. 

G. Generate final heliostat coordinates. 

At this point, it is assumed that the heliostats are identical and that the 
centers of the heliostats are co-planar so that the collector field is flat, 
although it may have a slope. Allowance for contours in the collector field 
is a step beyond the current state of the art. The intersection of the tower 
center line with the plane of the heliostats determines a natural origin for 
coordinates of the heliostats in the collector field. The complete list of 
heliostat coordinates can be visualized as a set with the following additional 

structure. Let H be a heliostat in the set of heliostats S, so that the list 
of heliostat coordinates, L, can be expressed as 

where (xH, yH) gives the coordinates of heliostat H. Now let H be identified 
by a pair of integers (i,j) such that 

(i.e. , H is in one to one correspondence with (iH' jH)). Consequently, the 
list of coordinates can be written as 

t = { l x(ij), y(ij) 1 I (ij) e: s} 

and the mapping from S to the collector field is given by the functions x(ij) 
and y(ij) which are determined by the optimization procedure. If the coordi
nates are expressed in units of heliostat width, the coordinate mapping can be 
visualized as an actual layout process in which the heliostats are moved from 
a storage area where they are kept in a state of rectangular closest packing, 

so that their coordinates are (iH' jH) in heliostat units. 
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For the Pilot Plant, i becomes a circle label and j becomes an azimuth 

label. For the Commercial system, a more complicated listing will be 

required when the final stage is reached. A cell structure is anticipated 

with a list as above in each cell. In addition, some thought is required to 

assign heliostats to their field controllers. 

Historically, the collector field design has been approached by assuming the 

simplest possible layout and gradually adding variables, but never allowing 

a chaotic solution to occur. In general, the optimization is not unique and 

leads to chaotic solutions similar to dislocations in a crystal. This type of 

result is to be expected from a straightforward rigorous minimization of the 

figure of merit. For example, if L is an arbitrary set of heliostat 

coordinates and F is the figure of merit, then the optimization implies that 
{\ . {\ 

F = MIN F(L) = F(L), 

{L} 
{\ 

where L is the optimized coordinate set. The function F(L) is difficult to 

construct, for several reasons: 

A. There are many independent variables. 

B. The insolation average must be performed numerically. 

C. The instantaneous reflected power from each heliostat is a function 

of the heliostat coordinates, which has at least eight analytic 

branches. (Nonanalytic behavior from every shading and blocking 

event is expected. Normally eight neighbors can contribute events, 

hence eight branches,) 

However, F(L), can be defined as follows. Let 

F(L) = C(L)/E(L) 

where C(L) is the dollar cost of the system and E(L) is the net annual thermal 

power delivered at the base of the tower, C(L) is determined by the economic 

model and is developed explicitly in Appendix C, "A Cell wise Method for 

Optimization of Large Central Receiver Systems." E(L) is determined by the 

optical model of the system and can be written as 

E(L) = a E (L) - b, 
0 

and 
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where 

AH is the reflective· area of a heliostat, 

gH(L) is the annual total thermal energy reflected by heliostat H in a 

field specified by L, 

11H is the receiver interception factor for heliostat H, which is assumed 

to be time-independent for purposes of simplicity, and 

E
0

(L) is the annual thermal power incident on the receiver. 

The coefficients a and b contain the other losses as explained in Appendix C, 

so that E(L) becomes the net thermal energy delivered at the base of the 

tower. 

Currently, the University of Houston computer facility is able to generate 

quantities such as E
0

(L) for a collector field, only if the summation is 

limited to several hundred terms. Consequently, it is necessary to adopt a 

system of representative heliostats, which is called the "cell-wise approxi

mation for large collector fields." The expression for E
0

(L) is replaced by 

Eo(L) = l::nc 'Y\cgc(Dc)AH' 
C 

where 11 is the number of heliostats in a cell c. Consequently, 
C 

11cgc(Dc) = 11HgH(L), 

where H is the representative heliostat for cell C. The variables D are the 
. C 

displacements of the appropriate neighbors with respect to the representatiye 

heliostat. Hence Dc is a function of ·L, but not vice-versa in general. 

The cell-wise optimization procedure presented in Appendix C proceeds 

along lines suggested by the expression for E
0

(L). Unfortunately,· it leads 

.to solution for the displacements and not the coordinates themselves. 

Fortunately, the results for the displacements vary smoothly from cell to 

cell. The use of representatives implies that each heliostat in a cell has a 

similar neighborhood. This assumption greatly reduces the number of 

independent displacements. In practice, the solution is carried out for two 

components, a radial-x component and an azimuthal-y component, as shown 

in Figure 3-12. The results show that y is nearly constant throughout the 
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THE UPPER HALF SHOWS A CORNFIELD NEIGHBORHOOD AND THE LOWER 
HALF SHOWS A STAGGER NEIGHBORHOOD. THE HEAVY ARROW POINTS TO 
THE TOWER FOR RADIAL CASES AND IT POINTS NORTH FOR N-S CASES. 
THE (x, y) LABELS INDICATE THE INDEPENDENT VARIABLES OF THE 
GEOMETRY. 

Figure 3-12. Cornfield and Stagger Neighborhoods 
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collector field, and that x is nearly independent of azimuth with respect to 

the tower. Furthermore, x can be represented as a quadratic function of the 

tower elevation angle. 

3. 3. 2 Optical Simulation Model and Computer Optimization Procedure 

The current view of the optical simulation model and collector field optimi

zation problem for the large central receiver system contains the following 

components. {The assumptions made for the current 100-MWe study are 

indicated by asterisks and underlining. Relevant details will be given later.) 

A. The Astronomical Model* 

1. Diurnal motion of sun. 

2. Insolation model for cloudless sky. 

a. Air mass for round earth. 

b. Water vapor, altitude, and turbidity parameters. 

3. Sample of times for daily and annual statistics. 

B. The Collector Field Models 

1. Cell model with uniformly spaced representative heliostats and 

variable numbers of heliostats per cell.,:< 

2. Cell model with fixed number of heliostats per cell and 

suitably located representatives. 

3. Individual Helios tats each listed in computer storage. 

C. The Heliostat Models 

1. 

2. 

3. 

D. The 

1. 

2. 

3. 

4. 

5. 

Square with or without slotting and with or without canting to 

increase concentration. * 
Octagonal, and regular N-gons. 

Rectangular. 

Mounting System Models 

Alt-Azimuthal.* 

Radial-Pitch-Roll. 

Azimuthal-Pitch-Roll. 

Polar. 

Receiver-oriented 

E. The Shading and Blocking Models* 

1. Optional inclusion of remote neighbors. 

2. Test for sun sensor. 

3. Each segment of whole heliostat. 

4. Options for greater speed and less accuracy. 
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F. The Guidance Error Model>:, 

1. Slope errors of reflectors. 

2. Aiming error of sensors (due to misaim and to mechanical 

flexion). 

3. Tracking errors. 

G. The Image Generators (Appendix B) 

1. Analytic model. 

a. With convolution processor for guidance errors. 

b. With degraded sun to approximate guidance errors. 

2. Walzel' s Hermite polynomial approximation method* 

H. The Focusing Strategy and Abberation Model for Canted Heliostats 

I. The Receiver Models 

1. Cylindrical external.>:, 

2. Flat panel. 

3. Aperture for Cavity. 

J. The Aiming Strategy Models 

K. 

L. 

1. Aim at belt of cylinder. 

2. Optimum two point high-low ai,n1, 

3. Three point high-low aim,:,:, 

4. Five point high-low aim. 

5. Horizontal strategies. 

The Cost Model 

1. Helios tats (including guidance, etc).* 

2. Tower,>:, 

3. Receiver.* 

4. Plumbing in tower.>:< 

5. Land for heliostat.* 

6. Wiring for heliostat.':' 

7. Turbine generator system, etc. 

8. Thermal storage. 

9. Capacity credits. 

10. Water costs. 

11.. Financial costs 

12, Oper,i.tion and maintenance. 

The Energy Loss Model 

1. Mirror reflection and receiver absorption:l' 

2. Absorptivity vs angle of incidence::' 
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3. Re radiation and convection by receiver.>:< 

4. Atmospheric losses between heliostat and receiver. 

5. Interception losses at receiver.* 

6. '.Thermodynamic cycle efficiency. 

7. Pump power and other parasitic losses. 

M. The Figure of Merit and Optimization Procedure* 

1. Cost model. 

2. Energy model with losses. 

3. External constraints. 

a. Policy-related choice of base time period. 

b. Definition of scale, i.e. , power at equinox noon, etc. 

c. Mechanical clearance for heliostats and access ways. 

d. Flux limits for receiver. 

e. Flux gradient limits for receiver. 

f. Panel power minimum. 

Computer programs are of four main varieties (LOSS, RC ELL, YEAR, and 

LAYOUT). 

3. 3. 2. 1 LOSS Program 

The LOSS program shows the amount of ground space required by a heliostat 

at each of the representative locations. This program calculates the MWH/m2 

of lost energy due to a single neighbor as a function of displacement from the 

representative heliostat. The LOSS program provides a good sun sample for 

the whole year and uses an efficient version of the shading and blocking 

processor which neglects overlapping events. Overlapping events are rare 

under optimized conditions. The LOSS prints provide a good starting point 

for further collector field optimization studies (see Figure 3-13). This is a 

small stand-alone program which can provide various comparison and/or 

sensitivity studies. 

LOSS program outputs provide a quick estimate of the ground coverage 

fraction in each cell for all four optional arrangement schemes. Table 3-7 

shows the percentage of advantage (i.e. , higher ground coverage) for the 

radial stagger arrangement as compared to the next best alternative. 

Negatives indicate that a better alternative occurs. The radial cornfield is 

never 'best although it beats radial stagger in 3 out of 121 cells. The 24 
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Figure 3-13. Heliostat Loss Footprints Annual Shading and Blocking Loss 
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Table 3-7 

PERCENT OF ADVANTAGE FOR RADIAL STAGGER 

(Note that J = 1 to 6 is the West Half Field) 

J = 1 2 3 4 5 6 

I = 1 6.7 2.9 -3.0 -5. 1 13.3 0.0 

2 6. 5 12.2 1. 2 2.9 13. 5 0.0 

3 5.0 -0.6 -5.3 1. 3 16.2 0.0 

4 -1. 0 -6.8 -7. 1 3.5 8.8 0.0 

5 5. 9 1.0 -1. 1 2.8 2.0 10.0 

6 6.8 4.3 -5.5 -i. 2 -10.8 5.2 

7 11. 6 12.2 7.6 6. 5 -4.3 0.0 

8 12. 8 3.8 3.0 -11. 8 5. 1 Tower 

9 -6.6 -1. 5 -6.5 -12. 8 4. 8 0.0 

10 5.8 -18.6 -11. 1 -14. 3 -.006 0.0 

11 11. 0 -4.9 -10.5 -11. 1 7. 7 0.0 

negative entries represent 14 cells in which N-S cornfields are best and 

10 cell in which N-S staggers are best. This picture can be modified by new 

results from RCELL when convergent outputs from all four options are 

obtained. The occurrence of large negatives in the southern field suggests 

that it might need special treatment, but this is not confirmed by the Pilot 

Plant study which assumed radial stagger throughout. The complications and 

unaccounted losses associated with chaotic cell boundaries and varying cell 

configurations were avoided by using the radial staggered array throughout 

our final Commercial and Pilot Plant studies. 

3. 3. 2. 2 RC ELL Program 

RCELL is the current collector field optimization program. It contains a 

complete simulation and its outputs are nearly complete. However, it 

requires an input data file for the panel interception factors. (These data are 

generated by projecting images from each representative heliostat onto the 

specified receiver as described in Appendix B and its references.) The 

RCELL program processes an input estimate of the collector field geometry 

and figure of merit and outputs an improved estimate. (See Figure 3-14, ) 
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THE DOT PRECEDES A PROGRAM AND FOLLOWS A DATA FILE. 

PANEL. (INTERCEPTION FACTORS) ACELL. (ESTIMATED DISPLACEMENTS) 

~ ! 
(ESTIMATED FIGURE OF MERIT) -------- .RCELL 

!PERFORMANCE SUMMARY ANO ~ BC!L. (OPTIMUM DISPLACEMENTS, 
OPTIMUM FIGURE OF MERIT) 

(DISPLACEMENT PLOTS) 

Figure J.14. Data Flow Schematic For RCELL 
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It must be recycled until the step size is small enough and the output figure 

of merit is close to the input estimates for the figure of merit. The figure 

of merit converges rapidly, but the total system power is rather sensitively 

dependent on the input figure of merit. This program has an optional mode 

which allows rapid parametric studies. 

Note that this program correctl. y accounts for the change in the total energy 

lost by the heliostats of a cell due to variations of geometry in the cell. 

Consequently, the best areas of the field (i.e., high cosine factor and good 

interception) will not become overcrowded, but will remain relatively 

"bright, 11 meaning that they will produce more MWH/m2 of reflected power 

than marginal areas. 

Table 3-8 contains a sample of the inputs to RCELL. 

JDVEQ = 2442859 

ALPHAL = • 004660 

XLAT = 35 

ESUNO = 15. 0 

NGON = 4 

NTOW = 1 

IMAX = 19 

JMAX = 7 

NREAD = 66 

!TAPE = 1 

JTAPE = 1 

LTAPE = 1 

EGRND = 0 

ZGRND = 180. 

NCEL = 11 

Table 3-8 (Page 1 of 3) 

RCELL INPUT DATA 

Julian Day of vernal equinox for 21 March 1976 

Solar limb angle in radians 

Latitude of site in degrees 

Elevation of sun at startup in degrees 

Number of sides for heliostat 

Number of cells from center to tower 

Number of sample hours = 3, 7, 11, •.• 

Number of sample days 

Number of lines in ACELL file 

Equals 1 to write plot output: 0 not 

Equals 1 to write BCELL; 0 not 

Equals 1 to write ERGM2 :-1 to read : 0 neither 

Slope of ground level in degrees 

Azimuth of upward slope in degrees 

Number of cells across collector field 
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NGEO = 4 

NDIV = 10 

IPSAB = 0 

ICNTR = 1 

IPDAY = 0 

IAXIS = 1 

ISUN = 1 

HT = 259. 

DA = HT>:,o. 866025 

DMIR = 6. 502 

HGLASS = 37. 932463 

DGEO = 1. /5. 

DTRIM = 0. 090 

CMW = 1. 44 

REARTH = 6370. 

Table 3-8 (Page 2 of 3) 
RCELL INPUT DATA 

Number of cells in displacement a_rray 

Number of divisions for interpolator 

Equals 2 for BV output; 0 not 

Equals 1 to contour: 0 not 

Equals O for no daily print; 1 for three days; 

2 for every day 

Index of mounting system 

Equals O for uniform WTS: 1 for Sine WTS 

Height of tower in meters 

Spacing between cell centers of collector 

Width of heliostats in meters 

Area of glass/helios in meters2 (408. 3 £t
2

) 

Cell spacing for loss prints 

Trim control constant 

Centimeters of atmospheric water vapor 

Radius of earth in kilometers 

HAT MOS = 8. 430 Height of atmosphere in kilometers 

RH = REART-H/HATMOS Contains constants for cost model (100 MWe) 

DFIXD = 7. 260E6 Fixed cost in dollars 

CTOWR = 8. 5E6>:'((HT-22)/308.) ,:0 :,2 + 1. 86E6':'HT/315. Tower cost 

Cl = 66. Heliostat cost in $/m2, first option 

C2 = 83. Helios tat cost in $/m2, second option 

C3 = 100. Heliostat cost in $/m2, third option 

FMl = 45. 6 Figure of merit in $/MWH for C 1 from trim 

FM2 = 53. 4 

FM3 = 61.2 

CL = 1. 08 

cw = 5. 00/. 30480 

cw = 3. 30 

NF = 24 

BOILER = 1. 525 

HEATER = 0. 762 

Figure of merit in $/MWH for C2 from trim 

Figure of merit in $/ MWH for C 3 from trim 

Cost of land in $/m2 

Cost of wiring in $/m 

Cost of wiring in $/m (alternate) 

Number of heliostats/field controller 

Conv and rad losses in MW per boiler panel 

Conv and rad losses in MW per preheat panel 
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HYEARS = 3376. 

PREPAN = 3 

KPANL = 1 

ABSOR = O. 95 

REFLT = 0. 91*1. 0 

3. 3. 2. 3 YEAR Program 

Table 3-8 (Page 3 of 3) 

RCELL INPUT DATA 

Hours/year for sun above 15 deg at lat 35 

Half number of preheat panels in PANPOW 

Equals first panel for FINT 

Absorptivity 

Reflectivity and dust 

The YEAR programs occur in many configurations, depending on output 
requirements; however, they share a common approach to the collector field 
and the sun sample. Three configurations will be mentioned which yield 
outputs not available from RCELL. 

YR/CYLN provides the receiver model. This program generates flux 
density and panel interception outputs. (See Figure 3-15.) 

YR/PANPOW uses panel interception data to output receiver efficiencies 
and panel power behavior for the whole year. Some typical outputs a.re 
shown in Table 3-9. 

YR/TRIM uses panel interception data. This program sorts the cell.s 
according to MWH/m2 , trims the field, and output performance for optional 
receiver designs with various panels deleted. 

3. 3. 2. 4 LAYOUT Program 

The LAYOUT category of program is a final stage processor which generates 
the list of h~liosta.t coordinates and the final output defining the associated 
aiming strategy. LAYOUT programs have been applied to the Pilot Plant 
system, but not yet to the Commercial system. 
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THE DOT PRECEDES A PROGRAM AND FOLLOWS A DATA FILE. 

THE PANEL DATA FILE IS GENERATED BY THE SCHEME. 

(INPUT.I 

YR 

.HCOEF 

.CYLN 

(PANEL) 

INPUT PROGRAM CONTAINS HELIOSTAT DESIGN, ETC 

MAIN PROGRAM INCLUDES INSOLATION MODEL, ALL 
BASIC UNIT VECTORS, COSINE OF INCIDENCE ANGLE 
AND SHADING AND BLOCKING. 

IMAGE GENERATOR INCLUDES SOLAR LIMB DARKENING 
AND GUIDANCE ERROR MODEL SEE APPENDIX C. 

RECEIVER PROGRAM IMPLEMENTS GEOMETRY OF THE 
RECEIVER 

OUTPUT DATA FILE CONTAINS PANEL INTERCEPTION 
FACTORS. 

Figure 3-15. Data Flow Schematic For YR/CYLN 
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Table 3-9 
SUMMARY OF RESULTS FOR PILOT PLANT 

TOT AL ANNUAL RECEIVER POWER 
(O. 1724 x 106 MWH) 

Diurnal Receiver Power in Megawatts 
Day Noon 1pm 2pm 3pm 4pm 5pm 6pm Daily 

92 53.79 53. 17 51. 54 48.89 44.75 36,98 21. 74 574.80 
122 53.81 53.20 51. 56 48.82 44.41 35.02 19. 88 565.00 
152 54.02 53.44 51. 70 49.67 43.26 33. 19 15.02 541. 80 
182 53.81 53.30 51. 28 47.50 39.40 25.06 2.81 491. 00 
212 52.85 52. 16 49. 62 44. 16 31. 27 12.08 00.00 428.20 
242 50.98 49.97 46.40 39.29 24.38 1.22 00.00 376.6 
272 49.83 48.53 44.33 36. 56 21. 55 00.00 00.00 351. 3 
Annual Summary of System Efficiencies (in percent) 
Day Noon 1pm 2pm 3pm 4pm 5pm 6pm 

92 65.80 65. 21 53.73 61. 44 47.82 49.99 31. 27 
122 65 .. 91 65.33 63.98 51.52 57. 65 49. 15 29.24 
152 66.08 65.57 64.08 61.56 56.71 46.54 24.93 
182 65.99 65.50 63.84 60.70 52.73 38.92 21. 16 
212 65. 19 64.69 62. 58 57.67 43.07 27.98 00.00 
242 63.57 62.82 59.80 52.90 36.35 4.23 00.00 
272 62.59 61. 38 57.41 50.03 34. 10 00.00 00.00 
Annual Summary of System Efficiencies/CosI (in percent) 
Day Noon 1pm 2pm 3pm 4pm 5pm 6pm 

92 77.95 77.74 77.48 77. 17 76.03 69.72 46.80 
122 77.88 77.71 77.51 77. 18 75.79 69.61 43.91 
152 77.81 77.74 77.57 77. 14 74.62 65.22 31. 71 
182 77.97 77.84 77.49 76.35 69.75 54.93 32. 28 
212 77.69 77.63 76.72 73. 25 57.95 21.99 00.00 
242 76.93 76.33 73.94 67.94 49.01 6.07 00.00 
272 79.00 75.03 71.64 64.59 46. 18 00.00 00.00 
Annual Summary of Cosines 

92 0.8470 0.8415 0.8253 0.7990 0.7634 0.7202 0.6713 
122 0.8488 0.8432 0.8267 0.7998 0.7635 0.7192 0.6692 
152 0.8512 0.8454 0.8282 0.8001 0.7622 o. 7159 0.6635 
182 0.8486 0.8427 o. 8250 0.7962 0.7573 0.7099 0.6564 
212 0.8394 0.8335 0.8160 0.7875 0.7432 0.7026 0.0000 
242 o. 8282 o. 8225 0.8056 0.7781 0.7412 0.6966 0.0000 
272 0.8229 0.8173 0,8007 0.7737 0.7375 0.0000 0.0000 
Annual Summary of Shading and Blocking Effects 

92 0,9998 0,9991 0.9976 0.9988 0.9974 0.9619 0.8003 
122 0.9997 0.9990 0.9979 o. 9987 0.9969 0.9531 0.7707 
152 0.9997 0.9989 0.9984 0.9984 0.9894 0.9115 0.6795 
182 0.9998 o. 9993 'o. 9989 0.9928 0.9558 0.2017 0.3917 
212 0,9973 0,9974 0.9937 0.9657 0.8544 0.6452 0.0000 
242 0.9834 0.9832 0.9716 o. 9011 0.7506 0.5448 0.0000 
272 0.9696 0.9688 0.9501 0.8625 0.7064 0.0000 0.0000 
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3. 3. 3 Results from the Optimization Studies 

3. 3. 3. 1 Conclusions 

One of the conclusions developed during the optimization analysis is that the 

total number of heliostats in the collector field determines the approach to 

the optical simulation problem. For large central receiver systems, it is 

desirable to introduce a cell model which establishes an array of 

representative heliostats. An arsenal of computer programs now exists 

which allows the arrangement of heliostats in the collector field to be 

optimized subject to the approximations of the cell model. Each cell 

contains an arbitrary regular two-dimensional array of heliostats. For 

practical reasons the current study of the 100-MWe Commercial system has 

been limited to four categories of heliostat arrangement: (1) radial 

cornfields, (2) radial staggers, (3) N-S cornfields, and (4) N-S staggers. 

(See Figure 3-12.) 

The most important results from the 100-MWe Commercial system 

optimization study are: 

A. Staggers are better than cornfields. 

B. Improved optimization techniques and heliostat arrangements, as 

well as increases in the estimated cost of the tower and receiver 

subsystems, has moved the solution to a larger cell size and a 

shorter tower. 

C. No panels should be deleted from the south side of the cylindrical 

receiver; however, the four panels in the southern quadrant 

should be converted to preheat panels. 

D. The collecto1 field trims to a 360-deg configuration. However, the 

center of the collector field is north of the tower and some 

compromise can be made to prevent excessive panel power 

asymmetry. 

3. 3. 3. 2 Projections for Final Commercial System 

The current Pilot Plant collector field is based on a Commercial baseline 

design that was frozen in December of 1976. Since then a number of events 

have occurred which would lead to variations in the design. A discussion of 
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these variations will indicate the versatility of the present University of 
Houston techniques and will show that the events have tended to compensate; 
consequently, the current commercial baseline (and hence the current Pilot 
Plant) represents the desired optimum configuration reasonably well. 

Adoption of the radial stagger configuration along with a high-low aim 
strategy has led to a significant improvement in heliostat performance, 
particularly at lower rim angles. Consequently the "optimum" field size 
for a focal height of 259m has tended to increase from the baseline of about 
20,000 to about 30,000 heliostats. The cell area has been increased from 
the original h 2 /4 to 2h2 /4 for the baseline study to 3h

2 
/4 for subsequent 

studies to accommodate the larger field. 

Compensating effects include the addition of atmospheric losses between the 
heliostats and the receiver, Application of the LoTran II computer code to 
this problem has revealed losses of about O. 9%/lOOm for a visual range of 
23 km, 0. 6%/ 100m for v = 50 km, and 0. 3%/ 100m for v = o::, (i.e. , no r r 
aerosols). This factor has the same effect as an interception loss and can 
easily be entered into the data base. Results for the relatively high loss of 
1 %/ 100m are shown in Table 3-10. 

The effect of modifications in the cost formula can be handled with equal 
facility. These costs were frozen prior to March 1976 and new cost models 
for the first and the n

th 
plants are expected on: 3 May 1977. The optimized 

system responds to the factor (heliostat cost divided by system cost); 
consequently, the results are not extremely sensitive to changes in heliostat 
costs. Nevertheless, when these revised costs become available, additional 
Commercial system optimization analysis will be carried out to verify the 
existing design and identify potential changes which can lead to a more 
nearly optimum design. In all cases, design changes will represent minor 
perturbations on the present design. 

Some concern arose late in the preliminary design effort as to the effects of 
changes in the cost of wiring, since this acts preferentially to exclude remote 
heliostats and is similar in this respect to increased atmospheric losses. 
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Table 3-10 

EFFECT OF ATMOSPHERIC LOSSES 

Iteration 0 1 2 3 

Loss Factor (%/ 100m) 0.0 1.0 1.0 1.0 

''Interception" fraction 0.944 0.895 0.883 0.884 

No. of Cells 99. O 66.5 83.5 82.0 

Maximum Ground Coverage 0.462 0.449 0.500 0.496 

No. of Helios tats (thousands) 29.633 23.002* 28. 289 27.584 

Equinox Noon Power (MWth) 740.4 544.8 653.4 639.9 

Input Figure of Merit 62.6 64.0 68.2 67.9 

Output Figure of Merit 62.51 68.28 67.88 67.87 

>:•Observe that a low input figure of merit reduces the number of heliostats 
in the output field markedly ( 16% and 11 %) while increasing the output 
figure of merit for the sU:boptimized field only slightly, 0. 6% and O. 1 %; 
i.e. , the optimization is not sensitive to marginally effective heliostats. 

A comparative analysis was carried out using initial and revised estimates 

for wiring and trenching costs. The results are shown in Table 3-11. In 

comparing the left and right columns, where input and output figures of merit 

converge, it is seen that the more expensive wiring assumption increases 

the figure of merit by ~13% but the optimum number of heliostats is reduced 

by only 3%. 

3. 4 WATER/STEAM LOOP DESIGN 

The water/ steam loop includes all elements of the receiver, thermal storage, 

turbine, and balance of plant equipment necessary for the flow and transfer 

of energy throughout the system. The close coupling which results 

between these elements creates a situation where a perturbation in one element 

can have a significant effect on the other elements of the loop. Thus, it is 

necessary to view the design, operation, and control of any of the elements 

in terms of their overall impact on the complete loop. 

A schematic which shows the major elements and flow paths of the water/ 

steam loop is shown in Figure 3-16. This schematic can be subdivided into 

the receiver subsystem (upper left), thermal storage subsystem (upper right) 
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Table 3-11 

EFFECT OF CABLE COST INCREASE 

Iteration 0 1 2 
Cable costs ($/m) 3. 30 16.50 16.50 
Loss Factor (~%/ 100m) 0.0 0.6 0.6 
"Interception" factor 0.944 0.914 0.908 
No. of Cells 99. 72.3 83. 
Maximum Ground Coverage 0.462 0.490 0. 510 
No. of Heliostats (thousands) 29.633 25.478* 28.616 
Equinox Noon Power (MWth) 740.4 614.8 680.9 
Input Figure of Merit 62.6 68.2 70.6 
Output Figure of Merit 62.51 70.63 70.55 
Cable Costs (% of Total) 1. 81 % 8. 25% 8. 25% 

*Obs.erve that a low input figure of merit reduces the number of 
heliostats in the output field markedly ( 16% and 11 %) while increasing 
the output figure of merit for the suboptimized field only slightly, 
0. 6% and 0. 1%; i.e., the optimization is not sensitive to marginally 
effective heliostats. 

and balance of plant equipment including the turbine (lower half). Reviewing 
the design of the various subsystems in detail brings to light the close
coupled, highly interactive nature of the various elements. 

The initial operating philosophy for the water/ steam loop during a typical 
day was to provide sufficient receiver steam flow to the turbine in order to 
maintain its electrical output at the design point level with the balance of the 
steam being diverted to thermal storage. The high-temperature condensate 
leaving the thermal storage charging heat exchanger was then introduced into 
the feedwater heaters where it was mixed with turbine condensate and sent 
back to the receiver. The net effect of the mixing process is to reduce the 
quantity of steam which must be extracted from the turbine for feedwater 
heating. 

A problem arose in using that approach for a high solar multiple system. In 
that case, the quantity of high-temperature condensate being routed to the 
feedwater heaters contains more energy than is necessary for the feed water 
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heating operation. The effect of that flow is to shut down all turbine 

extraction ports with the exception of the one leading to the low-pressure 
heater. This resulted in an overflow situation for the turbine and an overall 
increase in the feedwater temperature leaving the final feedwater heater. 
The alternative available was to pass some of the flow through the condenser 
where the surplus heat could be rejected. 

To alleviate this problem, a modification in the flow path was made. It is 
shown in Figure 3-16. In this approach, the high-temperature condensate is 
taken directly from the thermal storage charging heater and pumped into the 
riser at the base of the tower, thus bypassing the feedwater heater elements. 
This ensures that the turbine will operate with normal turbine extraction 
flows; the turbine overflow problem thus is eliminated. It does, however, 
require the use of additional pumps downstream of the thermal storage 
charging heater to inject the flow into the riser. In addition, the mixed 
feedwater temperature going to the receiver is now 231 °c (448°F) for rated 
receiver steam operation and 249°C (480°F) for derated receiver steam 
operation. This corresponds to a value of 218°C (425°F) which occurred in 
the previous design approach. The net effect of the increase in receiver 
inlet temperature on the receiver design is to force a reduction in the 
number of south side preheat panels from 6 to 4. 

The receiver subsystem portion of the schematic shown in Figure 3-16 
depicts both the preheat and evaporator (boiler) panels that are plumbed in 
series. The 4 preheat panels are plumbed into two groups of 2 while the 
20 evaporator panels all operate in parallel. On the outlet side of the 
receiver is a receiver flash tank to which the flow is diverted during startup 
or shutdown periods of operation when liquid or two-phase flow leaves the 
boiler panels. The tank provides a separation chamber where hot condensate 
leaves the bottom of the tank while the steam exits from the top. A small 
pair of downcomers which pass down the tower and into the feed water equip
ment is included to provide a path for the condensate and steam leaving the 
receiver flash tank. If desired for preheating purposes, the steam leaving 
the flash tank can be diverted into the main steam downcomer and on to the 
turbine stop valve or thermal storage charging heat exchanger. Once 
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superheated steam flow is established at the receiver outlet, the line leading 

to the receiver flash tank is closed of£, taking the flash tank out of service, 

while the line connecting the receiver outlet to the main steam downcomer 

is opened. 

The warmup line shown on the schematic, which bypasses the receiver 

panels, provides a recirculation path for flow during nonoperating periods. 

This would occur during nighttime standby when it is desired to maintain the 

water/steam loop in a warm or "ready'' condition. Also, the bypass line 

would be used during the circulation process required for water cleanup. 

No effort would be made to maintain a hot water circulation through the 

panels except where flow would be necessary to prevent freezing on cold 

nights. 

The receiver feed pumps, which supply flow to the receiver, are located at 

the outlet side of the deaerator. The reservoir of water contained in the 

deaerator provides a continuous and reliable source of condensate at the 

pump inlets during all operating conditions, even during emergency conditions 

which will minimize the possibility of damage to the pump. As shown in the 

schematic, a separate set of pumps is used to supply feedwater to the 

thermal storage steam generator. These pumps will also draw from the 

reservoir which exists in the deaerator. Since the deaerator contains 

saturated water, it will be elevated approximately 21. 3m (70 ft) above the 

pump suction inlet so that the pressure rise associated with the liquid column 

can be used to prevent cavitation in the pump. 
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3. 5 SYSTEM DESIGN AND PERFORMANCE SUMMARY 

This section summarizes the design and performance characteristics of the 

Commercial system. Subsystem-related data pertaining to operating ranges, 

efficiencies, and parasitic power demands are also treated. 

3. 5. 1 Physical Characteristics 

The overall characteristics of the collector field layout are shown in 

Figure 3-17. The sawtooth field outline reflects the trim line determined by 

the University of Houston's optimization analysis. The irregular nature of the 

line results from the cell-by-cell analysis and trim technique used by the 

University of Houston. In reality, this sawtooth pattern would be converted 

into continuous arcs such as those shown by the dashed lines with heliostats 

being laid out along the arcs in a radial stagger fashion. The density of 

glass contained in the field would vary from ~45% near the central exclusion 

area to ~13% along the northern edge with the average value being ~24%. The 

22,914 heliostats correspond to an assumed closed-loop tracking design. A 

three-aim point strategy is used with successive heliostats aimed at the 

equator of the receiver and 6m (19. 7 ft) above and below the equator. The 

circular exclusion area contains the tower, balance of plant equipment, and 

thermal storage. In addition, administrative, maintenance, and plant 

control areas are also contained in that exclusion area. 

The tower is a slip form reinforced-concrete structure with an outer diameter 

of 45. 7m (150 ft) at the foundation and 15. 3m (50. 25 ft) at the top. The con

crete structure is 242m (794 ft) high. The receiver is mounted on top of the 

tower with the equator located 268m (879 ft) above grade. A summary 

tabulation of the principal characteristics for the rest of the system is shown 

in Table 3-12. 

3.. 5. 2 System Performance 

The performance characteristics for the Commercial system at equinox noon 

and on an average basis are summarized in Figures 3-18 and 3-19, along 

with the corresponding incremental efficiency values. In each case, the power 

flow to thermal storage has been adjusted so that the net turbine output is 

100 MWe. The extreme left side of the chart corresponds to the condition 

where the heliostats are oriented normal to the incident sunlight. The 
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Table 3-12 

COMMERCIAL SYSTEM CHARACTERISTICS 

Module Size 

Capacity • 
• Solar Multiple (equinox noon) 

Receiver Configuration 

Receiver Size 

• 
• 

Diameter 

Height 

Receiver Steam Conditions 

• Pressure 

• Temperature 

Rated Steam 

Derated Steam 

Thermal Storage Media 

Method of Storage 

Thermal Storage Capacity 

Thermal Storage Temperature Range 

Turbine Configuration 

Turbine Steam Conditions 

• Throttle Steam 

• Admission Steam 

Heat Rejection 

3.59 

100 MW 

1. 7 

External, single-pass - to- superheat 

17m ( 5 6 ft) 

2 5. 5m (84 ft) 

11. 1 MPa 

516°C 

368°C 

(1,615 psia) 

(960°F) 

(694° F) 

Caloria HT-43 + Rock 

"Single" tank (thermocline) 

6 Hours 

232° to 316°C (450° to 600°F) 

Tandem- Compound, Double
Flow, Automatic Admission, 
Industrial Turbine 

510°C (950°F) 

10. 1 MPa (1465 psia) 

296°C (565°F) 

2. 52 MPa (365 psia) 

Wet cooling towers 
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810-MW incident on the heliostats assumes that ~98% of the heliostats are 

operational or capable of adding power to the receiver; i.e., not in a control 

singularity. If all heliostats were to be considered, the incident power would 

increase to 826. 1 MW. In both cases treated, an insolation level of 950 W /m2 

was assumed. 

The incremental losses assumed for these two cases include estimates of 

atmospheric attenuation and sensor post blocking and shadowing. The 0. 953 

value for atmospheric attenuation is associated with a 50-km (31 mi) visible 

range and a subarctic winter atmosphere which is representative of a desert 

environment. The indicated value for sensor post blocking and shadowing 

corresponds to the worst case where a separate blocked and shaded region go 

from the center of the mirror outward, This, in general, would occur only 

for low sun elevation angles and on the side of the tower away from the sun 

where the heliostats are in a near-vertical orientation, An overall value of 

less than 1% loss would probably be more representative of an annual average 

value with something less for an equinox noon value. The gross turbine cycle 

efficiency of 0. 377 corresponds to a turbine back pressure of 6. 35 cm Hg 

(2. 5 in. Hg). The corresponding efficiency for operation from thermal storage 

is 0. 268. In evaluating overall system efficiency, it is important to subtract 

the quantity of power going to thermal storage and to adjust the receiver and 

collector field powers accordingly. 

3. 5. 3 Subsystem Operating Ranges 

A compatible set of operating ranges for the receiver, thermal storage, and 

turbine is important due to the close-coupled nature of the water steam loop. 

The operating ranges for these subsystems are shown in tabular form in 

Table 3-13. In general, these conditions define the range of power or flow 

rate that will be experienced while holding the pres sure and temperature at a 

design point level. 

The receiver is capable of controlled operation over a total throttling ratio 

of 6. 3: 1 which is seen from the flow range for rated steam operation. For the 

case of derated receiver ope ration, an identical minimum flow condition exists. 

The permitted upper flow limit for derated steam operation is a result of a 

DoE-imposed limit on the charging of thermal storage which would be 
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Table 3-13 

COMMERCIAL SUBSYSTEM OPERATING RANGES 

Subsystem 

Receiver 

• Rated Steam 

• Derated Steam 

Thermal Storage 

• Charging Steam at 
Heat Exchanger 

• Discharge Steam 
Leaving Stean1 
Generator 

Turbine 

• Throttle Steam 

• Admission Steam Only 

Temperature 
o C 

(OF) 

516 
(960) 

368 
(694) 

360 
( 680) 

299 
( 570) 

510 
( 9 50) 

296 
( 565) 

Pressure 
MPa 

( psia) 

10. 2 - 11. 1 
(1,485 - 1,615) 

10. 2 - 11. 1 
(1,485 - 1,615) 

10. 1 
( 1, 465) 

2.72 
( 39 5) 

10. 1 
( 1, 465) 

2. 52 
( 365) 

,:,Limited by Sandia constraint on thermal storage charging rate 
,:":'Approximate values 

Flow Rate 
Kt/ sec 

( 10 lb/hr) 

34. o,::::, - 213. 0 
(0. 2 69 - 1. 687) 

34. o,:":' - 135. 9,:, 
(0. 269 - 1. 08) 

6. 7 ,:":' - 13 5. 9 
(0. 053 - 1. 08) 

12. 6':":' - 114. 3 
(0. 100 - 0. 906) 

34_0,:":, - 121.3 
(0. 269 - 0. 960) 

12. 6':":' - 114. 3 
( 0. 100 - 0. 906) 

Power Level 
MW 

( 109 Btu/hr) 

92. 4,:":' - 50 6. 4 
(0. 32 - 1. 73) 

63. 7,:":' - 254. 2,:, 
(0. 217 - 0. 868) 

12. 5,:":' - 255 
(0. 043 - 0. 870) 

31. 4,:":' - 284 
(0. 107 - 0. 9 69) 

92. 4,:":' - 297 
(0. 32 - 1. 0~) 

31.4':":' - 284 
(0. 107 - o. 969) 



necessary any time the receiver were operating in a derated mode. From 

the receiver standpoint, there are no factors that limit the flow to anything 

below the maximum rated steam flow. 

The range of values defined for charging thermal storage are approximately 

a 20: 1 ratio on flow rate and thermal power. This broad range is necessary 

to accept anything from the maximum derated output of the receiver to a 

small incremental quantity of rated steam which is in excess of that required 

for turbine operation. In arriving at the minimum control value, it is neces

sary to consider more than simple energy versus economic trade studies 

since the thermal storage charging loop plays a major role in system pres

sure control. This point will be treated in greater detail in Section 3. 7. 

The values defined for the steam generator side of the thermal storage range 

from the maximum value needed to drive the turbine at a 70-MWe net output 

level to a minimum practical level that would be used to supplement receiver 

steam flow or to start the turbine using admission steafll. During the early 

part of turbine operation from admission steam, when the flow is <10% of the 

maximum value, steam temperature and pressure conditions would be in a 

state of transition upward to the indicated design values. 

The maximum values indicated for the turbine for both throttle and admission 

steam correspond to the flow rate or power level required to produce 100 MW 

or 70 MW net electrical power, respectively. The indicated flow for throttle 

steam corresponds to the minimum receiver flow at rated steam which is not 

the minimum flow condition for the turbine. The minimum condition defined 

for admission steam corresponds approximately to the minimum turbine 

flow (the actual lower limit on turbine flow has not been precisely defined by 

the manufacturer). Below the indicated level, the turbine would be pas sing 

through a startup or shutdown ramp. In reality, the turbine could go to zero 

flow and zero power, although this is not considered as part of the normal 

operating range. 

3. 5. 4 Subsystem Efficiencies 

The efficiency variation for the collector subsystem is shown in Figure 3-20 

for various sun azimuth and elevation angles. Implicit in this data are the 

following assumptions: 
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• Heliostat reflectivity = 1. 0 

• Receiver interception factor = O. 958 

• Sensor post blocking and shad owing factor = O. 98 

• Atmospheric attenuation factor = 1. 0 

Collector subsystem efficiency at other values of heliostat reflectivity can 

be determined by multiplying the indicated efficiency by the actual 

reflectivity. 

The receiver efficiency defined as the power absorbed divided by the incident 

power is summarized as follows: 

Incident Power Absorbed Power 
Time (MWt) (MWt) Efficiency 

Equinox Noon 560 506.4 0.904 

Minimum Rated Steam 118 92.4 0.783 

Annual Average 482 433 0.898 

Assumptions made in arriving at these values include an absorptivity of 

O. 95, an emissivity of O. 89, a wind speed of 3. 5 m/s (8 mph)*, and an 

ambient temperature of 23°C (74°F). Since neither forced nor free convec

tion dominates, a root sum squares addition of the two heat loss components 

was applied. Under the temperature and wind conditions defined above, 

0. 92% of the incident power would be lost due to convection. 

The thermal storage subsystem has a volumetric efficiency defined as the 

ratio of extractable energy to total energy in the tank of 90%. The subsystem 

has an energy recovery efficiency of 98%, which is defined as the ratio of 

extractable energy to charging energy. 

The gross cycle efficiency for the turbine is shown in Figure 3-21 as a 

function of turbine flow rate for both receiver and thermal storage steam 

operation. A wet cooled condenser is assumed with a turbine back pressure 

of 6. 35 cm Hg (2. 5 in. Hg). 

*Wind speed at 10m elevation. 
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3. 5. 5 Auxiliary Power Requirements 

A detailed tabulation of the Commercial Plant auxiliary power requirements 

is shown in Table 3-14 for the equinox design point, the nighttime operating 

design point when operating from thermal storage, nighttime standby, and 

emergency conditions. For daytime operation, the major power consumers 

are the pumps and fans associated with the feedwate r, heat rejection, and 

thermal storage charging loops. The collector field by comparison accounts 

for only 3% of the total parasitic load, During nighttime operation, the major 

powe,r consumers are the condenser circulating water pumps, cooling tower 

fans, thermal storage extraction pumps, and thermal storage feed pumps. 

The nighttime standby power consumption is dominated by heating, ventila

tion, and air-conditioning requirements in addition to the balance of plant 

auxilaries. The emergency power demand is dominated by the heliostat 

emergency slew requirement. This requirement would occur when the 

simultaneous condition of a power failure and a rapid wind rise rate occur. 

During this period, the 1,308 kW of electrical power would be sufficient to 

slew a quarter of the total collector field at one time. The procedure would 

be to slew the upwind heliostats to a horizontal or feathered position first 

since they would afford partial protection to the unslewed heliostats on the 

downwind side of the field. 

3. 6 ANNUAL ENERGY OUTPUT 

Annual energy calculations were carried out for the Commercial system for 

several different insolation models. The simplest analysis assumed a con

stant insolation level of 950 W /m2 throughout the year. The system was 

assumed to have a solar multiple of 1. 7 with a 6-hr storage capability. The 

assumption was made that the collector field was activated at a 10-deg sun 

elevation angle and by a 15-deg sun elevation angle, the receiver had reached 

a derated steam condition at which time all energy could be diverted to 

storage. At the time when the calculation was made, it was assumed that the 

threshold for rated steam operation from the receiver was 50% of maximum 

design flow. At this point, the turbine would be completing the starting and 

loading phase. An accounting of the energy collection for the various days of 

the year is tabulated in Table 3- 15 with an indication of the quantity flowing 

directly to the turbine, that going to storage, and that portion lost due to 

over collection (rate of energy collection exceeds the capability of the turbine 
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Table 3-14 

COMMERCIAL PLANT AUXILIARY 
POWER REQUIREMENTS 

Emergency 

Receiver Oeeration Thermal Storage Night Power 

Equinox (Design) Operation Standby AC DC 
Component 100 Mw )let, kW 70 Mw )let, kW kW kW kW 

Receiver Feed Pump 3,492 

TS Drain Pump 2,235 

TS Feed Pump 500 
Hotwell Pump 130 121 
Condenser Vacuum Pump 41 41 41 
Condensate Trans Pump 24 
Service Air Compre11or 60 

Instrument Air Compresaor 45 45 45 
Cooling Tower Fans 886 886 
Circ Water Pumps 2,313 2, 313 
Turbine AC Oil Pump 20 20 
Turbine DC Oil Pump 20 
Lube Oil Filter Pump 1 1 1 
Chemical Pumps s s 
Motor-Operated Valves s 
Raw Water Pump 90 70 40 
Clarified Water Pump 70 60 30 
Water-Treating System 25 25 10 
Jockey Pump (Fire Water) s 5 s 
Auxiliary Boiler 25 
Turbine Turning Gear s 5 
Computer 15 15 7 15 
Miscellaneoue DC 20 
Controls and Computer HVAC 50 so 30 30 
Plant HVAC 440 300 300 
TS Charging Pump 750 

TS Extraction Pump 930 
Sewage Treatment Plant 2 2 'z 
Potable Water Pump 5 s 
Receiver Tower Elevator 30 
He 1io1tats and Controllers 350 1,308 
Lighting and Miscellaneous AC 990 726 100 30 

TOTAL 12,000 6, 100 685 1,443 40 
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Table 3-15 

SYSTEM PERFORMANCE SUMMARY 

(SOLAR MULTIPLE= 1. 7, 6-HR STORAGE) 

Direct Turbine 
Ope ration 

Period of 
Total j 100 MWe) 

Operation Fron1 
Collection Required Excess Energy to Storage 
Capability Energy Period Energy Storage 70 MWe Spillage 

Day (MWHt) (MWHt) (Hr) (MWHt) (MWHt) (Hr) MWHt (%) 

Jun 21 5, 290 3,485 11. 7 1, 80 5 1, 757 6.0 48 0.9 

May 21 / 5, 202 3, 396 11. 4 
Jul 21 

1, 806 1, 757 6.0 49 0. 9 

Aplr 21 / 4, 905 }, 158 10. 6 1, 74 7 1,747 5.96 0 0 
'tl Aug 21 
-....j 

0 

Eqµinox 4,422 2, 860 9. 6 1, 562 1, 562 5. 33 0 0 

Feb 21 / 3, 731 2,443 8. 2 
Oct 21 

1, 288 1,288 4.40 0 0 

Jan 21 / 3, 122 2, 115 7. l l, 007 1,007 3.44 0 0 
Nov 21 

De¢ 21 2,832 1,966 6. 6 866 866 2.96 0 0 



and thermal storage unit to accommodate the energy flow). Assuming a net 

cycle efficiency of 33. 7%, which includes the influence of plant parasitic loads, 

a net annual electrical production of 423,000 MWH would be anticipated. This 

calculation also assumed that the system were down 35 days per year due to 

cloudiness or maintenance requirements. 

Since the calculations were developed, changes in the receiver operating 

requirements and changes in receiver design will allow rated receiver steam 

to be maintained down to ~16% of maximum design flow. This would permit 

the turbine to experience a slightly longer operating day using receiver steam 

exclusively. The result would be a slight increase in the anticipated energy 

output. 

3. 7 PLANT OPERATION 

The aspects of the Commercial system related to plant operation involve a 

definition of the steady-state operating modes and a description of various 

types of system startups depending on the thermal state of the system and 

the type of power used during startup. 

3. 7. 1 Operating Modes 

The system is designed to operate in six steady-state operating modes which 

are designed to provide complete operating flexibility. "Steady-state" is 

applied rather loosely with regard to the operating modes because continu

ously varying insolation and environmental conditions create a transient 

operating environment at all times. Use of the term regarding the operating 

modes implies that no transitions occur from one flow path or set of 

equipment to another although continuous variations in flow may occur along 

the active water/steam loop path. The operating modes are designed for 

system operation during sunshine, partly cloudy, or totally overcast and 

nighttime periods. 

3. 7. 1. 1 Normal Solar Operation 

The normal solar operating mode that is shown in Figure 3-22 occurs at any 

time when a surplus of receiver steam exists over what can be passed through 

the turbine. During this condition, the excess steam is diverted to the thermal 

storage subsystem. As the rated steam passes through the desuperheater, 

its temperature is reduced to 360 ° C (680 ° F) to minimize the chances of 
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breaking down the temperature-limited Caloria HT-43. The partially 

desuperheated steam then passes through the charging heat'exchanger where 

it is condensed and slightly subcooled by the Caloria charging loop. The 

high-temperature Caloria leaves the charging heat exchanger and enters the 

top of the thermal storage tank where it is stored in a thermocline condition. 

The condensate leaving the charging heat exchanger passes to the injection 

pumps where it is reintroduced into the riser flow at the base of the tower. 

The balance of the steam which was not diverted to thermal storage enters 

the turbine through the throttle valve. As the steam expands through the 

turbine, some of the flow is extracted for feedwater heating while the balance 

passes to the condenser. The condensate in the condenser is pumped in turn 

through the demineralizer, low-pressure heater, and to the deaerator where 

dissolved gases are expelled. The receiver feed pumps then pump the 

condensate through the final three stages of feedwater heating before it mixes 

with the thermal storage condensate. The mixed flow then moves up the 

tower and to the receiver inlet where the inlet pressure is maintained at a 

constant level. 

From an operational standpoint, this mode will requ~re simultaneous steam 

pressure control by the throttle valve and the thermal storage charging equip

ment. In general, fine tuning of the steam pres sure will be accomplished 

with the turbine throttle valve, which will be operating in an initial pressure 

control mode. If the thermal storage and turbine are not capable of accepting 

all of the power absorbed at the receiver, the net effect on the system would 

be an increase in steam pressure which would continue until heliostats were 

taken out of service or the relief valves begin to open on the receiver. 

3. 7. 1. 2 Low Solar Power Operation 

The low solar power operating mode is used when the receiver steam flow is 

insufficient to meet the electrical output demand. During this period, the 

turbine flow is supplemented with thermal storage steam introduced through 

the admission port. A water steam loop schematic showing the active flow 

elements is shown in Figure 3-23. As indicated, the entire receiver steam 

flow passes through the turbine throttle valve with no flow being sent to charge 

thermal storage. The admission steam flow that leaves the thermal storage 
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steam generator originates from the steam generator feed pumps which draw 

condensate from the deaerator. The receiver flow is provided with the 

receiver feed pumps in a manner similar to that described for the normal 

solar operating mode. 

From an operating standpoint, the turbine valves exercise control over the 

steam pres sure in both the receiver a~d thermal storage steam legs. This 

is accomplished by operating both the turbine throttle valve and the admission 

valve in an initial pressure control mode where upstream pressure is the 

controlled parameter. The admission steam flow rate is adjusted by varying 

the Caloria flow rate in the thermal storage extraction loop. As the Caloria 

flow is increased, the steam pressure in the steam generator equipment 

will increase, which will cause the turbine admission valve to adjust to a 

more open position. This will increase the total turbine flow rate and 

gene rater output. The mode introduces a great deal of flexibility into the 

system and serves as a natural transition between the normal solar and 

extended or intermittent cloud operating modes. 

3. 7. 1. 3 Intermittent Cloud Operation 

During periods when excessive transients in insolation are anticipated due to 

the passage of opaque clouds, the system will operate in the intermittent cloud 

mode in which the turbine is powered completely from thermal storage steam. 

During this mode, shown in Figure 3-24, all receiver generated steam will be 

directed to the thermal storage charging heat exchanger, which is designed to 

accept the potential transients in inlet steam, Because the turbine is not 

directly powered by receiver steam, the steam conditions can be adjusted to 

the derated level, which is compatible with charging thermal storage without 

the need for desuperheating. Because of DoE limitations imposed on the 

thermal storage charging rate, only SO% of the maximum potential receiver 

power could be sent to thermal storage when operating in this mode. Thus, 

a close control would have to be maintained on the number of hel iostats 

actually contributing power to the receiver. During peak insolation periods 

on partly cloudy days, as many as SO% of the heliostats would have to be left 

out of service. 
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In reviewing the active flow paths shown in Figure 3-24, it is seen that high

temperature condensate which leaves the thermal storage charging heater is 

pumped directly back to the riser without passing through a deaeration or 

demineralizer stage. This approach, though somewhat unconventional, 

appears satisfactory since the entire receiver /thermal storage charging 

loop is maintaine.d at a fairly high pressure (<9. 65 MPa, or 1,400 psia) 

which would exclude the possibility of external air leaking into this part of 

the water/steam loop. If necessary, a high-pressure deaerator could be added 

to the layout shown in the schematic. Since .the condensate also bypasses 

the demineralizer, a gradual accumulation of dissolved solids would be 

anticipated. This effect can be minimized through the use of commercially 

available magnetic filters downstream of the thermal storage heater drain 

pumps. In addition, the standard operational procedure for each day will be 

to completely circulate the feedwater through the demineralizer stage to 

ensure that high water quality exists at the beginning of each day. Since 

current experience on dissolved solid buildup rate in power plants is over 

extended periods, the Pilot Plant will provide valuable data related to varia

tions in water quality that occur on a daily basis for various operating 

modes. 

During the operating mode where the turbine is operated exclusively from 

thermal storage steam, extraction flows to the three high-pressure heaters 

are eliminated because they are no longer in service. Steam pressure 

control is maintained in the steam generator with the turbine admission valve; 

receiver pressure is controlled by the thermal storage charging loop. This 

latter case is one of the key integrated operational issues which must be 

demonstrated in the Pilot Plant. It is also seen that this mode involves the 

simultaneous charging and discharging of the thermal storage subsystem 

which is consistent with its design capability. 

3. 7. 1. 4 Extended Operation 

The extended operation mode would be used whenever insufficient insolation 

is available to power the receiver while some useful charge exists in the 

thermal storage unit. The appropriate flow schematic for operating in this 

mode is shown in Figure 3-25. The indicated flow paths correspond exactly 

to those treated in the intermittent cloud mode which pertained to the 
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admission steam loop. Steam pressure control is maintained by the turbine 
admission valve and the Caloria circulation rate. The mode of operation 
could be continued until the thermocline begins to pass from the top of the 
tank, at which time the Caloria temperature would decay below the 3. 3°C 
(595°F) nominal outlet design condition. An option which exists is to shut 
down the plant operation prior to the complete discharge of the thermal 
storage unit. The turbine could then be rolled and loaded the next morning 
in preparation for the introduction of rated receiver steam using exactly the 
same operating mode. It should be pointed out that any time the turbine is 
operated exclusively from admission steam, ~5% of the steam flow is 
introduced at the inlet to the high-pressure section to provide some cooling 
flow and thereby preventing an over-temperature condition. 

3. 7. 1. 5 Charging of Thermal Storage Only 
As in the case of extended operation just discussed, the charging of thermal 
storage morie shown in Figure 3-26 represents a simplification of the more 
complicated intern.iittent cloud mode discussed in Section 3. 7. 1. 3. In this 
mode, all of the receiver flow is diverted to the thermal storage charging 
heat exchangers. Because of the DoE limit on thermal storage charging 
capability, this mode would be practical for power levels up to ~50% of the 
maximum receiver/collector field output. As in the case of intermittent 
cloud operation, the high-temperature condensate leaving the thermal 
storage charging heat exchanger is passed directly to the riser without first 
being deaerated and demineralized. The same points presented in 
Section 3. 7. 1. 3 pertaining to that condition apply equally well to this 
operating mode. Since the turbine is not operating during the mode, all 
electrical power required to operate the collector field, thermal storage 
heater drain pumps, and the thermal storage charging pumps must be 
drawn from the electrical grid. 

As in the case of the intermittent cloud mode, receiver pressure is controlled 
by the thermal storage charging loop. This requires a close coordination 
between the Caloria flow in the thermal storage charging loop and the absorbed 
power on the receiver because variations in either can influence steam 
pressure. 
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3. 7. 1. 6 Fully Charged Thermal Storage 

The fully charged thermal storage mode would be used whenever the thermal 

storage unit is completely charged or when the thermal storage subsystem 

is unavailable for outage or maintenance reasons. The flow path, shown 

schematically in Figure 3-27, sends all of the receiver flow directly to the 

turbine with the output of the turbine-generator being dependent exclusively 

on the receiver flow rate. 

Because the Commercial system has a high solar multiple (1. 7), the potential 

exists for the receiver output to exceed the turbine flow rate capability. As 

a result, it would be necessary to carefully control the redirected power from 

the collector field. This requires central control over the activation and 

operation of individual heliostats which is within the capability of the 

collector subsystem design. 

The turbine, in general, operates at or near its design point with normal 

extraction flows being routed to the feedwater heaters. The turbine throttle 

valve is responsible for receiver pressure control. 

3. 7. 2 System Operating Timelines 

A series of Commercial system operation timelines have been developed 

which depict the system startup for a variety of assumed conditions. In 

particular, startup sequences have been defined for cold, warm, and hot 

turbine conditions using steam flow from the receiver as well as warm and 

hot turbine conditions using steam flow from thermal storage. The definition 

of the turbine status and its impact on turbine acceleration and loading rate 

are shown in Table 3-16. For startups using receiver steam, the critical 

path represents the sum of the receiver and turbine startup periods. For 

startups employing thermal storage steam, the critical path is the rate at 

which the receiver can be brought on line. 

3. 7. 2. 1 Cold-System Startup From Receiver 

The time-phased sequence of events necessary to start a cold system using 

receiver output steam is shown in Figure 3-28. Although the actual opera

ting timeline depends on the time of day and year when the startup is carried 

out, along with the insolation available, the relationships illustrated in the 
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Table 3-16 

TURBINE ST AR TUP CHARACTERISTICS* 

Cold Start 
-18 ° to 149°C 
(0 ° to 300 ° F) 

Warm Start 
149° to 371 °C 
(301°to700°F) 

Hot Start 
372 ° to 538 °C 
(701 ° to 1, 000° F 

Turbine Roll 

250 RPM/min 
10-min hold at 1,000 RPM 

500 RPM/min 
10-min hold at 1,000 RPM 

500 RPM/min 
5-min hold at 1,000 RPM 

«Per General Electric Specification 

Turbine/Generator Load 

1 /2% per min 

1- 1 / 2 % per min 

3% per min 

figure are representative of a typical morning startup with a clear-sky 
condition. Prior to the events shown in this figure, the feedwater would be 
circulated through the system and in the process demineralized to ensure 
that a proper water quality exists at the time of receiver startup. 

The actual startup sequence begins by redirecting the sun onto the receiver 
at time equal to 0. The receiver goes through its normal startup sequence 
until a de rated steam condition is produced on a panel-by-panel basis. 

Du.ring the startup period, power collected by the receiver is diverted to the 
receiver flash tank in the form of hot water or a two-phase mixture. The 

thermal power passes down the tower through a pair of downcomer lines 

leaving the flash tank (one for vapor and one for condensate) and is introduced 
into the feedwater heater elements. At the same time, a portion of the flash 

. tank vapor is fed to the main downcomer line where heating is initiated. 

Drains located at the turbine and downstream of the thermal storage charging 

heat exchanger are opened, allowing the preheating operation to proceed to 
those points. The startup continues with the receiver steam being held at a 

derated condition to prevent a thermal shock condition from occurring while 

the thermal power developed is heating the rest of the system. During the 

period, a significant portion of the collector field has been kept out of 

service to prevent overpowering of the system. 
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With the completion of the component heat up activity, at about 75 min into 
the startup cycle, the receiver outlet steam set point is ramped to ~377 °C 
(710 ° F) while steam is being admitted to the turbine and the thermal storage 
charging loop is being activated. This steam condition has been selected so 
that the turbine can be supplied with steam at 40% of rated steam pressure 
with at least 56°C (100°F) of superheat. With the thermal storage subsystem 
being capable of accepting power, a greater portion of the collector field can 
be activated with the limiting power flow corresponding to the maximum 
charging rate. 

The turbine roll and hold procedure meets the manufacturer's specification 
with full rated speed being realized at ~119 min into the startup sequence. 
At that point, the generator is synchronized and a 3 to 5% load is applied. 
The loading of the turbine-generator then proceeds at 1/2% per minute. 
During the period from approximately 10 to 25% load, the receiver outlet 
conditions are ramped to the full-rated steam conditions. With the receiver 
operating at a rated steam condition and the thermal storage absorbing 
excess power, the turbine generator load continues to increase until the full 
100-MWe net power is available from the generator at 315 min after initiation 
of the startup sequence. During the turbine loading period ~560 MWH of 
thermal power was consumed while ~184 MWH of gross electrical power was 
produced. It should be noted that the turbine operates on a preprogrammed 
speed/load startup sequence during the first 50% or so of the roll/load time
line. Thus, the turbine valves are not operating in an initial pressure 
control mode as they would during other operational periods. As a res ult, 
the thermal storage charging loop has primary responsibility for controlling 
receiver pressure during the turbine roll and early loading period. 

3. 7. 2. 2 Warm-System Startup From Receiver 
The sequence of ev::mts associated with a warm-system startup using receiver 
steam, which is depicted in Figure 3-29, are essentially identical to those 
just described for the cold startup condition except for an overall compres
sion in the time scale. The startup is again initiated with the sun being 
directed on the :.receiver. During the initial phase of the receiver startup, 
the thermal power produced at the receiver is used for some limited 
component heatup, although the need should be minimal because the system 
is already assumed warm. 
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The receiver is allowed to stabilize at the indicated condition of 377 •c 
(710°F), which is slightly above the derated steam temperature. The 

selection of this set point condition provides an immediate source of steam 

which can be introduced to the turbine while the surplus is diverted to thermal 
storage. The turbine roll, hold, generator synchronizing, and loading rates 
are carried out according to the manufacturer's specification. As in the 
previous case, the receiver outlet conditions are ramped to the rated steam 

level as the turbine loading passes between the 10 and 25% power values. 
During the entire loading period, the thermal storage accepts excess thermal 
power up to its charging limit. In addition, it is also responsible for receiver 
pressure control during the early turbine roll and loading phases before it is 

switched to initial pressure control. During the turbine loading phase, 181 
MWH of thermal energy is consumed with ~59 MWH of gross electrical power 

being produced. The elapsed startup time required to produce 100 MWe net 

power is approximately 105 min. 

3. 7. 2. 3 Hot-System Startup From Receiver 

The sequence of events necessary to execute a hot-system startup from 

receiver steam is shown in Figure 3-30. In this case, it is assumed that 

no component preheating is required so that the only thing limiting the 

initiation of turbine roll is the rate at which the receiver can be brought up 

to a steam condition compatible with the turbine requirement. The time 

period shown for receiver activation and stabilization is 17 min, which is 

dependent on available insolation conditions. When the stabilized receiver 
condition is reached, the thermal storage charging loop is activated and 

accepts as much power as is available or as limited by the maximum charging 
capability. At the same time, the turbine roll and loading cycle is initiated. 
Because the turbine is at full operating temperature, the roll and loading 
activity can occur fairly rapidly. Again, the transition in receiver outlet 

conditions to rated steam is timed to occur during the period when the turbine 
passes through the 10 to 25% load range. The duration of the complete 
startup requires ~65 min, with 89. 5 MWH of thermal energy being consumed 

during the turbine-loading phase and 29. 5 MWH of gross electrical energy 

being produced during the period. During some early morning periods, the 
rate of steam demand by the turbine may exceed the receiver's ability to 

product it because of the limited collector field power which may exist. Under 

such a condition, the start would be limited by the collector field. 
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3. 7. 2. 4 Warm-System Startup from Thermal Storage 

To reduce the overall system startup time, two cases of turbine start from 

thermal storage steam were considered. The case treated in this section 

and shown in Figure 3-31 assumes a warm start condition. The critical 

time-phasing relations hip is the point where the turbine is fully loaded (at 

about a 70% load point, which is the limit for operation from thermal storage 

steam) and the receiver is simultaneously finishing its ramp to rated steam. 

Working backward from that point, it is seen that the turbine roll would ini

tiate ~25 min prior to the receiver startup. Steam would be drawn from 

thermal storage to power the roll and loading of the turbine. 

At time equal to 0, the receiver startup would be initiated with it proceeding 

to a derated steam hold condition until all panels had stabilized at that level. 

During that period, some limited component heat up would be carried out by 

the receiver steam. Near the end of the derated steam hold period at the 

receiver, the component heatup would be complete and the charging of thermal 

storage is initiated. At that time, the thermal storage subsystem would be 

simultaneously charging and discharging the storage tank. The receiver 

would next be ramped to a rated outlet steam condition as rapidly as possible, 

arriving at the rated condition at the same time the turbine had arrived at 

the 70% load point. At that time, the rated receiver steam flow would be fed 

directly to the turbine to continue the loading cycle to 100% load while the 

admission steam flow from thermal storage was cut back to zero flow in a 

controlled manner. 

This particular startup sequence represents the condition where a minimum 

initial thermal storage charge is required. If an earlier turbine startup is 

desired, a larger initial thermal storage charge would be required due to the 

longer discharge period that would be experienced by the thermal storage 

before receiver steam would be available to supplement and ultimately replace 

the thermal storage steam. 

During the warm turbine startup, 151 MWH of thermal energy would be 

extracted from thermal storage although some of that would be made up by 

the charging flow from r~ceiver steam once the panels had arrived at a 

de rated steam condition. At the same time, 37. 3 MWH of gross electrical 
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energy would be produced. The effective system startup time for this case 

would be 4 7 or 60 min, depending on the startup definition used. This com

pares to a startup period of 105 min for the case where the system starts 

exclusively from receiver steam (Section 3. 7. 2. 2 ). 

3. 7. 2. 5 Hot-System Startup From Thermal Storage 

The sequence of events that occur during a hot-system startup from thermal 

storage steam is shown in Figure 3-32. As in the previous case considered 

(Section 3. 7. 2. 4 ), the key reference point for synchronizing the startup 

activities is to match, as closely as possible, the 70% load point on the 

turbine loading line with the availability of rated receiver steam. Again 

working backward from that point, the receiver startup sequence would be 

initiated first at time equal to 0. At the 5-min point, while the receiver 

startup is continuing, the turbine roll cycle is initiated using steam drawn 

from thermal storage. The receiver startup continues with a hold being 

maintained at the derated steam condition until all panels have reached that 

level. Just prior to the final receiver ramp to rated steam, the available 

derated steam is diverted to thermal storage where the charging function is 

initiated. As a result, during the subsequent period, the thermal storage 

will be operated in both the charging and discharging mode. 

With a uniform derated steam condition established for all receiver panels, 

the final receiver ramp is carried out as rapidly as possible to rated steam. 

The rated steam is then fed to the turbine where it replaces thermal storage 

steam and continues the turbine load ramp to 100% power. A short interval 

has been included between the point where rated steam is produced in the 

receiver and when it begins to displace thermal storage steam. The interval 

allows for a small temperature adjustment time for the main steam down

comer and steam line to the turbine. 

Using the sequence established in Figure 3-22, an effective system startup 

time of 47 to 54 min could be expected, depending on whether the 70 or 100% 

load point was assumed to constitute a complete startup. If the indicated 

piping temperature interval were ignored, the startup time could be reduced 

by 3 to 5 min. The thermal storage energy consumed during the startup 

was 75 MWH, while 17 MWH of gross electrical energy would be produced 

during the startup to the 70% power point. 
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It should also be pointed out that the duration of receiver hold at a derated 
steam condition, which directly impacts the system startup time, is influenced 
to a great extent by the time when the startup occurs. During typical early 
morning startup, some panels are inherently more sluggish than others be
cause of locally lower incident power from the collector field. The hold 
period could be reduced significantly if the startup were ass urned to occur at 
a noontime sun condition. During this period, the high level of redirected 
thermal power leaving the collector field would create a favorable condition 
for receiver startup. 

3. 7. 3 Transient Plant Operation 

One of the unique characteristics of a solar electric system over conventional 
electrical generating plants is that it does not have close control over its 
heat input. Although the .selective actuation and deactivation of heliostats 
could be thought of as a "zeroth order" control on power input to the receiver, 
this approach does not provide the quality of control necessary. As a result, 
the system must continually operate in a reactive mode to normal diurnal 
variations in insolation as well as more rapid transient effects caused by 
cloud passage. 

The key factor that influences the controllability of the system to transient 
power inputs is the thermal time constant of the system or, more particularly, 
the thermal inertia of the receiver. In general, a comparative assessment of 
the receiver thermal inertia can be made by considering the quantity of hot 
metal in the superheat section per unit flow of steam. The characteristics 
of the superheat. section are the important factors since the turbine must be 
operated on steam with sufficient superheat to prevent significant condensa
tion from occurring in the last-stage buckets. As a result, merely main
taining saturated steam conditions leaving the receiver would not be sufficient. 

A useful comparison parameter which gives an indication of a superheater 
section's ability to operate through a transient insolation pulse (such as would 
be experienced during cloud passage) is the ratio of local metal cross-section 
for an individual tube to the cross-sectional flow area. Using the baseline 
receiver tubes 1. 27 cm (0. S in. ) OD, O. 683 cm (0. 269 in.) ID, the ratio is 
slightly larger than 2. 4. By comparison, if a similar duty superheater (same 
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. total flow and effective surface area) which employed more conventional tube 

sizes is considered, the area ratio is typically 0. 6-0. 7. This means that the 

receiver that uses small diameter, thick-walled tubes in the superheat section 

has four times the metal on a per-unit flow basis than the superheater con

structed from large-diameter tubes. The result would be a significant 

improvement in the thermal stability of the small-tube design. It should be 

noted that this comparative effect is essentially independent of whether the 

receiver is of a cavity or external type since 85 to 95% of the power absorbed 

on the receiver surface is passed to the steam while the balance is convected 

and radiated away. Thus variations in the heat loss factors related to the 

specific receiver geometry do not significantly influence the thermal power 

transferred to the steam. 

The receiver tube temperature response to a step decrease in insolation to 

zero is shown in Figure 3-33 for a series of constant flow conditions. Lines 

of constant flow were used to illustrate the resulting temperature decay due 

to lack of definition of the controllers and control valve dynamics which would 

influence rate of changes in panel flow. The tube wall node treated in this 

plot is a computational metal node located near the outlet of the superheat 

section of the tubes. The decay in metal temperature reflects the decay in 

outlet steam conditions. The 11 no flow'' temperature decay line included a 

radiation loss component and a convective loss component with an assumed 

heat loss coefficient of 0,00227 W/cm2 - 0 c (4 Btu/hr-ft2 -°F). 

From a turbine standpoint, an unacceptable steam condition would exist once 

the inlet steam fell below 343-371 °C (650-700°F) as long as pressure remained 

constant. As seen from the figure, the steam temperature, which leads the 

metal temperature, could decay to that temperature level in ~2-4 min, 

depending on the rate of flow cutback that would be carried out without 

causing a turbine trip. It should be pointed out that the analysis ass urned 

that the cloud shuts down the collector field instantaneously. In addition, no 

effects of downcomer thermal mass were considered. If the two effects were 

included, a temperature decay time at the turbine inlet of 2. 5-5 min would be 

more representative. To accurately predict the system dynamic response to 

postulated cloud patterns and varying insolation models, it is necessary to 

have detailed design information pertaining to the system hardware and the 
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controller characteristics. Since this type of data is well beyond the scope 

of the current Commercial system design effort, the influence of these 

effects can be treated qualitatively at best. 

Four insolation models that contain cloud-induced perturbations have been 

provided by Sandia and are shown in Figures 3-34 through 3-37. In discussing 

the impact of each of these models on system operation, it is assumed that 

some advance knowledge of these events is available so that maximum use of 

system operating options can be realized. 

The insolation model shown in Figure 3-34 represents a rather typical good 

day from an insolation standpoint with one minor perturbation early in the 

morning. The timing for the perturbation corresponds. to an extremely 

low sun angle (~10-deg elevation).· As a res_ult,· the receiver startup would be 

in its early heatup phase when the perturbation occurred. The net effect of 

the perturbation would be to delay slightly the point at which de rated steam 

would be produced and sent to the thermal storage. It should be remembered 

that the field cosine and blocking and shadowing factors improve rapidly as 

the morning sun elevation angle increases. The net effect of the improved 

optical characteristics of the field will be to almost completely offset the 

perturbation in the insolation. Once the perturbation has passed, a normal 

operational day would be experienced. The slight irregularities near midday 

would cause only minor modulations in receiver flow rate with a correspond

ing modulation in the power flow to thermal storage. 

The second insolation model shown in Figure 3-35 contains a good mornin~ 

and midday period with significant cloud-induced oscillations in the afternoon. 

The first dropoff in insolation would merely impact the receiver flow rate. 

Rated steam operation could be maintained at all times during this perturba

tion. The steam flow diverted to thermal storage would be adjusted to absorb 

this transient with turbine output being maintained at its design level. The 

second and more severe falloff in insolation is of a sufficient duration ( 20 min) 

to cause the receiver to lose control of the outlet temperature. This would 

force the activation of the thermal storage steam generators to make up for 

the loss of receiver steam. With the resumption of high insolation levels, 

the receiver could be restarted and brought back to a rated steam condition 
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in ~10 min due to its hot condition and the highly effective nature of the 

collector field which would exist for a high sun elevation angle. The thermal 

storage steam generator would be deactivated while the rated receiver steam 

would power the turbine and charge thermal storage. This mode of rated 

steam operation would continue through the third perturbation although the 

low solar power ·mode (see Section 3. 7. 1) may be employed to maintain the 

turbine output at a desired level. With the last cloud perturbation, the 

receiver would again lose control of the outlet temperature and the steam 

generator would again be activated. At that point, due to the late hour of the 

day, it would be impractical to start the receiver and transition to rated 

steam output. As a result, the receiver startup would stop at a derated steam 

condition for the final portion of the day's operation. All derated steam flow 

would be sent to the thermal storage charging heat exchanger while the ther

mal storage steam generator would be providing a steady-state source of 

steam which would carry the turbine directly into nighttime operation, 

(Section 3. 7. 1 discusses the extended operating mode.) 

The insolation model shown in Figure 3-36 contains two significant cloud 

perturbations during the high insolation period, followed by three perturba

tions near sunset. The day would proceed through a normal startup and 

morning operational period until the first cloud perturbation occurred. At 

that point, the receiver flow would be cut back to accommodate the falloff in 

insolation. The portion of the steam flowing to thermal storage would first 

be cut down to zero, at which point the thermal storage steam generator would 

be activated and the low solar power mode would be used. The receiver flow 

would continue to be cut back to maintain rated or near-rated steam. Because 

of the limited resolution of data during the perturbation, it is difficult to 

determine the final receiver outlet condition at the point when the insolation 

recovers although it would appear that rated or near-rated steam could be 

maintained during this period. 

The second pulse, which occurs at Hour 4097, appears to be of sufficient 

magnitude to cause loss of receiver outlet steam temperature control although 

additional data resolution is necessary to verify this fact. As the cloud begins 

to cover the field, the receiver flow would be reduced, first causing a cutback 

in the quantity of steam to thermal storage ard then causing a transition to low 
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solar power where supplemental steam is taken from thermal storage. 

Assuming the receiver experienced a momentary shutdown, it would be 

brought back on line in ~10 min once the insolation resumed. Operation 

would continue until the late afternoon clouds covered the field. Due to the 

lateness of the day and the generally cloudy condition which exists for the 

rest of the afternoon, the receiver would put out rated steam as long as poss

ible with the rest of the system being transitioned to the low solar mode 

followed by the extended operating mode (Section 3. 7. 1) as the receiver 

proceeded to shutdown condition. System operation in the extended mode 

would continue into the night. No effort would be made to start the receiver 

and collect power during the three short insolation pulses which occur just 

before sunset. 

The final insolation model shown in Figure 3-37 represents a day which 

experiences significant cloud passage during the entire day. Assuming that 

knowledge of the complete day's insolation profile existed at the beginning of 

the day, receiver startup would be initiated at Hour 4639 as the cloud moved 

off the field. The receiver would produce derated steam ~15 min after 

startup and then could send ~15 min worth of derated steam to the thermal 

storage charging heat exchanger before the next cloud front shut down the 

receiver prior to Hour 4640. With the passage of that cloud front, a second 

receiver start could be made using.the high insolation levels which occur 

after Hour 4640. The receiver would be controlled to rated steam through 

the oscillations in insolation which occur around Hour 4641. 

This mode of operation would continue until the major cloud front hit the field 

at Hour 4645. At that point, the turbine would be operated from thermal 

storage steam while the receiver was held in a standby mode ready for a 

resumption in insolation. The receiver would be restarted at Hour 4646. 5 

and operated in a rated steam manner until the next major cloud front hit 

the field 1. 5 hr later. The receiver then would be off line until the insolation 

level increased at Hour 4648. 5, at which time the receiver would be restarted. 

Due to the increased frequency of clouds for the balance of the day, the 

receiver would be controlled to a derated-steam condition while the system 

was operated in an intermittent-cloud mode. The mode would continue until 

the cloud front at Hour 4649. 5 covered the field. At that time, the system 
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would be operated in the extended operating mode while the receiver would 

be shut down for the day. No effort would be made to capture any power from 

the last two insolation pulses because of their short duration. 

3. 8 COMMERCIAL SYSTEM AND PILOT PLANT RELATIONSHIP 

The similarities which must be preserved between the Commercial system 

and the Pilot Plant to satisfy that the verification objectives occur at two 

levels. The levels correspond to system-related and subsystem-related 

characteristics. In distinguishing between the two, the system-level issues 

are those which affect several parts or subsystems of the total system. It 

should be noted, however, that the system characteristics are in reality 

subsystem characteristics that influence other subsystems through the 

coupling of the water/ steam loop or the optical energy transmission process. 

3. 8. l System Relationships 

As indicated above, the system relationships which must be preserved 

between the Commercial system and the Pilot Plant involve those elements 

which directly affect either the water /steam loop or the optical energy

transmission process. In general, the factors have a direct effect on the 

operation and control of the entire system. Specifically, factors which affect 

water/steam loop pressure and pressure dynamics must be simulated as 

closely as practical because pressure is the single most important control 

variable. Pressure modulations at one point are transmitted on a nearly 

instantaneous basis to all points of the water/steam loop. As discussed in 

the operating mode section, the turbine inlet control valves and thermal 

storage charging heat-exchange equipment have individual or shared 

responsibility for the control of receiver pressure. Since the pressure 

control in the receiver is a critical verification step in demonstration of the 

single-pass-to-superheat receiver which uses preheat panels, it will be 

necessary to simulate in the Pilot Plant the hardware elements which directly 

influence the pressure and pressure dynamics. 

The second system-related area involves the optical energy transmission 

process, which specifically influences the collector field and receiver 

geometry. It is essential to preserve the collector field/receiver geometric 

(optical) relationships to permit the investigation of critical coupling factors, 

which would be of particular importance during startup, shutdown, or periods of 
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cloud passage. During those periods, unusual or abnormal heat flux condi

tions would be experienced by the receiver. Data resulting from a partial 

field coverage by a cloud or a startup condition where much of the field is 

inactive due to internal blocking and shadowing are essential in verifying the 

ultimate Commercial system from an overall system operation standpoint. 

3. 8. 2 Subsystem Relationships 

The subsystem relationships that must be preserved between the Pilot Plant 

and Commercial system involve the duplication or scaling of certain critical 

subsystem parameters. The relationships apply to the solar parts of the 

system and include the collector, receiver, and thermal storage subsystems. 

The principal collector subsystem relationships involve the preservation of 

the close-packed Commercial system collector field and the use of full-size 

heliostats that are based on the current Commercial system design. The 

use of a close-packed collector field, which is a scaled-down version of the 

Commercial field, preserves the aerodynamic and optical (blocking, 

shadowing, and back side heating) effects that must be understood before 

proceeding to the Commercial system. In addition, by preserving the geo

metrical relationships between the two systems, heliostat tracking and control 

through all possible operational angles as well as operation through the 

singularities can be demonstrated on a large scale. From a nonoperating 

standpoint, preservation of the close-packed field in the Pilot Plant provides 

valuable data related to installation and maintenance in this type of field 

environment. 

From an individual heliostat point of view, a replication of the Commercial 

heliostat design in the Pilot Plant allows for extensive manufacturing 

experience to be gained. In addition, extensive data pertaining to he liostat 

operation and life would also be available. 

The critical scalability issues from a receiver standpoint involve the 

preserving of the characteristics of the Commercial system receiver design. 

Specific things to be duplicated include tube material and size as well as 

the 24-panel cylindrical configuration. Heat flux distribution on the surfaces 
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will be adjusted to produce similar tube-temperature characteristics for 

both Pilot Plant and Commercial system. This adjustment will force the 

Pilot Plant receiver to operate at a lower concentration ratio than the 

Commercial receiver due to the lower flow of water/steam (less cooling 

capacity) per unit surface area. This difference in concentration ratio 

results in a Pilot Plant receiver which is less efficient than its counterpart 

for the Commercial system. 

The receiver steam conditions produced in the two systems are essentially 

identical with only a minor difference occurring in pressure. The Pilot Plant 

steam pressure condition is 10. 1 MPa (1,515 psia) while the corresponding 

value for the Commercial receiver is 11.1 MPa (1,615 psia). In both cases, 

an outlet steam temperature of 516 °C (960 ° F) will be maintained. From a 

scalability standpoint, this similarity will result in nearly identical heat

transfer mechanisms in the two receivers because a similarity in wall 

temperature will also be preserved. 

From a nonoperational standpoint, the similarity in overall receiver con

figuration and panel design allows experience to be gained in installation, 

maintenance, and manufacturing areas. In addition, because of the identical 

nature of the panels, production facilities established for the Pilot Plant can be 

used directly for the Commercial receiver panels. 

The critical thermal storage scalability issues include factors related to 

the storage tank and the changing /discharging equipment. Critical tank

related issues include the thermocline and Caloria velocities, the peak 

Caloria temperature and temperature range over which the fluid is exercised, 

and wall structural considerations. Design values for the first three of these 

items are shown in the following tabulation: 

Thermocline Velocity 

Caloria Velocity in Tank 

Caloria Temperature Range 

Pilot Plant 

2. Sm/hr (9. 2 ft/hr) 

1 lm/hr (36. 1 ft/hr) 

302°to219°C 
(575° to 425°F) 
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Commercial System 

2. Sm/hr (9. 2 ft/hr) 

llm/hr (36. 1 ft/hr) 

3 16 ° to 2 3 2 ° C 
(600 ° to 450 ° F) 



Frcm a tank wall standpoint, the critical is sue is the long-term effect of the 

rock on tank wall stress. SRE test data has given no indication of stress 

ratcheting in the wall, although long-term effects are still a question mark. 

The goal for Pilot Plant is to develop sufficient structural data on the tank 

wall so that specifications for Commercial-size tanks can be written directly 

fr om the Pilot Plant data. 

The charging and discharging equipment directly affects press urea and flow

rates in the rest of the system and therefore fall into the system relationships 

discussed in Section 3. 7. 1. The two principal factors of concern are the 

dynamic controllability and the throttle range for the equipment. Of the two, 

the dynamic control issue is the ,most significant because of its impact on 

overall plant control. The throttling range of the components ensures flow 

rate compatibility with the interfacing subsystems. The throttling range issue 

is much more significant for Pilot Plant than Commercial system because 

fewer components must be throttled over a wider range. Typical throttling 

ratios for the charging and discharging equipment are 20: 1 and 10: 1, 

respectively. 
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Section 4 

PILOT PLANT SYSTEM DEFINITION 

This section provides an in-depth discussion of the baseline Pilot Plant 

system. The discussion reviews the Pilot Plant requirements to which the 

system was designed and summarizes the pertinent design and performance 

characteristics of the baseline configuration. This design and performance 

information is broken down into two subsections: the optical portion and the 

water/ steam loop part of the system. Some of the background studies that 

were carried out prior to the baseline design freeze are discussed. Additional 

topics sq.ch as annual energy production, plant operation, plant control simu

lations, a,nd system effectiveness (including availability and safety considera

tions) are also treated. Finally, this section treats the Phase 2 system 

integration effort, the installation and test program, and the required 

logistics support plan. 

4. 1 REQUIREMENTS 

The requirements which served as the foundation for the Pilot Plant design 

effort were presented in Table 3-1 as merely comparative points of interest 

to the Commercial requirements, which were the topic of discussion. An 

abbreviated summary of the most significant Pilot Plant requirements is in 

Table 4-1. The principal sizing requirement is to be capable of producing . 

10 MW of net electrical power at 2 PM on the worse cosine day (which is 
2 

Winter solstice for the MDAC system), with an insolation level of 950 w /m • 

The system will be capable of producing at least 7 MW of net electrical pqwer 

during turbine operation exclusively from thermal storage for a period of up 

to 3 hr. In an effort to minimize the cost of the Pilot Plant, the design 

approach selected to satisfy these two sizing requirements was to size the 

system to produce 10 MW of net electrical power at 2 PM on Winter solstice 

with no excess thermal power available at that time to charge thermal storage. 

If it is desired to meet the turbine operating requirement from thermal 

storage, a delay in the daily turbine startup would be necessary to ensure 
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Table 4-1 

PILOT PLANT SYSTEM REQUIREMENTS 

Design Point Power Level 

Receiver (2 PM, worst cosine day) 

Thermal storage 

Design Insolation 

Solar Multiple 

Thermal Storage Capacity 

Maximum Thermal Storage Charging Rate 

System Startup Times 

Hot 

Cold 

System Availability 

Electrical Output 

*Minimize within practical limits 

10 MWe net 

7 MWe net 

950 W/m2 

1. 1 

3 Hours 

30 MWt 

20 Minutes* 

6 Hours 

90% 

Compatible with SCE grid 

that sufficient energy would be diverted to thermal storage to fully charge 

the unit. The resulting collector field size necessary to satisfy this require

ment ha.fl a solar multiple of 1. 1 when measured at equinox noon. 

The thermal storage charging requirement of 30 MW corresponds to the 

minimum design value specified by DoE. The value was selected as a design 

upper limit to minimize the cost of the Pilot Plant system. Sizing the charg

ing equipment to that value would allow the thermal storage unit to accept in 

excess of 85% of the maximum collector field output. Since the turbine is 

sized to accept 100% of the collector field output, it is felt that such a 

restriction in thermal storage charging rate is warranted from the standpoint 

of system cost-effectiveness. In addition, the options exist on the Pilot Plant 

to slightly overdrive the thermal storage charging pumps and allow the outlet. 

Caloria temperature to rise slightly above the 302 °C (575 °F) design point. 

The startup and system availability requirements specified in Table 4-1 are 

identical to those discussed in Section 3. 1 as related to the Commercial 

system. Since the Pilot Plant will be part of the Southern California Edison 

network, the system output must be designed to be compatible with the SCE 
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grid. Additional Pilot Plant requirements related to environmental factors 

were shown in Table 3-1 and will not be treated further in this discussion. 

It should be pointed out that for the most part these environmental require

ments represent typical locations in the desert southwest. Since Barstow 

has been selected for the Pilot Plant site, it is anticipated that some of 

those environmental factors may be modified to reflect specific character

istics of Bar stow. 

Additional Pilot Plant requirements imposed by MDAC call for the develop

ment of a computer-assisted control capability to aid in system startup, mode 

transitions, and shutdown. This was done in recognition of the unique 

operating nature of a solar electric system (it must react to changes in input 

power as opposed to controlling the input power which is done in conventional 

plants). In addition, the computer control capability is a necessity to com

mand the large number of heliostats in a coordinated fashion. Also, weather 

factors must be continually analyzed in order to anticipate weather-induced 

changes in system operation and aid in making operating mode selections. 

4. 2 COLLECTOR FIELD LAYOUT 

The collector field layout activity for the Pilot Plant involved defining :1 

scaled version of the Commercial system collector field which is sized to 

produce the necessary design point power. This design effort required a 

significant extension of the work done for the Commercial collector field in 

that the final required outputs were individual heliostat coordinates. In 

addition, the cell-by-cell approximation used to define the Commercial col

lector field was inappropriate for defining the details of the Pilot Plant 

collector field since most Pilot Plant heliostats intersected the cell boundaries, 

resulting in an extremely discontinuous heliostat pattern. 

4. 2. 1 Revised Field Layout Analysis and Design 

The revised field layout analysis carried out by the University of Houston 

involved two major efforts. First, an appropriate layout scheme had to be 

defined to replace the cell-by-cell approach used for the Commercial system; 

second, the heliostat displacement information which was the foundation for 

computer calculations had to be transformed into heliostat coordinate 

locations. 
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. The optimized Commercial system collector field geometry was found to be 

so nearly circular (see Appendix C) that it seemed appropriate to assume that 

the Pilot Plant could be laid out along unbroken circular rows. This as sump

tion, which proved satisfactory, simplified the relationship between the 

displacement data and the ultimate objective of heliostat coordinates, 

The next issue to be treated was how the radial stagger field could best be 

incorporated into a circular field layout on the Pilot Plant scale. The stagger 

arrangement required adjacent circles to have the same number of heliostats. 

This requirement results in a progressive compression of heliostat spacing 

until an unacceptable heliostat density occurs as one moves toward the center 

of the field. Consequently, the field was divided into a series of circular 

zones. The zone boundaries allowed for a decompression to occur by reducing 

the number of heliostats per circle in the inner zone. A total of six zones 

were required for the Pilot Plant layout. 

The options available to define the zone boundary conditions were to separate 

•the zones by a series of gaps or to reduce the number of heliostats in the 

inner zone by an exact ratio. The first approach was not pursued because it 

results in excessive gaps in the field with a consequential loss in valuable 

ground coverage area. The exact ratio reductions used in the design analysis 

were (3/2), (4/3), and (5/4). The following results were observed: 

(3 /2) provided excessive decompression, resulting in wasted space. 

(4 /3) provided an intermediate decompression which was ultimately 
adopted as the desired decompression factor. 

(5 /4) provided too little decompression resulting in many zones. 

The (4/3) reduction leads to the situation shown in Figure 4-1. 

The circles in the figure indicate heliostat locations, The vertical arrows 

point to bad blocking events for the D heliostats of the innermost circle of the 

outer zone resulting from the decompression process. The G heliostat is 

correctly located to maximize the "look between" capability, while the S 

heliostats experience some optical difficulty, The approach adopted to resolve 

the zone boundary problem was to delete the D heliostats and slide the S 

heliostats toward t~e newly created void locations as indicated to arrive at an 

optical compromise with the immediate neighbors, This combination of 
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. . 

. heliostat deletions and adjustments resulted in a field with a good "look 

between11 capability, good performance, and a reasonable regular design. 

The impact of these periodic deletions and location adjustments on the over-

all collector field performance are in general minor, particularly during the 

higher sun elevation angles (<20 deg). The current computer simulations ignore 

these atypical neighborhoods in performance calculations, They apply 

11 typical 11 neighborhood performance values to the local part of the field, 

but reflect the deleted glass area in overall power estimates. This approach 

results in slightly pessimistic performance predictions. To accommodate all 

types of atypical neighborhoods such as road exclusions, trim boundaries, 

and zone boundaries, a plan is underway to develop an individual heliostat 

simulation for the Pilot Plant. 

4, 2. 2 Heliostat Arrangement and Aim Strategy 

The heliostat arrangement for the Pilot Plant was shown in Figure 1-6. It 

contains 1, 760 heliostats arranged along 32 complete circles or arc segments, 

which result in the tower being effectively shifted to the south of center, 

The collector field is divided into quadrants by four access roads, The 

circular heliostat symbol represents the exclusion area required for the 

azimuthally tracking square baseline heliostat. The deleted heliostats result 

in the periodic voids which appear in the field. The six circular groups can 

be identified by noting the groups of circles, which are separated by these 

voids that occur along the zone boundaries. The coordinate locations of all 

1, 760 he liostats are contained in Appendix B of Volume III. 

In aligning the heliostats on to the receiver, a prescribed vertical aim 

strategy is used to spread the redirected power over the surface of the 

receiver. The resulting distribution tends to minimize peak flux concentra

tions which would naturally occur if the heliostats were all aligned to point at 

the equator. In addition, the receiver size and flux distribution were 

established to produce a condition of locally similar tube-temperature char

acteristics for the Pilot Plant and Commercial receivers. l'his resulted in a 

lower flux intensity for the Pilot Plant receiver because of its lower flow per 

unit circumference, which is a direct measure of cooling ability. This resulted 

in the Pilot Plant receiver being designed for a lower concentration ratio 
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than the Commercial receiver, which is reflected in lower thermal 

efficiency for the Pilot Plant design. The final factor considered in the 

heat flux distribution process is end spillage. In distributing the flux, 

care must be exercised to minimize this effect consistent with reasonable 

receiver size and economic considerations. 

The definition of the aim strategy and its impact on receiver heat flux are 

shown in Figures 4-2 and 4-3. A two-step process is used to arrive at the 

final heliostat aim strategy. The first step is to define a "simple Hi- Low" 

aim strategy which is then customized to remove local peak flux conditions. 

The "simple Hi-Low" aim strategy is illustrated in the top half of Figure 4-2; 

the resulting heat flux distribution on the receiver is shown as the dashed 

line in Figure 4-3. In the "simple Hi- Low" strategy, the heliostats which 

make up the collector field direct their images as high as possible or as low 

as possible on the receiver on an alternating-heliostat basis throughout the 

field. The aim point locations for beams coming from adjacent heliostats 

are conceptually shown in the upper right portion of Figure 4-2, as is a 

representation of the beam width. As indicated in the figure, the center of 

the beam is displaced from the top or bottom part of the receiver by an 

amount D, which is defined as the radius of the heliostat segment (for canted 

heliostats) plus a beam divergence term that is the product of the sun half

angle times the slant range. As shown by the dashed line in Figure 4-3, the 

effect of the aim strategy for the total field is a heat flux profile with peaks 

near the top and bottom of the receiver. 

The final step in defining the heliostat aim strategy is to define the helio

stats whose aim points must be shifted back to the equator to produce a fairly 

uniform heat flux profile along the receiver. After a series of computer 

runs, the following modifications to the "simple Hi-Low" aim strategy were 

selected: 

A. Redirect all downward shifted heliostats in Rows 17 to 22 to an 

equator aim point. 

B. Redirect all upward shifted heliostats in Rows 17 to 23 to an 

equator aim point. 
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As shown in Figure 4-2, the row numbers start from the tower exclusion 

area and move outward. A summary of the aim points for the 32 circles 

or arcs is shown in Table 4-2. The 8 entries shown for each circle corres

pond to 45-deg segments for the complete circle starting at south, Since 

some circles are not complete, a portion of the aim point data shown for the 

southern part of the field is not applicable, These aim points are based on 

an equinox noon sun elevation and heliostat orientation, The result of this 

"customized Hi- Low" aim strategy is a heat flux distribution which approxi

mates the flat idealized profile shown in Figure 4-3 by ±5%, On the east 

and west side of the receiver, where the peak heat flux is 0, 18 to 0. 25 MW/ 

m 2 , the idealized flat profile is approximated to within ±10%, On the south

facing panels, where an idealized heat flux intensity of 0. 07 to 0. 12 MW/m2 

would be experienced, the customized aim strategy would be within ±18%. 

These fairly significant variations in'heat flux on not facing north panels are 

not significant because the most severe design condition occurs on the 

northern panels which experience the highest heat flux. The variations on 

the other panels are minor in an absolute sense in comparison to the intensity 

experienced by the northern panels and have little, if any, effect on the 

boiling or preheating processes. 

4, 2, 3 Field Performance and Correlation to Commercial System 

Performance predictions have been developed for the idealized version of the 

actual Pilot Plant layout. As discussed in Section 4, 2, 1, this version ignores 

the atypical neighborhoods associated with the slip plane deletions and local 

heliostat readjustments. Field performance predictions developed for the 

idealized model tend to be slightly pessimistic because they do not recognize 

the performance improvements realized as a res ult of the heliostat deletion 

and local readjustment. It should be noted however, that these effects are 

significant, on a local basis, only for low sun elevation angles. Even during 

those periods, the impact on total field performance is diluted by the weighting 

given to the "regular" parts of the field. During periods of high sun eleva

tion angle, the performance change due to the atypical neighborhoods is 0 

since no blocking and shadowing occur. 
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Table 4-2 (Page 1 of 2) 
HELIOSTAT AIM STRATEGY BY ROW 
SHIFT UP ON RECEIVER IN METERS 

(Row) (South) (North) (South) 
Outer Circle 32 1. 305 I. 848 2.107 2.236 2.258 2. 117 1. 839 1. 280 

31 1. 528 2.065 2.318 2.438 2.460 2.327 2.055 I. 504 
30 1.734 2.264 2.489 2.624 2.645 2.483 2.255 I. 709 
29 I. 939 2.316 2.502 2.750 2.732 2.496 2.319 I. 914 
28 2. 128 2.349 2. 513 2.740 2.722 2.507 2.353 2.103 
27 2.316 2.381 2.523 2.728 2.710 2.517 2.385 2. 292 
26 2.490 2.4Jl 2.531 2.716 2.698 2. 526 2.415 2.465 
25 2.664 2.440 2.539 2.703 2.684 2.533 2.443 2.639 
24 2.825 2.466 2.545 2.688 2.670 2.539 2.469 2.800 
23 
22 
21 
20 EQUATOR AIM POINT 
19 

~ 18 - 17 -
16 3.007 2.612 2.460 2.448 2.470 2.469 2.615 3.016 
15 3.003 2.620 2.397 2.397 2.419 2.407 2.610 3.013 
14 2.999 2.550 2.333 2.344 2.365 2.342 2.540 2.008 
13 2. 992 2.471 2.260 2.284 2.305 2.270 2.461 2.981 
12 2. 921 2.389 2. 184 2.220 2.242 2. 194 2.379 2.896 
11 2.826 2. 297 2.099 2. 148 2. 170 2. 108 2.287 2.800 
10 2.725 2. 199 2.007 2.071 2.092 2.017 2. 189 2.699 
9 2.614 2.093 I. 907 I. 985 2.007 1. 916 2.082 2.588 
8 2.489 1. 971 I. 792 I. 887 1. 909 1. 802 1. 961 2.463 
7 2.350 1. 837 1. 664 I. 777 I. 799 1. 674 I. 827 2.324 
6 2. 199 I. 691 1. 523 1. 656 1. 678 1. 533 I. 681 2. 174 
5 2.028 1. 523 1. 361 I. 515 1. 537 1. 371 1.513 2.002 
4 1. 840 1. 337 I. 179 I. 357 1. 379 1. 183 I. 327 I. 814 
3 I. 626 1. 121 0.966 I. 170 I. 192 0.976 I. 111 1. 600 
2 1. 393 0.978 0.723 0.356 0.978 0.733 0.868 I. 368 Inner Circle 1 1. 137 0.592 0.434 0.700 0.722 0.444 0.582 l. 112 

Arc Angle (0- (45- (90- (135- ( 180- (225- (270- (315-
45 °) 90 °) 135°) 180°) 225°) 270°) 315 °) 360°) 



Table 4-2 (Page 2 of 2) 

HELIOSTAT AIM STRATEGY BY ROW 

SHIFT DOWN ON RECEIVER IN METERS 

(Row) (South) (North) (South) 

Outer Circle 32 1. 305 1.848 2. 107 2.236 2.258 2. 117 1. 839 1. 280 
31 1. 528 2.065 2.318 2.438 2.460 2.327 2.055 1. 504 
30 1. 734 2.264 2.489 2.624 2.645 2.483 2.255 1. 709 
29 1. 939 2.316 2.502 2.750 2.732 2.496 2.319 1. 914 
28 2. 128 2.349 2.513 2.740 2.722 2.507 2.353 2. 103 
27 2.316 2.381 2. 523 2.728 2. 710 2.517 2.385 2.292 
26 2.490 2. 411 2. 531 2.716 2.698 2.526 2.415 2.465 
25 2.664 2.440 2.539 2.703 2.684 2.533 2.443 2.639 
24 2.825 2.466 2.545 2.688 2.670 2.539 2.469 2.800 
23 2.966 2.491 2.549 2.572 2.654 2.543 2.484 2.953 

22 
21 
20 EQUATOR AIM POINT 
19 

~ 18 _. 3 N 17 
16 3.007 2.612 2.460 2.448 2.470 2.469 2.615 3.016 
15 3.003 2.620 2.397 2.397 2.419 2.407 2.610 3.013 
14 2.999 2.550 2.333 2.344 2.365 2.342 2.540 2.008 
13 2. 992 2.471 2.260 2.284 2.305 2.270 2.461 2. 981 
12 2. 921 2.389 2. 184 2.220 2.242 2. 194 2.379 2.896 
11 2.826 2. 297 2.099 2. 148 2. 170 2. 108 2.287 2.800 
10 2.725 2. 199 2.007 2.071 2.092 2.017 2. 189 2.699 

9 2.614 2.093 1.907 1. 985 2.007 1.916 2.082 2.588 
8 2.489 1. 971 1. 792 1. 887 1. 909 1. 802 1. 961 2.463 
7 2.350 1. 837 1. 664 1. 777 1. 799 1. 674 1. 827 2.324 
6 2. 199 1. 691 1. 523 1. 656 1. 678 1. 533 1. 681 2. 174 
5 2.028 1. 523 1. 361 1. 515 1. 537 1. 371 1.513 2.002· 
4 1. 840 1. 337 1. 179 1. 357 1. 379 1. 183 1. 327 1. 814 
3 1. 626 1. 121 0.966 1. 170 1. 192 0.976 1. 111 1. 600 
2 1. 393 0.978 0.723 0.356 0.978 0.733 0.868 1. 368 

Inner Circle 1 1. 137 0.592 0.434 0.700 0.722 0.444 0.582 1. 112 

Arc Angle (0- (45- (90- (135- (180- (225- (270- (315-
45 °) 90 °} 135°} 180°) 225 °) 270 °) 315 °) 360 °) 



Table 4-3 summarizes overall field cosine and the blocking/shadowing 

effects. Each section of the table is divided into 7 days and a series of 

hours for each day. For reference, Day 92 corresponds to Summer solstice, 

Day 182 corresponds to equinox (both vernal and autumnal), and Day 2 72 

corresponds to Winter solstice. The other days represent approximately 

1-mo intervals between the reference days. Due to the symmetry which 

exists between Winter and Summer solstice, the 7 days shown actually 

represent a reference day in each of the 12 mo. The hour values shown 

correspond to afternoon conditions. Due to symmetry in the collector field 

and in the sun's apparent motion, a mirror image of the data would hold for 

morning ope rational periods. The principal feature to note in the data is 

the minimal blocking and shadowing which occurs during most of the good 

sunshine hours. This is evidence of the soundness of the collector field 

layout, which minimizes blocking and shadowing ~nd maximizes ground 

coverage consistent with overall system cost and performance consideration. 

The extent to which the baseline collector field is a representative scaled 

version of the Commercial collector field is of interest because of the basic 

goal of attempting to simulate the Commercial system. Two ways in which 

performance comparisons can be made are through a comparison of ground 

coverage density and annual energy per unit area for various test locations 

in the collector field (equivalent collector field locations for the Commercial 

system and Pilot Plant are identified by identical angular locations as 

measured from north and identical elevation angles to the receiver). 

Figure 4-4 presents a comparison in ground coverage for the two systems. 

The dashed lines labelled 1, 2, 3, and 4 represent Commercial system 

coverage factors for four different 45-deg sectors on the east side of the 

field (the west side would be identical due to symmetry). Superimposed on 

these lines are the coverage factors for the Pilot Plant field layout (solid 

lines). These lines cut diagonally across the Commercial system lines. 

This trend is caused by the compression in heliostat layout which occurs as 

one moves toward the tower. The six heliostat groups, as well as the 

successive compression and relaxation that occur on either side of the slip 

plane, are apparent from the six discrete lines which represent the Pilot 

Plant. The agreement between the two systems is fairly good except near the 
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Table 4-3 

AVERAGE COLLECTOR FIELD COSINE AND BLOCKING/SHADOWING EFFECTS 

Day Noon 1 PM 2 PM 3 PM 4 PM 5 PM 6 PM 7 PM 8 PM 9 PM 10 PM 

Annual Summary of Cosines 

(Summer Solstice) 92 0. 8442 0. 8388 o. 8225 0.7961 0.7605 0.7171 0.6681 0.6167 0.0000 0.0000 0.0000 
122 o. 8463 o. 8407 o. 8241 0.7971 0.7607 0.7163 0.6660 0.0000 0.0000 0.0000 0.0000 
152 0.8492 0.8434 0.8252 0.7980 0.7600 o. 7136 0.6610 0.0000 0.0000 0.0000 0.0000 

(Equinox) 182 0.8475 0.8415 0.8238 0.7950 0.7560 0.7086 0.6555 0.0000 0.0000 0.0000 0.0000 
212 o. 8391 0. 8332 o. 8158 0.7873 0.7488 0. 7021 0.0000 0.0000 0.0000 0.0000 0.0000 
242 o. 8287 o. 82 30 o.8061 0.7786 0.7416 0.6966 0.0000 0.0000 0.0000 0.0000 0.0000 

(Winter Solstice) 272 0. 8236 0. 8180 o.8015 0.7746 0.7384 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Annual Summary of Blocking and Shadowing 

(Summer Solstice) 92 o. 9974 o. 9958 0. 9952 0.9966 o. 9923 0.9423 o. 7411 0.5258 0.0000 0.0000 0.0000 
~ 122 0. 9964 0. 9952 o. 9955 0.9969 0.9905 0.9328 0.7174 0.0000 0.0000 0.0000 0.0000 
_, 
~ 152 o. 9950 o. 9951 o. 9961 0.9967 0.9799 0,9014 0.6715 0.0000 0,0000 0.0000 0.0000 

(Equinox) 182 o. 9960 0. 9967 o. 9961 0.9899 0.9322 0.7940 0.7455 0.0000 0.0000 0.0000 0.0000 
212 o. 9957 o. 9962 o. 9902 0.9615 0.8128 0.5557 0.0000 0.0000 0.0000 0.0000 0.0000 
242 o. 9891 o. 9846 o. 9633 0.9097 0.7272 0.2963 0.0000 0.0000 0.0000 0.0000 0.0000 

(Winter Solstice) 272 o. 9813 o.9716 o. 9396 0.8745 0.7071 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
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tower, where the Pilot Plant coverage is significantly higher than that for 

the Commercial system (note that the circle numbering scheme on Figures 4-4 

and 4-5 have been reversed from the convention of "Circle l" designating the 

inner circle). This discrepancy is partially explainable by the fact that the 

Pilot Plant has a much higher resolution in ground coverage density because 

it is specified on a circle-by-circle basis whereas the Commercial system 

has resolution only to a much coarser cell-by-cell level. In addition, some 

minor expansions were carried out on the inner six circles of the Pilot Plant 

which are not represented in this figure. The net effect was to drop the 

ground coverage factor for the inner six rows by ~10%. 

The results of the second comparison, which treats annual redirected energy 

per unit heliostat or relative "brightness," is shown in Figure 4-5. This 

figure treats the same four field sectors as were treated in Figure 4-4. 

Again the sawtooth pattern occurs for the Pilot Plant, which is indicative of 

the six circular zones and slip planes. It is seen that the comparison is good, 

particularly when noting the expanded vertical scale. Problems which seem 

to exist in the ESE and SSE sectors are partially attributable to changes in 

local heliostat field arrangements in the southern portion of the field which 

have not been included in this comparison. However, on a whole, the local 

"brightness" over a complete year cycle compares favorably between the 

two systems .• 

4. 3 SY STEM DESIGN CHARACTERISTICS 

This section summarizes the design and performance characteristics of the 

Pilot Plant system. Subsystem related data pertaining to operating ranges, 

efficiencies, and parasitic power demands are also treated. 

4. 3. 1 Physical Characteristics 

The top-level characteristics of the collector field that were shown in Fig

ure 1-6 are summarized in Table 4-4. As previously indicated, the field 

contains 1, 760 heliostats of the square, invertible design laid out in a radial 

stagger array along circular arcs. The overall collector field area which 

actually contains heliostats is - 3 x 10
5 

m
2 

(75 acres), The glass packing 

density ranges from a maximum value of - 45% near the central tower 

exclusion circle to - 13% at the northern perimeter with a field average 

4.17 



Table 4-4 

COLLECTOR FIELD PHYSICAL CHARACTERISTICS 

Field Arrangement 

Number of Heliostats 

Collector Field Area 

Glass Packing Density 

Maximum 

Minimum 

Average 

Central Exclusion Area 

Tower Height 

Receiver Centerline Elevation 

Radial Stagger/ Circular Arcs 

1,760 
5 2 

3. 04 x 10 m (75 acres) 

45% 

13% 

23% 
2 

10,387m (2,6 acres) 

65m (213 ft) 

80m (262 ft) 

density of 23%. The density values consider only the outer envelope of the 

heliostat, ignoring the fact that each heliostat contains a slot for inverting 

purposes, This assumption was made to give a clearer indication of helio

stat-to-heliostat packing which is of interest when comparing with nonslotted, 

noninverting designs. If the slots were included in the glass density numbers, 

appropriate reductions in the above numbers would be required, Each 

heliostat in the collector field requires a 4. 54m ( 179 in. ) radius exclusion 

circle to accommodate the azimuthal motion of the square heliostat for both 

the face-up and face-down orientation. The exclusion circles in turn are 

allowed to approach within-38. 1 cm (15 in.) of one another, 

The tower corresponding to this collector field layout is a free-standing steel 

structure 65m (213 ft) high, The receiver that is placed on top of the steel 

tower is designed so that the equator of the absorbing panels is at an eleva

tion of 80m (262 ft), The central exclusion area, which contains the power

house, thermal storage subsystem, control center, and miscellaneous 

auxiliaries in addition to the tower, is a circular area 115m (377 ft) in 

diameter or 10, 387m
2 

(2. 6 acres) in area. Considering equipment positioned 

outside the perimeter of the collector field, a total field area of 3. 24xl0
6 m

2 

(80 acres) is required for the Pilot Plant, 
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The principal elements of the water/ steam loop, which include the receiver 

and thermal storage subsystems and the balance of plant equipment, are 

shown in Figure 4-6. The nomenclature used to specify each element can be 

interpreted from the code explanation in Table 4-5. Included in the schematic 

are not only the operational hardware items but the principal control sensors 

and sensor/ control signal paths. A summary of some of the principal hard

ware and operating characteristics of the water/ steam loop is in Table 4-6. 

4. 3. 2 System Performance 

The performance characteristics of the Pilot Plant at equinox noon, Winter 

2 PM, and on an annual average basis are summarized in Figures 4-7 

through 4-9. In all cases, the performance estimates start with the amount 

of power incident on the heliostat~, as s~~~-~f.the ,.,.-- all oriented normal 

to the incident sunlight. The power degrades on an incremental basis 
······--

according to the tabulated efficiencies until the last bar is reached which 

represents net electrical output. For the equinox noon case, which repre

sents the point of maximum output power, a net output of 11.4 MWe would 

be expected. The corresponding 12. 8 MWe gross power produced exceeds 

the turbine nameplate rating but is well within the 10% continuous overflow 

capability. The Winter 2 PM condition, which represents the system design 

point, produces· the required 10 MW of net electrical power with a corres

ponding gross power production of 11. 2 MWe. The annual average per

formance chart shown in Figure 4-9 was developed by averaging the per

formance factors over the useful collection hours of the year. The results 

indicate a slightly lower electrical output than would occur at the Winter 

2 PM design point. The difference is principally due to the lower cosine 

and blocking/shadowing factors. 

For all of the performance cases treated in this section, a collector field 

outage factor based on the loss of one field controller (loss of 24 heliostats) 

and five individual heliostats was assumed. By comparison, collector field 

availability studies indicated that three field controller failures per year and 

one heliostat failure per day would be anticipated. As a result, the per

formance data shown for each of the cases includes a significant degree of 

conservatism regarding collector field outage effects. If all heliostats were 

available, the performance estimates would increase by -1. 6%. 

4-19 



~ 
II,) -

Table 4-5 (Page 1 of 2) 

SCHEMATIC NOMENCLATURE 

HARDWARE IDENTIFICATION CODE: RPWRV-22-2 

RP= 

w = 

R = 

Location (i.e. , Receiver Preheater Panel) 

Media (i.e. , Water) 

Function (i. e. , Relief) 

V = Component type or instrumentation parameter (i.e., Valve). 

22 

2 

= 

= 

Assembly nwnber if multiple major assemblies (i.e., Receiver Panel 22). 

Component number if multiple components on each major assembly. 

Location Media Function 

Condenser = C Heat-Transfer Fluid= tF Bypass = B 

Condenser Hot Well = CHW Nitrogen = N 

Deaerator = DA Oil = 0 

High-Pressure Heater = HPH Steam = S 

Low-Pressure Heater = LPH Water = W 

Charging= C 

Drain= D 

Extraction = E 

Inlet = I 

Component or Parameter 

Boost Pump= BP 

Controller = C 

Check Valve = CK 

Charging Pump= CP 

Extraction Pump = EP 

Receiver= R Level Control = LC Filter = F 

Receiver Boiler Panel = RB 

Receiver Downcomer = RD 

Receiver Flash Tank = RF 

Receiver Preheater Panel 
= RP 

Main = M Feed Pump = FP 

Outlet = 0 Flow Rate = FR 

Pressure Control = PC Flow Transmitter = FT 

Relief = R Level Transmitter = LT 



~ 

N 
~ 

Location 

Receiver Moisture Separator 
= RS 

Receiver Moisture Trap= RT 

Thermal Storage= T 

Thermal Storage Desuper
heater = TD 

Thermal Storage Heater = TH 

Thermal Storage Unit = TU 

Table 4-5 (Page 2 of 2) 

SCHEMATIC NOMENCLATURE 

Media Function 

Stop= S 

Temperature Control 
= TC 

Throttle Stop 
Valve= TSV 

Vent= V 

Warmup = W 

Component or Parameter 

Inlet Pressure = IP 

Outlet Pressure = OP 

Pressure= P 

Pressure Switch = PS 

Solenoid= S 

Stop/Check Valve = SK 

Temperature = T 

Temperature Switch = TS 

Temperature Trans
mitter= TT 

Valve= V 



Table 4-6 

WATER/STEAM LOOP CHARACTERISTICS 

Receiver Size 

• 
• 

Diameter 

Height 

Receiver Steam Conditions 

• 
• 

Pressure 

Temperature 

Rated Steam 

Derated Steam 

Receiver Panels 

• 
• 

Preheat 

Boiler 

Thermal Storage Temperature Range 

Thermal Storage Heat Exchangers 

• 
• 

Charging Heat Exchange i

Steam Generator 

Turbine Steam Conditions 

• Throttle Steam 

• Admission Steam 

Receiver Feed Pumps 

Boost Pumps 

4-23 

7m (23 ft) 

12. Sm (41 ft) 

10. 45 MPa (1,515 psia) 

516°c (960°F) 

349°c (660°F) 

6 (3 sets of 2) 

18 (Parallel) 

219° to 302°c (425° to 575°F) 

2 Parallel Units 

2 Parallel Trains 

510°C (950°F) 

10. 1 MPa ( 1465 psia) 

274°C (525°F) 

2. 65 MPa ( 385 psia) 

2-Full Capacity, 
Variable Speed 

2-Full Capacity, 
Constant Speed 
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4. 3. 3 Subsystem Operating Ranges 

A compatible set of operating ranges for the receiver, thermal storage, and 

turbine is important due to the close-coupled nature of the water/ steam loop. 

The operating ranges for the subsystems are shown in Table 4-7. In general, 

the conditions define the range of power or flow that will be experienced 

while holding the pressure and temperature at a design point level. The 

indicated minimum values represent design requirements which were 

established through an overall system analysis effort. Actual values which 

may be significantly lower than these levels will be established once the 

final design is complete and the equipment is installed and operated. 

The maximum flow range for the receiver occurs during derated steam opera

tion where total flow can vary over a 4. 5: 1 throttling ratio. The somewhat 

lower maximum flow range for rated steam operation occurs because of 

( l) collector field limitations that limit the amount of power to the receiver, 

and (2) higher enthalpy change experienced by the water/steam. From the 

receiver point of view, maximum-rated steam flow could be increased to 

the indicated upper limit for derated steam if sufficient collector field capa

bility existed with no impact on the receiver design or hardware selection. 

The maximum power collection capability for derated steam is limited by 

the thermal storage charging capability (30 MWt into the tank with the 

balance being passed to the feedwater heater circuit) and the top flow limit 

for the receiver. On the other hand, the maximum power collection capa

bility for rated receiver steam operation is limited exclusively by collector 

field considerations. 

The operating range for the thermal storage charging heat exchanger is 

bracketed by the 30-MWt charging rate (into the tank) on the top end and the 

desire to maintain operation at fairly low flow rates. Such rates may occur 

periodically with the Pilot Plant, which is a low solar multiple system. The 

operating range for the steam-generation equipment was determined by the 

turbine admission steam flow range, with the upper limit corresponding to 

the requirement to produce 7-MWe net power from thermal storage steam. 

The indicated ranges for the turbine correspond to the approximate minimum 

flow threshold on the low end to slightly in excess of the nameplate rating 
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Table 4-7 

PILOT PLANT SUBSYSTEM OPERATING RANGES 

Temp Pressure Flow Rate Power Range 
OC MPa Kg/Sec MW 

Subsystem (OF) (psia) (Lb/Hr) ( Btu/Hr) 

Receiver 

Rated Steam 516 10.45 3. 7,:,,:,_ 14, 8 l0*>:•-37. 1 6 
( 960) (1515) (28,900-117,568) (34, 1-126, 6 X 10 ) 

Derated Steam 349 10.45 3. 7>:•>:•-16. 5 7.3**-32.8 
( 660) (1515) (28,900-130,500) (24, 9-111, 9 X 106) 

Thermal Storage 

Charging Steam 343 1 o. 1 o. 83*>:•-16. 5 1. 5>.'<>i'<-30 
at Heat ( 650) (1,465) (4, 350-130, 500) (5, l-102.4 X 106) 
Exchanger 

Discharge Steam 277 2.76 l.27**-13.2 3. l>l<•:<-32. 1 
Leaving Steam (5 30) ( 400) ( 10 , 10 0 - 1 04 , 7 0 0) (10, 6-109, 5 X 106) 
Generator 

Turbine 

Throttle Steam 510 10. 1 3. 7>l<>:•-14. 6* 10, 0>l<>i'<-36, 9,:c 
( 950) (1,465) (28,900-117,568) (34.l-125.9x 106) 

Admission Steam 274 2.65 1. 27**-13. 2 3, l**-32. 0 
(525) ( 385) (10,100-104,700) (10,6-109,4 X 106) 

*Requires a 2. 5% turbine overflow capability (turbine is capable of 10% over-
flow operation) 

*,:c 
Approximate 
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. on the high end for rated steam and at the nameplate rating for derated 

steam. The 10% continuous overflow capability is available for anomalous 

conditions that may result because of increased collector field and receiver 

or thermal storage power outputs. 

4. 3. 4 Subsystem Efficiencies 

The efficiency variation for the collector subsystem is shown in Figure 4-10 

for various sun azimuth and elevation angles. When comparing this data 

with that presented in Section 3. 5. 4 for the Commercial system, it is seen 

that the Pilot Plant collector field efficiency is - 2% higher, The difference 

can be attributed primarily to differences in the receiver interception factor 

between the two systems. Implicit in the data shown in Figure 4-10 are the 

following assumptions: 

A. Heliostat reflectivity = 1. 0 

B. Receiver interception factor = O. 977 

C. Sensor post blocking and shadowing factor = O. 98 

D. Atmospheric attenuation factor = 1. 0 

Collector subsystem efficiency at other values of heliostat reflectivity can 

be determined by multiplying the indicated efficiency by the appropriate 

reflectivity. In addition, atmospheric attenuation effects can be included 

by multiplying the efficiency value by the appropriate field-weighted atmos

pheric transmittance factor. For the Pilot Plant, a transmittance of O. 98 

is appropriate for a 50-km ( 31 mi) visible range which would be representa

tive for the Barstow site. 

The receiver efficiency defined as the net power absorbed divided by the 

incident power is summarized as follows: 

Time 

Equinox Noon 

Winter 2 PM 

Minimum Rated Steam 

Annual Average 

Incident Power 
(MWt) 

43.4 

38.7 

14.9 

37. 1 
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Absorbed Power 
(MWt) 

37. 1 

32.6 

10.0 

31. 2 

Efficiency 

0.854 

0.842 

0.671 

0.841 
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Assumptions made in arriving at these values include an absorptivity of 

O. 95, an emissivity of O. 89, a wind speed of 3. 5 m/s (8 mph) at 10m eleva

tion, and an ambient temperature of 23°C (74°F). Since neither forced nor 

free convection dominates, a root sum squares addition of the two heat loss 

components was applied. Under the temperature and wind conditions defined 

above, -2. 3% of the incident power at equinox noon would be lost due to 

convection, 

The thermal storage subsystem has a volumetric efficiency defined as the 

ratio of extractable energy to total energy in the tank of 85 to 90%, The 

subsystem has an energy recovery efficiency of 96 to 98%, which is defined 

as the ratio of extractable energy to charging energy. 

The gross cycle efficiency for the turbine is shown in Figure 4-11 for opera

tion off both receiver (throttle) steam and admission steam. These curves 

are based on an assumed wet cooled condenser that is capable of producing 

a 6. 35-cm Hg (2. 5-in. Hg) back pressure in the condenser, Also shown in 

the figure is an estimate of the turbine generator output as a function of 

flow rate when operating exclusively from receiver steam, 

4. 3. 5 Auxiliary Power Requirements 

A detailed tabulation of the Pilot Plant auxiliary power requirements is 

shown in Table 4-8 for representative daytime, nighttime operational and 

standby periods, and emergency conditions. For the operational periods, 

the major power consumers are the feedwater and condenser pumps and 

cooling tower fans. The collector field by contrast accounts for - 2. 5% of 

the total parasitic load, During standby periods, the parasitic loads are 

principally associated with balance of plant power requirements. The 

emergency AC power requirement is dominated by collector field require

ments. During emergency periods when the wind is rising rapidly and a 

power failure has occurred (double failure condition), the indicated collector 

field power would be sufficient to slew half of the collector field at a time to 

a safe orientation. The ernergency power drawn for the collector field is 

higher than the operating power requirement because the motors operate on 

a continuous basis during slew as opposed to the intermittent mode of 
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Table 4-8 (Page 1 of 2) 

PILOT PLANT AUXILIARY POWER REQUIREMENTS 

Receiver OEeration Evening 
Winter Thermal Emergency 

Equinox (Design) Storage Night EQwer 
11.4 MW 10. 0 MW 7.0 MW Standby AC DC 

Component Net kW Net kW Net kW kW kW kW 

Receiver Feed Pump 325 282 

Booster Pump 90 77 77 

Hotwell Pump 20 18 18 

Condenser Vacuum 22 22 22 2.2. 
Pump 

Condensate Trans Pump 7 

Service Air so so 
Compressor 

Instrument Air 28 28 2.8 ' 28 28 
Compressor 

Cooling Tower Fans 150 150 150 

Circulation Water 203 203 203 
Pumps 

Gland Seal Vacuum 2 2 2 
Pumps 

Bearing Cool Water 15 15 5 5 15 
Pump 

Turbine AC Oil Pump 13 13 

Turbine DC Oil Pump 13 

Lube Oil Filter Pump 1 1 1 1 

Chemical Pumps 3 3 3 

Motor-Operated Valves 3 

Raw Water Pump 20 18 18 12 

Clarified Water Pump 12 10 10 5 
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Table 4-8 (Page 2 of 2) 

PILOT PLANT AUXILIARY POWER REQUIREMENTS 

Receiver O:eeration Evening 
Winter Thermal Emergency 

Equinox (Design) Storage Night Power 
11. 4 MW 10. 0 MW 7,0 MW Standby AC DC 

Component Net kW Net kW Net kW kW kW kW 

Water-Treating System 16 14 14 8 

Jockey Pump (Fire s s s s 
Water) 

Auxiliary Boiler 10 

Turbine Turning Gear 3 3 

Computer 10 10 10 s 10 

Miscellaneous DC 10 

Controls and Computer 41 41 33 33 33 
HVAC 

Plant HVAC 150 138 22 

Thermal Storage 
Charging Pump 

Thermal Storage 104 
Extraction Pump 

Sewage Treat Plant 1 1 1 1 

Potable Water Pump 4 4 4 

Receiver Tower Elevator 15 

Collector Subsystem 30 30 200 

Lighting and Misc AC 202 78 ...lQ_ 50 10 

TOTAL 1,400 1,200 800 210 330 23 
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• operation that occurs during normal track. Due to the requirement for 

computer control of the collector field during emergency conditions, the 

computer will be powered with an uninterruptable power source at all times. 

4, 4 DESIGN EVOLUTION 

A major portion of the system engineering effort during this contract dealt 

with transforming the Pilot Plant requirements into the final Pilot Plant 

design, Since some latitude existed as to the exact natute of the Pilot Plant 

and the degree of Commercial system verification required, a series of 

design alternatives were considered at both the system and subsystem level, 

The principal issue in deciding among any of the alternatives was a tradeoff 

between degree or extent of the similarity to the Commercial system and 

the cost or performance penalty involved, In addition, because of changes 

in design guidelines such as the switch from dry cooling to wet cooling or 

the refinement in the receiver design point wind speed and ambient tempera

ture, a continual design evolution or refinement activity was carried out. 

4, 4, 1 Alternate System Designs 

In order to define the optimum commercial system, several cost and 

performance trade studies were done. The cost data contained many assump

tions concerning such things as mass production, local or regional manu

facturing sites, cost reductions due to well-established learning curve 

effects, etc. As a result, the studies assumed relatively inexpensive helio

stats which, when included in the optimization analysis, produced a 360-deg 

collector field that completely surrounded the tower. This meant that it was 

economically desirable to place some of the heliostats into the southern field 

even though they will experience relatively poorer performance than the 

balance of the system, This would imply that, for a truly scaled version of 

the Commercial system, a southern field should also be included in the 

Pilot Plant design, 

' By contrast, however, if the optimization analysis were carried out exclu-

sively for a 10-MW Pilot Plant, a different set of component a.nd subsystem 

cost assumptions would be appropriate, In particular, the biggest difference 

would be the loss of many of the mass production and learning curve 
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.assumptions that were made for the Commercial system. The most 

significant effect of the change would occur in the heliostat costs. Since 

they would be a much more expensive part of the system on a percentage 

basis than for the Commercial system, the optimization would dictate that 

they be placed in only the highest efficiency areas of the field relative to the 

tower, i, e. , the north field. Thus, a paradox exists in the design of the 

Pilot Plant. If economy is the overriding goal, a Pilot Plant with a north

only collector field is appropriate, but if the overriding goal is to simulate 

the ultimate Commercial system, a full 360-deg collector field is dictated. 

In addition to the 360-deg collector field that was ultimately selected for the 

Pilot Plant, two alternative north field designs were also considered along 

with appropriate receiver configurations. To give design visibility, one of 

the alternate fields was designed to minimize investment cost by sizing 

exclusively to the Winter 2 PM design point. The second field was defined 

to minimize the cost of energy on an annual basis. 

The first of these fields, labelled "Winter Optimum Field Layout, 11 is shown 

in Figure 4-12, along with the approximate field dimensions, tower height, 

and receiver centerline elevation, In contrast to the baseline design dis

cussed in Section 4. 2, the tower in this case is well to the south of the 

collector field. Since the system was designed exclusively for a Winter 

2 PM sun condition, the resulting collector field is fairly narrow though the 

receiver is located on top of a reasonably tall tower. The receiver configu

ration defined for this collector field was cylindrical with the 13 northern

most panels remaining as single pass-to- superheat panels while the balance 

of the 24 (on the southern side) were replaced with sheet metal. This 

assumption was made to preserve aerodynamic symmetry. 

The second alternate field configuration, which was designed to optimize 

annual energy, is shown in Figure 4-13. Since it was de signed for an annual 

average sun condition which has a moderately high elevation angle and moves 

between the east and west sky, the resulting collector field is wider with le___s_s 

depth in comparison to the Winter Optimum design. In addition, the higher 

average sun angle permits the use of a shorter tower. As in the previous 
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case, a cylindrical receiver with 13 active northern panels was assumed. 

In both of the cases considered, a heliostat cost of $300/m
3 

was assumed, 

which is representative of early heliostat costs prior to the implementation 

of large mass-production facilities. 

Before considering the potential cost savings of the optional collector fields 

in detail, it is useful to investigate their performance on an annual basis. 

The annual energy characteristics of the two options are given in Fig-

ures 4-14 and 4-15 for the Optimum Annual Energy and Winter Optimum 

fields, respectively. In comparing the two, both from a total annual energy 

and a detailed daily and hourly variation standpoint, it is noted that only 

minor differences exist. From an annual energy standpoint, the Winter 

field is capable of producing approximately 5% less electrical energy than 

the annual optimum field. On a daily and hourly basis, the principal differ

ence occurs in the vicinity of noon, where the Winter Optimum field pro

duces superior performance over the equinox to Winter solstice time period 

(Figure 4-15), The summer noon performance, on the other han<L- is 

degraded from that indicated for the Annual Optimum case (Figure 4-14). 

A cost and performance comparison between the two alternate designs and 

two scaled Commercial system configurations with complete 360-deg collec

tor fields is given in Table 4-9. Since these cost estimates were developed 

in April 1976, they may not be completely consistent with current estimates; 

however, the trends are still valid. Since the nonenergy collection equip

ment is identical in all cases, only those elements which vary from design 

to design are listed, It is seen that the more expensive configurations are 

associated with the full 360-deg fields, which would be near_optimum if 

Commercial cost assumptions were used. By-eomrast, it is seen that the 

Winter Optimum configuration woulaproduce savings in excess of $7M, if 

it were adopted as for the Pilot Plant. Note that the lowest-cost system has 

the ~ower, which would experience the greatest difficulty in scaling to 

a 100-MWe Commercial System. 

In spite of the potential cost savings to be realized, the final Pilot Plant 

collector field layout and receiver configuration were selected on the basis 

of scalability to the Commercial system while cost factors were given 

secondary attention, 
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of" 
t 

Solar Collection Equipment 

Hardware Investment Cost 

Collector 

Receiver 

Tower 

Total 

Annual Energy (MWH) 

Comment 

Table 4-9 

PILOT PLANT CONCEPTS COMPARISON 

Configuration 

Modified 
Commercial 

(Baseline) 

Minimum Cost 

$28. 4M 

6. 3M 

l.0M 

$35. 7M 

36,670 

Most 
Expensive 

Complete 
Simulation 

(Annual Energy 
Option) 

$25. 2M 

4.0M 

1. 3M 

$30. 5M 

34,680 

Lowest Cost 
of Energy 

(Winter 
Option) 

$22. 6M 

4. OM 

1. 9M 

$28. 5M 

32,780 

Lowest 
Investment 
Cost 

Tallest 
Tower 

Scaled 
Commercial 

System 

$26. 8M 

5. 8M 

1. OM 

. $33. 6M 

35,600 

Complete 
Simulation 
(Preheat 
Panels) 

* Cost estimates were developed in April 1976 and therefore do not necessarily reflect the PDR 
cost numbers. The indicated trend is still valid. 



-4. 4. 2 Receiver. Configurations 

During the course of this contract, a series of receiver design alternatives 

were considered with some being implemented in an effort to improve receiver 

performance. Gross changes in concentration ratio, however, were not per

mitted because they would negate some of the receiver scalability issues. 

Since modifications in the receiver necessarily influence the collector field, 

the study was treated as part of the total system analysis. 

At the time of the Preliminary Baseline Design Review (PBDR), the receiver 

was sized to absorb - 50 MW of thermal power at the maximum noontime power 

collection point. A significant percentage of the power requirement resulted 

from the use of dry cooling, which produced a double penalty in that it reduced 

gross cycle efficiency while increasing the parasitic load. In addition, 

although the panels were designed to withstand in ex_c..e-s-s of O. 3 MW/m2 

incident flux, the performance analyses a_t that time predicted that the peak 

heat flux would not exceed ~O. 2.6 MW/m2• Thus, substantial design con

servatism was included. The baseline receiver size at that time was 17m 

(56 ft) high an.cf 7m (23 ft) in diameter. 

To minimize the thermal losses off the receiver surface, shrouded configu

rations of the type shown in cross section in Figure 4-16 were considered. 

The purpose of the shroud was to protect the upper high-temperature portion 

of the receiver from excessive convection and radiation losses. The shrouds 

would not be subjected to direct reflected energy from the collector field on a 

steady-state basis and therefore would not require active cooling. Clearly, 

as the length of the shroud increases or the shroud angle decreases, the 

anticipated receiver heat losses would be reduced. However, a negative 

effect related to the interaction with the collector field occurs. This effect 

involves the limit on collector field size or receiver look angle. To over

come the restriction, a taller tower would be necessary to permit the helio

stats to redirect their power up under the shroud without a direct impinge

ment. 
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Trade studies carried out for the Pilot Plant indicated that the losses could 
be reduced by as much as 15 to 20% depending on the time of year and 
ambient conditions. When the cost penalties associated with the shroud and 
increased tower structure required to support the added hardware were con
sidered, a net saving of less than $0. SM was predicted for the Pilot Plant 
while the effects washed out for the Commercial design. 

With the change to wet cooling, the improved cycle efficiency and reduction 
in parasitic loads that resulted allowed a significant reduction in the collector 
field size and receiver power rating. In addition, continued work on the 
Commercial collector field had reduced some of its asymmetric power 
characteristics from the receiver standpoint. Finally, the upgrading of the 
steam conditions further increased plant efficiency, thus adding to the reduc
tion in collector field/receiver thermal requirement. The net effect of these 
changes from a receiver standpoint was a situation where the receiver was 
grossly over-designed to meet the current thermal power requirement. For 
example, the maximum incident flux, to be delivered on the north panel had 
reduced to O. 2 MW /m

2 
from the original design level of O. 3 MW /m2

. 

Two receiver design modifications were considered at that point. The first 
involved adding a shroud to minimize heat losses while the heliostat aim 
points were adjusted so that no thermal power was directly incident on the 
shroud. The resulting heat profiles for several different shroud configura
tions are shown in Figure 4-17. The net effect is to have a high heat flux 
concentrated near the bottom of the tubes while the shroud severely restricted 
the amount of power reaching the upper part of the tubes. The results 
directly suggest the possibility of shortening the receiver, eliminating the 
shroud, and operating with an elevated heat flux that approaches the origi-
nal design level. This approach represents the second design modification 
considered. 

In reducing the length of the receiver, the peak heat flux varies inversely 
with length, ignoring end effects. This effect is shown in Figure 4-18, which 
treats three receiver sizes. It is seen that by shrinking the length from 17m 
to 12. Sm, the peak heat flux intensity is increased from O. 2 MW /m

2 
to 
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. O. 3 MW /m2 , which was the original design value. As a result, the baseline 

receiver length was decreased to 12. Sm (41 ft). It should be noted that the 

heat loss from the receiver decreases in almost direct proportion to the 

decrease in surface area. Thus the decrease in receiver length accom

plished the same effect on receiver heat loss percentage without adding the 

shroud. 

4. 4. 4 Operating Steam Conditions 

As in the case of the Commercial system discussed in Section 3, the opera

ting steam conditions for the Pilot Plant are determined by turbine and 

thermal storage-related requirements. The baseline turbine selected for 

the Pilot Plant is an automatic admission industrial machine with throttle 

steam conditions of 510°C (9S0°F), 10. 1 MPa (1,450 psig). 

In addition to providing good cycle efficiency (34. 7% at 2. 50 in. Hg), it also 

corresponds to the throttle steam conditions selected for the 100-MWe 

Commercial turbine. Since nearly identical steam conditions would be 

required for both the Pilot Plant and Commercial receivers, selection of 

these steam conditions provides an additional verification of the Commercial 

system. 

The operational aspects of thermal storage for the Pilot Plant are shown in 

Figure 4-19. In comparing these conditions with corresponding Commercial 

system conditions, two important changes are noted. First, the Caloria 

HT-43 temperature is reduced by 14°C (25°F) over its entire operating 

range in the Pilot Plant for reasons of design conservatism. The effect of 

the change is to relax the pinch point (the minimum horizontal distance 

between the charging steam line and the thermal storage fluid line) on the 

charging side, while tightening the pinch point on the discharge side. 

Secondly, the maximum discharge steam temperature for the Pilot Plant 

thermal storage configuration is 277°C (530°F). Again, based on turbine 

design considerations, the maximum admission steam pressure acceptable 

for this temperature is 2. 65 MPa (370 psig) at the admission port or 2. 76 

MPa (385 psig) at the steam generator. It should be noted that the admission 

steam at the turbine inlet port for the Pilot Plant has 11°c (30°F) less 
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superheat than the admission steam for the Commercial system. The 

result is a greater moisture level at the last-stage buckets for the Pilot 

Plant turbine, The condition is acceptable because of the smaller bucket 

wheel diameter and corresponding lower bucket tip speed in the Pilot Plant 

turbine, which results in a reduced tendency for moisture erosion, 

4. 5 ANNUAL ENERGY CALCULATIONS 

As estimate of the net annual energy output of the Pilot Plant was made 

based on the Aerospace data tape for Inyokern, California (1963). To carry 

out this calculation, as well as to develop the capability of analyzing the Pilot 

Plant performance for a variety of other sites, a computer code was pre

pared which is capable of working with the Aerospace tapes on other input 

data. The code uses direct insolation data as well as ambient temperature 

and wind speed to make its performance calculation. 

The program begins by surveying an entire day to determine the desired 

operating mode or whether a plant startup is warranted. Once a system 

startup is initiated, the program moves through a series of calculations 

shown in Figure 4-20 to arrive at the instantaneous level of power pro

duction and the incremental energy output. In addition to calculating elec

trical output, the analysis treats collector field performance for the appro

priate time of day and year; receiver performance, including heat losses, 

piping flows, and pressure drops; thermal storage factors; and a detailed 

accounting of parasitic loads, In addition to predicting the gross and net 

electrical plant output on an instantaneous or incremental basis, the pro

gram outputs pertinent performance data on the various subsystems and 

tabulates energy purchased from the gr~d during nongenerating periods such 

as startup and charging thermal storage. 

In making the calculations over a simulated one-year period, certain plant 

operating assumptions were required. For example, a daily startup was 

made only on days which experienced at least 2 consecutive hours with 

insolation levels in excess of 500 W/m2 • The receiver steam conditions 

were c-orrelated to insolation level with rated receiver steam being pro

duced when insolation levels exceeded 500 W /m2 ; de rated steam was 

assumed for insolation values between 250 and 500 W/m2• Below 250 W/m2, 
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the receiver would be shut down. The mode switch conditions are somewhat 

arbitrary in that they attempt to reflect the incidence of cloud cover. 

Receiver switch points could be correlated to cloud cover numbers that 

appear on the data tape although the correlation is in general more difficult 

and therefore was not selected for the analysis. 

From an overall system operating standpoint, the desired steam flow path 

was directly to the turbine whenever possible and thermal storage was charged 

only when the receiver was operated in a derated steam condition. This maxi

mized the annual energy output of the system and was consistent with Sandia 

guidelines for carrying out annual energy calculations. During evening per

iods, the turbine was operated until storage had been depleted to the pre

determined minimum level required to start the turbine the next morning. 

During morning startup, the first 15 minutes of thermal power collection was 

assumed to go into component heatup, turbine roll, etc with no useful power 

being produced. The next half-hour collection interval was primarily diverted 

to thermal storage for later extraction and power generation. At the same 

time, the turbine roll and loading phases were completed. During the bal

ance of the day, power was generated from either receiver steam or thermal 

storage steam, or a turbine shutdown occurred, depending on the insolation 

and availability of thermal power from the receiver and thermal storage. 

The calculations were made at 15-min intervals for the entire year as defined 

by the Inyokern 1963 Aerospace data tape. Typical results are shown in 

Figures 4-21 and 4-22 for a representative day and on a monthly basis for the 

entire year. The hourly data contained in Figure 4-21 shows how the turbine 

output responds directly to variations in insolation. The monthly energy 

production data shown in Figure 4-22 reflects directly gross weather and 

insolation variations which occurred on the Inyokern data tapes. As indicated, 

the net annual output of electricity for a Pilot Plant at Inyokern was estimated 

to be 27, 430 MWHe. 

4. 6 PLANT OPERATIONS 

The aspects of the Pilot Plant related to plant operation involve the steady

state operating modes, system startup time lines, and transient operational 

considerations. 
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4. 6. 1 Operating Modes 

The Pilot Plant is designed to operate in one of the six steady-state operating 
modes which were defined in Section 3. 7. 1 for the Commercial system. The 
mode descriptions presented here for the Pilot Plant represent the Pilot 
Plant version of these modes. Since they are conceptually the same as 
those defined for the Commercial system, discussions in this section focus 
on the unique aspects of the modes at the Pilot Plant level. 

4. 6. 1.1 Normal Solar Operation 

The Pilot Plant version of the normal solar mode which was described in 
Section 3. 7. 1. 1 for the Commercial system is shown in Figure 4-23. As 
in the case of the commercial system, this mode is used whenever the 
receiver produces an excess amount of steam over that which is required 
for turbine operation. The excess flow of rated steam is shunt fed to the 
desuperheater prior to entering the thermal storage charging heat exchanger. 
At the desuperheater, the steam temperature is reduced to 343°C (650°F), 
which is 16 °c (30°F) lower than the corresponding Commercial system 
level. The lower steam temperature is permitted due to the lower Caloria 
temperature used in the Pilot Plant. As the steam enters the thermal 
storage charging heat exchanger, it is condensed and passes to the drain 
tank, which empties into the thermal storage flash tank. The resulting 
condensate/ steam mixture is introduced into the feedwater heaters where 
it displaces a portion of the turbine extraction flows. This method differs 
somewhat from the Commercial system in that the latter pumps the con
densate from the drain tank directly into the riser, thereby bypassing the 
feedwater heater elements. This is necessary to prevent the closing down 
of all turbine bleed ports, which would result in an overflow situation in 
the turbine. Such is not a problem for the Pilot Plant because of the low 
solar multiple of the system and the slightly over sized turbine that is 
available to pass larger steam flows. From a design standpoint, the Pilot 
Plant approach eliminates the high-pressure pumping station at the outlet 
of the thermal storage. Thus, operating complexity is reduced. With the 
exception of the differences described above, the balance of the Pilot 
Plant operation is conceptually identical to that defined for the Commercial 
system. 
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4, 6. I. 2 Low Solar Power Operation 

The low solar power mode is used whenever insufficient solar power is 

available to operate the turbine generator at the desired output level. In 

this mode, shown in Figure 4-24, the receiver flow to the turbine is supple

mented by thermal storage steam which enters the admission port. Since 

the Pilot Plant operation during this mode is conceptually identical to the 

Commercial version presented in Section 3. 7. 1. 2, that section should be 

referred to for a detailed description of the plant operation. 

4. 6.1. 3 Intermittent Cloud Operation 

The intermittent cloud mode of operation shown in Figure 4-25 is used 

whenever a potentially transient insolation condition exists due to the 

passage of clouds. To protect the turbine from suddenly varying steam 

conditions, as well as provide a reasonably steady-state source of steam 

flow, the turbine is decoupled from the receiver with all receiver flow 

going to thermal storage. On a simultaneous basis, the thermal storage 

discharge equipment is operated to produce a steady-state source of 

steam in the steam generator which enters the turbine through the 

admission port. Since no receiver flow enters the high-pressure turbine 

port, - 5% of the admission steam must be introduced into the port to 

remove excess heat that is produced by blade windage, thus maintaining 

temperature control in the high-pressure section, With the exception of 

the interface between the thermal storage heater drain and the balance of 

the system, the operation of the Pilot Plant is identical to the Commercial 

system. Additional information pertaining to this operating mode can be 

found in Section 3. 7. 1. 3. 

4. 6. 1. 4 Extended Operation 

The extended-operation mode is used whenever insufficient insolation is 

available to power the receiver while some useful charge exists in the 

thermal storage unit. The flow paths, which are schematically shown in 

Figure 4-26, are identical to the admission steam loop flow used in the 

intermittent-cloud mode described previously. As in the case of the 

Commercial system, steam pressure control is maintained by the turbine 

admission valve and the Caloria circulation rate. This mode of operation 

could be continued until the thermocline begins to pass from the top of 
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the storage tank, at which time the Caloria temperature would decrease 

rapidly. The thermal storage steam generator is designed to maintain 

controlled steam conditions with Caloria inlet temperatures as low as 2 93 °C 

(560 °F). Thus, the Caloria temperature can degrade by 8 °C (15 °F) before 

thermal storage extraction must be terminated. An option exists to shut 

down the turbine prior to the complete discharge of the thermal storage unit. 

The turbine can then be rolled and loaded the next morning using thermal 

storage steam prior to the availability of rated receiver steam using exactly 

the same operating mode. As in the case of the intermittent cloud, ~5% 

of the admission steam must be bypassed through the high-pressure port to 

maintain temperature control in the high-pressure section. 

4. 6. 1. 5 Charging of Thermal Storage Only 

As in the case of the extended-operation mode just discussed, the charging 

of thermal storage only mode, which is shown in Figure 4-27, represents 

a simplification of the more complicated intermittent- cloud mode. In this 

mode, a maximum of 32. 8 MWt of power in the form of de rated steam 

is diverted to the thermal storage charging heat exchanger. Of this flow, 

30 MWt is absorbed and transferred to the storage tank; the remaining 

2. 8 MWt passes to the feedwater heaters in the form of high-temperature 

condensate. The charging rate was established based on the Sandia minimum 

charge rate specification. About 86% of the maximum collector field output 

can be accommodated with this mode with the power levels defined above. 

For higher power levels, a portion of the collector field would have to be 

defocused or the Caloria temperature could be allowed to rise above the 

302 °C (575 °F) maximum temperature design condition. As in the case of 

the intermittent-cloud mode, all condensate leaving thermal storage would 

enter the feedwater heater loop where it would be recirculated to the receiver. 

Because the turbine is not operated in this mode, all electrical power required 

to operate the system must be drawn from the electrical grid. 

4. 6. 1. 6 Fully Charged Thermal Storage 

The fully charged thermal storage mode would be u;ed whenever the thermal 

storage unit is completely charged or when the thermal storage subsystem is 

unavailable for outage or maintenance rea;sons. The flow path, which is 

shown schematically in Figure 4-28, sends all of the receiver flow directly 
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. to the turbine with the output of the turbine-generator being dependent 

exclusively on the receiver flow rate. 

Due to the low solar multiple for the Pilot Plant, along with the slightly 

oversized turbine, the maximum receiver flow can be accommodated by the 

turbine directly. This action removes the need to defocus a portion of the 

collector field and allows the turbine to have complete responsibility for 

receiver pressure control. 

4. 6. 2 System Operating Timelines 

A series of ope rating timeline s have been developed for the _Pilot Plant 

w~ich depict the system startup for a variety of assumed conditions, In 

particular, startup sequences have been defined for cold, warm, and hot 

turbine conditions using steam flow from the receiver as well as warm and 

hot turbine conditions using steam flow from thermal storage. The definition 

of the turbine status, along with its impact on turbine acceleration and load

ing rate, are identical to those shown in Section 3. 7. 2 for the Commercial 

system. For startups using receiver steam, the critical path represents 

the sum of the receiver and turbine startup periods. For startups employing 

thermal storage steam, the critical path is the rate at which the receiver can 

be brought online. 

4. 6. 2. 1 Cold-System Startup from Receiver 

The time-phased sequence of events necessary to start a cold system using 

receiver output steam is shown in Figure 4-2 9. Although the actual operating 

timeline depends on the time of day and year when the startup is carried out, 

and the insolation available, the relationships illustrated in the figure are 

representative of a typical morning startup with a clear- sky condition. Prior 

to the events shown in this figure, the feedwater would be circulated through 

the system and in the process demineralized to ensure that a proper water 

quality exists at the time of receiver startup. 

The actual startup sequence begins by redirecting the sun onto the receiver 

at time equal to O. The receiver goes through its normal startup sequence 

until a derated steam condition is produced on a panel-by-panel basis, During 

the startup period, power collected by the receiver is diverted to the receiver 

4-64 



START 
UP 

ACO 
SUN 

! rDERATED 
STEAM 

DERATED 
RECEIVER 
OPERATION 

RECEIVER 

~DERATED RECEIVER 
OPERATION (T: 7000F) 

ADJUST SET 
POINT TO 
700°F 

l 

TRANS TO 
RATED STEAM 

PIPING AND ~ FLUID LOOP.,__ ___ 

COMPS 

COMPONENT 
HEAT UP ACTIVATE 

CHARGING 

START 
RAMP 

i 
FINISH 
RAMP 

l 
RATED RECEIVER STEAM OPERATION 

CR39A 
VOL II 

THERMAL 
STORAGE 

·1 CHARGE THERMAL STORAGE L 
'-----------1\.-

ADMIT 
STEAM 

- 3 HR MIN ' 

TURBINE ON 
TURNING 
GEAR 

ROLL TURBINE 
250 RPM/MIN + HOLDS 

0 20 40 60 

(10 DEG SUN ELEV) 

3,600 RPM 

Jr5% LOAD 

LOAD TURBINE (1/2% PER MIN) 

SYNC GEN 
10-MWe NET 
OUTPUT 

10-MWe DESIGN 
OUTPUT 

' 

I I I I I I I I I I I I I I 
BO 100 120 140 160 180 200 220 240 260 280 300 320 340 

TIME ~MIN 

Figure 4-29. Cold System Startup From Receiver (Pilot Plant) 

4-65 



flash tank in the form of hot water or a two-phase mixture. The thermal 

power passes down the tower through two downcomer lines leaving the flash 

tank (one for vapor and one for condensate) and is introduced into the feed

water heater elements. At the same time, some flash tank vapor is fed to the 

main downcomer line where heating is initiated. Drains at the turbine and 

downstream of the thermal storage charging heat exchanger are opened, 

allowing preheating to proceed to those points. Startup continues with the 

receiver steam being held at a derated condition to prevent a thermal shock 

condition from occurring while the thermal power developed is heating the ' . 

rest of the system. During this period, a significant portion of the collector 

field is kept out of service to prevent the system from being overpowered. 

With the completion of the component heatup activity, at about 65 min into 

the startup cycle, the receiver outlet steam set point is ramped to - 371°C 

(700°F) while steam is being admitted to the turbine and the thermal storage 

charging loop is being activated. This steam condition has been selected so 

that the turbine can be supplied with steam at 40% of rated steam pressure 

with at least 56 °c (100°F) of superheat. With the thermal storage subsystem 

being capable of accepting power, a greater portion of the collector field can 

be activated with the limiting power flow corresponding to the maximum 

charging rate. 

The turbine roll and hold procedure is per the manufacturer's specification 

with full-rated speed being realized at - 104 min into the startup sequence. At 

that point, the generator is synchronized and a 3 to 5% load is applied. The 

loading of the turbine-generator then proceeds at 1/2% per minute. During 

the period from approximately 10 to 25% load, the receiver outlet conditions 

are ramped to the full-rated steam conditions. With the receiver operating 

at a rated steam condition and the thermal storage absorbing excess power, 

the turbine generator load continues to increase until the full 10-MWe net 

power is available from the generator at a point in time 300 min after initia

tion of the startup sequence. During the turbine loading period - 65 MWH of 

thermal power was consumed and - 20 MWH of gross electrical power was 

produced. It should be noted that the turbine operates on a preprogrammed 

speed/load startup sequence.during the first SO% or so of the roll/load 

timeline. Thus, the turbine valves are not operating in an initial pressure 
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control mode as they would during other operational periods. As a result, 

the thermal storage charging loop has primary responsibility for controlling 

receiver pressure during this turbine roll and early loading period. 

4. 6. 2. 2 Warm-System Startup from Receiver 

The sequence of events associated with a warm-system startup using receiver 

steam, which is depicted in Figure 4-30, are essentially identical to those 

just descrl'bed for the cold startup condition except for an overall com

pression in the time scale. The startup is again initiated with the sun being 

directed on the receiver. During the initial phase of the receiver_ startup, 

the thermal power produced at the receiver is used for some limited com

ponent heatup although, since the system is already assumed warm, the 

need should 'be minimal. 

The receiver is allowed to stabilize at the indicated condition (371°C, or 

700°F), whlch ls sllghtly above the derated steam temperature. The selec

tion of this set point condition provides an immediate source of steam which 

can 'be introduced to the turbine while the surplus is diverted to thermal 

storage. The turbine roll, hold, generator synchronizing, and loading 

rates are carried out according to the manufacturer I s specification. As in 

the previous case, the receiver outlet conditions are ramped to the rated

steam level as the turbine loading passes between the 10 and ZS% power 

value. During the entire loading period, the thermal storage accepts excess 

thermal power up to its charging limit. In addition, it is also responsible 

for receiver pressui:e control during the early turbine roll and loading 

phases 'before it is switched to initial pressure control. During the turbine 

loading· phase, 21 MWH of thermal energy is consumed with-6. 7 MWH of 

gross electrical power 'being produced. The elapsed startup time required 

to produce 10-MWe net power is approximately 105 min. 

4. 6, 2. 3 Hot-System Startup From Receiver 

The 1equence of event• necessary to execute a hot-system startup from 

receiver • team la shown ln Figure 4-31. It ls assumed that no component 

_preheating ii required so that the only thing limiting the initiation of turbine 

roll la the rate at which the receiver can 'be ·brought up to a steam condition 

compati'ble with the turbine requirement. The time period shown for receiver 
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. activation and stabilization is 15 min, which is dependent on available insola

tion conditions. When the stabilized receiver condition is reached, the 

thermal storage charging loop is activated and accepts as much power as is 

available or as limited by the maximum charging capability. At the same 

time, the turbine roll and loading cycle is initiated. Because the turbine is 

at full operating temperature, the roll and loading activity can occur fairly 

rapidly. 

Again, the transition in receiver outlet conditions to rated steam is timed to 

occur during the period when the turbine passes through the 10 to 25% load 

range. If sufficient thermal power is available at the receiver, the loading 

cycle would be completed approximately 62 min after sun acquisition. During 

that period, - 10 MWHt, would be consumed and - 3. 3 MWHe would be p:tioduced. 

During some early morning startups, the increase in turbine steam demand 

exceeds the rate of buildup of receiver steam due to insolation limitations. 

In that case, shown in Figure 4-31, the turbine loading operation is limited 

by the rate of increase in receiver steam output. For the case shown, the 

turbine would be fully loaded 90 min after sun acquisition. It should be noted 

that this condition of turbine and receiver steam flow matching is most sen

sitive for the Pilot Plant, which is a low solar multiple system. By contrast, 

in the case of the Commercial system, which has a high solar multiple, the 

receiver power rapidly exceeds the turbine steam demand during a startup 

sequence. Thus, collector field induced limitations on turbine startup are 

most critical to the Pilot Plant system. 

4. 6. 2. 4 Warm-System Startup from Thermal Storage 

In an effort to reduce the overall system startup time, two cases where the 

turbine was started from thermal storage steam were considered. The case 

treated in this section and shown in Figure 4-32 assumes a warm start con

dition. In the startup sequence, the critical time-phasing relationship is 

the point where the turbine is fully loaded (at about a 70% load point, which 

is the limit for operation from thermal storage steam) and the receiver is 

simultaneously finishing its ramp to rated steam. Working backward from 

that point, it is seen that the turbine roll initiates about 25 min prior to the 
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receiver startup. Steam is drawn from thermal storage to power the roll 

and loading of the turbine. 

At time equal to 0, the receiver startup is initiated, proceeding to a derated 

steam hold condition until all panels are stabilized at that level. During that 

period, some limited component heatup is carried out by the receiver steam. 

Near the end of the de rated steam hold period at the receiver, the component 

heatup is complete and the charging of thermal storage is initiated, At that 

time, the thermal storage subsystem is simultaneously charging and dis

charging the storage tank. The receiver is next ramped to a rated outlet 

steam condition as rapidly as possible, arriving at the rated condition at the 

same time the turbine arrived at the 70% load point. The rated receiver 

steam is then fed directly to the turbine to continue the loading cycle to 

100% load while the admission steam flow from thermal storage is cut back 

to zero flow in a controlled manner. 

This particular startup sequence represents the condition where a minimum 

initial thermal storage charge is required. If an earlier turbine startup is 

desired, a larger initial thermal storage charge would be required ·because 

of the longer discharge period that would be experienced by the thermal 

storage before receiver steam could supplement and ultimately replace the 

thermal storage steam. 

During the warm turbine startup, 15 MWH of thermal energy is extracted from 

thermal storage although some of that is made up by the charging flow from 

receiver steam once the panels arrive at a derated-steam condition. At the 

same time, 3. 3 MWH of gross electrical energy is produced. The effective 

system startup time for this case is 4 7 or 60 min depending on the startup 

definition used. This compares to a startup period of 105 min for the case 

where the system starts exclusively from receiver steam (Section 4. 6). 

4. 6. 2. 5 Hot-System Startup From Thermal Storage 

The sequence of events that occur during a hot-system startup from thermal 

storage steam is shown in Figure 4-33. As in the previous case considered 

(Section 4. 6. 2. 4), the key reference point for synchronizing the startup 

activities is to match, as closely as possible, the 70% load point on the 
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turbine loading line with the availability of rated receiver steam. Again 

working backward, first the receiver startup sequence is initiated at time 

equal to 0. At the 5-min point, while the receiver startup is continuing, the 

turbine roll cycle is initiated with steam drawn from thermal storage. The 

receiver startup continues with a hold maintained at the derated steam con

dition until all panels reach that level. Just prior to the final receiver ramp 

to rated steam, the available derated steam is diverted to thermal storage 

where the charging function is initiated. As a result, during the subsequent 

period, the thermal storage is operated in both the charging and discharging 

mode. 

With a uniform de rated steam condition established for all receiver panels, 

the final receiver ramp is carried out as rapidly as possible to rated steam. 

The rated steam is then fed to the turbine where it replaces thermal storage 

steam and continues the turbine load ramp to 100% power. A short time 

interval has been included between the point where rated steam is produced 

in the receiver and when it begins to displace thermal storage steam. This 

interval allows for a small temperature adjustment time for the main steam 

downcomer and steam line to the turbine. 

Using the sequence established in this figure, an effective system startup 

time of 4 7 to 54 min could be expected depending on whether the 70 or 100% 

load point is assumed to constitute a completed startup. If the indicated 

piping temperature interval is ignored, the above startup times can be reduced 

by 3 to 5 min. The thermal storage energy consumed during the startup was 

7. 2 MWH, and 1. 6 MWH of gross electrical energy was produced during the 

startup to the 70% power point. 

It should also be pointed out that the duration of receiver hold at a derated 

steam condition, which directly impacts the system startup time, is influenced 

to a great extent by the time when the startup occurs. During typical early 

morning startup, some panels are more sluggish than others because of 

locally lower incident power from the collector field. This hold period could 

be reduced significantly if the startup were assumed to occur at a noontime 

sun condition. The high level of redirected thermal power leaving the collector 

field would create a favorable condition for receiver startup. 
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4. 6. 3 Transient Plant Operation 

As in the case of the Commercial system that W!:1-S discussed in Section 3. 8. 3, 

the Pilo_t Plant must be capable of operating with a continually varying input 

power level. In addition, because the system has only a marginal capability 

to control input power (through heliostat defocusing), it must be capable of 

operating in a reactive mode to variations in input power to the receiver or 

use a predictive capability to anticipate variations in input power. As a 

result, significant attention must be given to the proper design of the overall 

control system. Details related to the master control definitiori effort are 

in Volume VI. Since that effort was undertaken late in the contract period, a 

complete understanding of the transient system characteristics is impossible 

at present. As a result, system operating characteristics can be described 

at best in a qualitative manner or with the aid of quasi steady-state 

assumptions. 

A series of insolation models which contain various transient characteristics 

are shown in Figures 4-34 through 4-37. The insolation model shown in 

Figure 4-34 represents a relatively satisfactory insolation profile that has 

no significant transient characteristics. The early morning pulse occurs 

during a low sun elevation angle and at a suffici~ntly low power level that 

the receiver would be in its early warmup period. The net effect would be 

to delay slightly the point at which derated steam would be produced and sent 

to the thermal storage. 

A quasi steady-state analysis was carried out for this insolation model, using 

the computer code described in Section 4. 5 to determine anticipated daily per

formance. In addition to using the insolation model as an input, an ambient 

temperature of 28°c (83°F) and a wind of 3. 5 m/s (8 mph) at 10m (32. 8 ft) 

elevation were assumed. The pre.dieted net energy produced by the Pilot 

Plant for that day was 102. 57 MWHe. The corresponding gross energy 

production was predicted to be 115. 13 MWHe. 

The second insolation model, shown in Figure 4-35, contains a satisfactory 

morning and midday period with significant cloud-induced oscillations in the 

afternoon. The first dropoff in insolation would merely impact the receiver 

flow rate. Rated steam operation could be maintained at all times during 
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this perturbation. The steam flow diverted to thermal storage would be 

adjusted to absorb this transient with turbine output being maintained at its 

design level. The second and more severe falloff in insolation is of a suffi

cient duration ( -20 min) to cause the receiver to lose control of the outlet 

temperature. This would force the activation of the thermal storage steam 

generators to make up for the loss of receiver steam. With the resumption 

of high insolation levels, the receiver could be restarted and brought back to 

a rated steam condition in - 10 min due to its hot condition and the highly 

effective nature of the collector field which would exist for a high sun eleva

tion angle. The thermal storage steam generator would be deactivated while 

the rated receiver steam would power the turbine and charge thermal storage. 

This mode of rated steam operation continues through the third perturbation 

although the low solar power mode may be employed to maintain the turbine 

output at a desired level. With the last cloud perturbation, the receiver 

again loses control of the outlet temperature and the steam generator is again 

activated. At that point, due to the late hour of the day, it is impractical to 
' 

start the receiver and transition to rated steam output. As a result, the 

receiver startup stops at a derated steam condition for the final portion of 

the days operation. All derated-steam flow is sent to the thermal storage 

charging he.at exchanger while the thermal storage steam generator is pro

viding a steady-state source of steam which carries the turbine directly into 

nighttime operation. 

A quasi steady-state analysis carried out using the insolation model shown in 

Figure 4-35 resulted in a predicted net electrical output of 98. 6 MWHe. The 

corresponding gross electrical output was predicted to be 110. 6 MWHe. 

The insolation model shown in Figure 4-36 contains two significant cloud 

perturbations during the high insolation period followed by three perturba

tions near sunset. The day proceeds through a normal startup and morning 

operational period until the first perturbation occurs, At that point, the 

receiver flow is cut back to accommodate the fallout in insolation, The portion 

of the steam flowing to thermal storage is first cut down to zero, at which 

point the thermal storage steam generator is activated and the low solar power 

mode used. The receiver flow continues to be cut back to maintain rated or 
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near-rated steam. Due to the limited resolution of data during this per
turbation, it is difficult to determine the final receiver outlet condition at 
the point when the insolation recovers although it does appear that rated or 
near-rated steam can be maintained during this period. 

The second pulse, which occurs at Hour 4097, appears to be of a sufficient 
magnitude to cause loss of receiver outlet steam temperature control 
although additional data resolution is necessary to verify the fact. As the 
cloud begins to cover the field, the receiver flow is reduced, first causing 
a cutback in the quantity of steam to thermal storage and then causing a 
transition to low solar power where supplemental steam is taken from thermal 
storage. Assuming the receiver experienced a momentary shutdown, it 
would be brought back on line in about 10 min once the insolation resumed. 
Operation would continue until the late afternoon clouds hit the field. Due 
to the lateness of the day and the generally cloudy condition which exists for 
the rest of the afternoon, the receiver would put out rated steam as long as 
possible, with the rest of the system being transitioned to the low solar mode 
followed by the extended operating mode as the receiver proceeded to a 
shutdown condition. System operation in the extended mode would continue 
into the night. No effort would be made to start the receiver and collect 
power during the three short insolation pulses that occur just before 
sunset. 

Applying the quasi steady-state computer code to this day resulted in a 
predicted net electrical output of 97. 8 MWHe. The corresponding gross 
energy output was predicted to be 109. 4 MWHe. 

The final insolation model shown in Figure 4-37 represents a day which 
experiences significant cloud passage during the entire day. Assuming that 
knowledge of the complete day's insolation profile existed at the beginning of 
the day, receiver startup would be initiated at Hour 4639 as the cloud moved 
off the field. The receiver would produce derated steam - 15 min after 
startup and then could send - 15 min worth of derated steam to the thermal 

I 

storage charging heat exchanger before the next cloud front shutdown the 
receiver prior to Hour 4640. With the passage of that cloud front, a second 
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receiver start could be made using the high insolation levels that occur after 

Hour 4640. The receiver would be controlled to rated steam through the 

oscillations in insolation that occur around Hour 4641. 

This mode of operation would continue until the major cloud front covered 

the field at Hour 4645. Then, the turbine would be operated from thermal 

storage steam while the receiver was held in a standby mode ready for a 

resumption in insolation. The receiver would be restarted at Hour 4646. 5 

and operated in a rated steam manner until the next major cloud front hit 

the field 1-1/2 hr later. The receiver would be off line until the insolation 

level increased at Hour 4648. 5, at which time the receiver would be 

restarted. Due to the increased frequency of clouds for the balance of the 

day, the receiver would be controlled to a derated steam condition while the 

system was operated in an intermittent-cloud mode. This mode would con

tinue until the cloud front at Hour 4649. 5 covered the field. At that time, 

the system would be operated in the extended operating mode while the 

receiver would be shut down for the day. No effort would be made to capture 

any power from the last two insolation pulses because of their short duration. 

A quasi steady-state analysis carried out for this model indicated that 

66. 4 MWHe of net energy would be produced on that day with a corresponding 

gross output of 74. 5 MWHe. 

4. 7 PLANT CONTROL SIMULATION 

A simulation of the dynamic characteristics of the plant control is required in 

order to investigate and evaluate the stability and the transient performance 

characteristics of the total power plant system. The power plant simulation 

also serves as an effective design and analysis tool to aid in the development, 

mechanization, verification, and performance evaluation of the major 

system control systems. By means of this simulation, both the dynamic per

performance of each subsystem and the performance sensitivities to major 

design parameters are defined and evaluated with respect to meeting both 

performance and system design requirements. A real-time simulation of 

the dynamics of the power plant and subsystem interfaces is also used to 

design, evaluate, and verify the performance of the master control system 
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algorithms. After the master control system algorithms are defined and 
implemented into the master control computer, the simulation checks out and 
verifies the integrity and compatibility of the master control subsystem hard
ware with the simulated power plant prior to integration into the actual 
power plant. 

In the following paragraphs, the purpose and simulation philosophy are pre
sented, in addition to a complete description of the total power plant simu
lation (POPS). Some typical transient responses of the power plant generated 
from the presently operational POPS simulation are presented, in addition to 
the ·present simulation status. 

4. 7.1 Simulation Purpose and Guidelines 
The purpose of the power plant simulation is to provide a design and analysis 
tool for definition and performance evaluation of the dynamic characteristics 
of both the major subsystems and the total coupled steam power-generation 
system. As a design tool, the simulation is used to evaluate the stability, 
the controllability, the transient response characteristics, and the steady
state accuracy of the major subsystems. As a performance evaluation tool, 
the simulation is used to evaluate the nonlinear transient performance of the 
system relative to both design and performance requirements, as well as to 
define performance sensitivities to plant disturbances and major subsystem 
parameter variations. For example, the stability of the receiver temperature
flow control system can be evaluated throughout the full range of expected 
temperature-flow conditions to assure that adequate stability margins exist 
within the control system throughout the full range of expected operating and 
environmental conditions. The temperature and flow transient responses of 
the receiver to variations in input flux or disturbances in system pressure can 
then also ·be evaluated relative to performance or design requirements. This 
performance evaluation is used to substantiate the adequacy of the design or 
to assess the effect of a design change within the receiver subsystem. 

The general philosophy used in the development of the simulation is to generate 
and substantiate mathematical models of both representative hardware (valves, 
turbine, sensors, etc.) and physical processes (convection heat transfer, 
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change of phase system, fluid thermodynamics), which are accurate repre

sentations of the actual system within the frequency range of interest. The 

method used to generate a large system simulation like POPS is to develop 

and verify each subsystem model in a progressive building-block manner. 

In the case of POPS, the receiver subsystem simulation is developed, checked 

out, and verified; then the simulation is expanded, one subsystem at a time, 

to include the turbine-generator, thermal storage subsystem, balance of 

plant, and master control subsystem. This assures that by a systematic 

development of each subsystem model, we will have a high level of con

fidence that the resultant total system simulation is a valid, accurate 

representation of the actual power plant. 

4. 7. 2 Simulation Description 

The POPS simulation is composed of a set of mathematical models which 

describe the dynamic performance of the receiver, turbine/generator, thermal 

storage subsystem, and pertinent ancillary devices within the balance of the 

plant and the master control subsystems. A functional schematic of the major 

power plant system elements, as shown in Figure 4-38, presents some of 

the key features of the simulation as well as the major functional flow between 

major subsystems. A detailed simulation block diagram of the total power 

plant system is shown in Figure 4-39 in which each of the major subsystems 

is expanded into its major elements. The following paragraphs discuss in 

detail each of the subsystem models, model verification, primary simula

tion input and output parameters, and the simulation mechanization. 

4. 7. 2.1 Receiver Subsystem Simulation Model 

The receiver model consists of a preheater section and water-steam transi

tion section. The 24-panel receiver is modeled as a lumped system con

sisting of one preheater panel, two boiler panels, and a downcomer section, 

as shown in Figure 4-40. The mathematical model that describes the dyna

mic characteristics of the system is derived from equations based on an 

energy balance on the receiver wal.ls and on the working fluid inside the 

receiver tubes, a conservation of mass within the system, and the thermo

dynamics and fluid dynamics of nonsteady fluid flow. System losses due to 

frictional flow, radiation and convection, and nonideal fluid flow are included. 
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The boiler panels, which convert the subcooled liquid into superheated 

steam, are lumped into the three distinct fluid phases of subcooled liquid, 

saturated steam, and superheated steam. The dynamics of the receiver sub

system are described by a set of 16 nonlinear differential equations and 

additional algebraic relationships which describe the dynamic response 

characteristics of the receiver in the frequency range from zero to approxi

mately 2 Hz. In general, the state variables in each section are described 

by the wall temperatures, fluid temperatures, and fluid masses with addi

tional algebraic equations defining the pressure and flow rates within each 

section. As a typical example, the equations for the preheater and the 

superheat section of the receiver are described in detail in Figure 4-41. 

The feedback control systems which control the receiver consist of tempera

ture and pressure-controlled valves on the inlet water flow, in addition to 

the outlet superheated steam flow into the turbine. A typical control system 

simulation model, shown in Figure 4-42, includes dynamic models of the 

sensor, valve actuation system dynamics, and control system compensation. 

The control system mechanized within the simulation is flexible and allows 

for rapid evaluation of such effects as blended temperature/pressure control, 

alternative control system compensations, and either analog or digital mech

anization of the controller. The primary simulation driver is the solar heat 

flux incident on the receiver panels. The net incident heat flux can be either 

described mathematically (i.e. , sinusoid, ramp, etc) or is input as a tabular 

function of time (refer to Figure 4-38). 

4. 7. 2. 2 Turbine Generator Subsystem Simulation Model 

The turbine generator simulation model of a multistage combination impulse

reaction stage steam turbine and a two-pole 3, 600-rpm electrical power 

generator. The simulation model transforms the available energy from a 

form of steam through an impulse-momentum exchange in the turbine blades 

into mechanical energy and then into electrical energy irr1:he generator. The 

model consists primarily of a dynamic torque balance on the turbine generator 

shaft between the applied torque (impulse-momentum exchange in the turbine 

blades), the electrical load torque due to the generator, various damping and 

loss torques due to mechanical, electrical, friction, and flow losses, and 
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the associated time constants with the turbine due to flow of gases within a 

constrained volume. 

A simplified functional schematic of the turbine-generator simulation model 

and a/functional block diagram are shown in Figure 4-43. The most complex 

modeling in the subsystem is within the description of the applied torque on 

the turbine blades due to the impulse-momentum exchange between the 

flowing steam and impulse/reaction turbine blading. In general, the torque 

is a function of the type of stage (impulse or reaction or combination of 

both), compounded staging, turbine blade geometry and blade efficiencies, 

and the relative velocity between the fluid and the turbine blades. These 

relationships are generally complex for a simple-impulse stage and even 

more complex for a reaction stage. The general mathematical relationship 

for the torque is similar for all stages and is described in Figure 4-44 for 

a simple compounded impulse stage. For a reaction type of stage, the 

velocity-enthalpy exchange is more distributed throughout the stage, but 

the general form of the model still applies as a good approximation for the 

torque contributed by each set of moving blades. Frictional torques and 

damping torques on the turbine shaft are proportional either to shaft speed, 

relative speed, or steam flow rate as shown ln Figure 4-43. 

The load torque on the turbine shaft when a synchronous load is applied is 

proportional to the load output current and the sine of the torque power 

angle. The input to the turbine is the inlet steam flow at specific enthalpy 

conditions and the output is the current and voltage generated by the electri

cal generator. The steam is assumed to undergo a nonideal, nearly isen

tropic expansion through each turbine state, finally exhausting into a constant

pressure condenser controlled to z. 5 in. Hg. A typical turbine steam expansion 

line is shown in Figure 4-45 for the various allowable operating conditions 

for 'both throttle steam and admission steam conditions. These expansion 

conditions and the blade geometries, efficiencies, and physical constants 

and parameters used in both the turbine and generator models are repre

sentative of a typical 12. 5-MW turbine-generator and will be continually 

re-evaluated and updated as more data are made available on the actual 

turbine-generator unit. 
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4. 7. 2. 3 Thermal Storage Subsystem Simulation Model 

The thermal storage simulation model consists of a desuperheater model, a 

thermal storage heater, heater pump, thermal storage unit and charging 

phase control systems for the charging cycle; and a steam generator, steam 

generator pumps, discharge control systems, and thermal storage unit for 

the discharge-steam generation cycle. The simulation of the thermal storage 

unit is formulated to describe the system dynamic characteristics throughout 

the full operating range in both the charging and extraction modes of opera

tion. The mathematical model which describes the dynamic characteristics 

of the system are based upon energy balance on the heat exchangers and the 

working fluids. Mathematical models of the dynamics of the physical hard

ware (pumps, valves, sensors, etc) are included, in addition to system losses 

due to friction and heat losses. A functional schematic of the thermal storage 

unit simulation is presented in Figure 4-46 in addition to some of the key 

features of the simulation. 

The actual system consists of two sets of pumps, thermal storage heaters, 

and steam generators connected in parallel; for simplicity, only one set is 

implemented in the simulation with little impact on overall simulation fidel

ity. The equations which describe the models for the thermal storage heater 

and steam generator are analagous to those equations for the receiver. A set 

of representative equations, in addition to a function schematic for the thermal 

storage heater and charging loop feedback control systems, is shown in 

Figure 4-4 7. 

4. 7. 2. 4 Balance of Plant Subsystem Simulation 

The simulation of the balance of the plant describes the steady-state operation 

of the condenser, feedwater heaters, feedwater pumps, deaerator, and the 

appropriate flash tanks within the system. At present, it is felt that the 

dynamics related to these elements play a less significant role in the overall 

system dynamics than the elements just discussed, thus justifying the current 

steady-state assumptions. As the overall simulation matures, selective 

expansions of these steady-state models will be considered to enhance the 

accuracy and validity of the model. A functional schematic of the current 

balance of plant simulation is shown in Figure 4-48. 
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4. 7. 2. 5 Simulation Model Verification 

To verify the integrity of the overall POPS simulation, the fidelity of each 
of the subsystem models is established by comparing the simulation per
formance characteristics to either reference models of higher fidelity or to 
available subsystem test results. The validity of the subsystem models is 
also established by comparison of simulation results to both analytical 

results, as well as a comparison to steady-state operating conditions. 
Comparison of simulation results to vendor-supplied data on hardware 
components such as sensors, valves, pumps, etc, substantiates the validity 
of component elements within the simulation. 

As a typical example, the method of simulation model verification used to 
substantiate the receiver subsystem simulation was to initially verify that 
the equations for the model were exact and complete. The simulation is 

then compared to previously computed steady operating conditions. The 

receiver simulation was then compared to predicted results, based on a 

small signal linear model of the receiver. The transient performance was 
then verified for large signal inputs by a comparison to a reference simula
tion of higher fidelity (Thermodynamics Program G-189 - 240 node model). 

When test data are available, for example from SRE tests on the receiver, 
the simulation is modified to represent the test conditions and a comparison 
between test results and simulation results is made and the fidelity of the 
simulation is established. If discrepancy exists, then the model equations 
are re-evaluated and system constants and parameters re-examined and 

updated until the simulation and test results agree with the accuracy of the 
test conditions and available data. 

4. 7. 2. 6 Simulation Input-Output and Implementation 

The POPS simulation is designed to be basically a design and analysis tool; 
therefore, the input and output are geared for analysis and subsystem design 
considerations. The inputs are representative of typical system inputs of 
system pressure, solar flux history, commanded set point operating con

ditions, and the selected operation mode of the power plant. The simulation 
outputs are typical of power plant monitored variables such as receiver 
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temperature and pres sure, flowrates, water and steam temperatures, 

turbine speed and inlet conditions, turbine steam pressure, and generator 

load. The simulation is designed such that system parameters such as 

valve position and flow characteristics, ambient conditions, flow rates, 

heat-transfer coefficients, and subsystem time constants can be easily 

varied and the impact on system performance rapidly evaluated. A tabula

tion of some of the key input-output and design parameters within the 

simulation is shown in Table 4-10. 

The goal of the simulation is that it be an efficient, effective, and accurate 

representation of the dynamics of the power plant system. As a design 

tool, it must be efficient and accurate to supply the designer with the neces

sary data to design the plant controls and master control subsystem. 

Because of the large number of simulation conditions and modes to be 

evaluated, the simulation must be efficient to operate and must also have 

rapid access and turnaround time for evaluation of the effects of master con

trol subsystem designs and their impact on system performance. For ease 

in checkout of the master control subsystem and verification of the real 

hardware prior to system integration, it is desirable to be able to integrate 

real hardware with a simulated power plant and plant interfaces to com

pletely check out the master control subsystem prior to installation. For 

these reasons, the POPS simulation is implemented on a hybrid (combined 

analog-digital) computer using the MDAC on line system facility (OLSF). 

By implementing the POPS simulation on the hybrid computer, it is possible 

to operate the simulation in a mode that executes the simulation faster than 

real time. In general, the differential equations are solved on the analog 

portion of the hybrid facility and complex algebraic functions and tabular func

tions such as steam tables, master control algorithms, and mode control and 

logic are performed in the digital portion of the hybrid computer. The hybrid 

facility also affords the capability of real-time and hands-on operation of 

the simulation with high-quality strip charts, X-Y plotters, and digital 

data processing available for recording simulation results. The computing 

capability of the hybrid computer facility is presented in Figure 4-49, with 

a physical picture of the hybrid computer shown in Figure 4-50. 

As an alternate tool to provide a backup capability to the POPS hybrid 

simulation, as well as to provide an alternate check on the hybrid simulation 
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Parameter 

Solar Insolation 

Inlet Water Flow 

Inlet Valve Area 

Inlet Water 
Enthalpy 

Superheated Steam 
Pressure 

Superheated 
Steam Temperature 

Turbine Inlet 
Flow 

Turbine Inlet 
Enthalpy 

Turbine Inlet 
Pressure 

Thermal Storage 
Inlet Flow and 
Enthalpy 

Oil Charging and 
Extraction Flow 
Rates 

Steam Generator 
Output Flow 

Table 4-10 (Page 1 of 2) 

KEY SIMULATION PARAMETERS 

Symbol 

Q 

h 
0 

4-101 

Description 

Input solar insolation incident 
on the receiver. 

Controlled inlet flow to receiver 
used to regulate outlet steam 
temperature, 

Area of inlet valve to receiver; 
its linearity and response 
impact on the receiver con
troller design. 

Enthalpy of inlet water into 
receiver; effects amount of 
sU:bcooled liquid in receiver. 

Sets the pressure within the 
receiver system; impacts both 
inlet and outlet receiver flow. 

Controlled system temperature 
of the receiver. 

Determines delivered torque 
and power to the electrical 
subsystem. 

A measure of the specific energy 
of the turbine inlet steam. 

Establishes flow rate through 
turbine. 

A measure of the energy 
delivered to the thermal storage 
system. 

Regulated oil flow in thermal 
storage heaters and steam 
generators. 

Delivered output flow from the 
steam generator; admission 
steam to turbine. 



Parameter 

Turbine Speed and 
Acceleration 

Generator Elec
trical Torque 
Angle 

Control System 
Gains and Compensa
tion, Time 
Constants 

Table 4-10 (Page 2 of 2) 

KEY SIMULATION PARAMETERS 

Symbol 

s,s 

e-e 
0 

K, T 

Description 

Turbine rotation velocity and 
acceleration; critical to turbine 
design and operation. 

Relative angle between genera
tor shaft angle and synchronous 
(reference) angle. 

Required control system gain 
and compensation characteristics 
required for stability and good 
transient performance of the 
subsystem controllers. 

results, a digital version of POPS is generated and exists. This digital 

simulation is written in Fortran language and is a nearly one-to-one mapping 

of the identical equations used in the hybrid simulation. This digital version 

is less efficient to operate than the hybrid simulation, but for rapid evaluation 

of major trade studies and for verification of the hybrid simulation, it is a 

valuable alternate design tool. 

4. 7. 3 Plant Control System Simulation Results 

In the followiI".g section, some typical results from the POPS simulation are 

discussed to describe the dynamic behavior of the coupled receiver-turbine 

system when subjected to typical input and operating conditions. The results 

presented are based on the best estimates of the hardware and physical 

system constants to date and a representative of typical expected system 

performance. 

4. 7. 3.1 Sinusoidal Response 

The receiver and the turbine responses to a 10% sinusoidal variation in solar 

flux are shown in Figures 4-51 through 4-54. Figures 4-51 and 4-52 represent 

a condition of near-normal operation, but without temperature or pressure 

controls on the receiver. This response is in effect an open-loop frequency 
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response of the system to sinusoidal solar flux input with a period of 60 sec. 

Similar transients are presented in Figures 4-53 and 4-54 with the exception 

that the control loops on outlet steam temperature and downcomer pressure 

are closed. For the open-loop system, temperature variations of+ 50° and 

pressure excursion of+ 8. 0 psia, are observed for only small variation in 

flow. For the closed-loop system response of Figures 4-53 and 4-54, the 

temperature variations are reduced to+ 10° and pressure excursions reduced 

to + 2. 0 psia by maintaining a controlled flow variation in each panel of 

+ 0. 2 lb/ sec. 

4. 7. 3. 2 Simulated Cloud Transient 

In Figures 4-55 and 4-56, the response of the controlled receiver-turbine 

system is shown when subjected to a simulated variation in solar heat flux 

imputs due to a transient cloud condition. The equivalent solar flux tran

sient is assumed to vary linearly from 100 to 50% in 60 sec and then return 

to normal 60 sec later. This set of simulation results demonstrates the 
capability of the receiver to meet design conditions when subjected to simu

lated realistic solar flux transients. These results are presented as typical 

of the power plant system and demonstrates the types of capability that exist 

within the POPS simulation. 

4. 7. 3. 3 Turbine Startup Transient 

A simulated condition of a turbine startup sequence is .shown in Figures 4-57 

and 4-58 for a condition of varying solar heat flux inputs. The turbine 

speed is commanded to follow a commanded ramp-hold profile while the 

receiver is subjected to a variation in input solar flux. The inlet steam flow 

to the turbine is throttled to control the turbine speed while the excess flow 

out of the receiver is diverted to thermal storage. This set of results is 

typical of the solar power plant turbine startup mode and demonstrates the 

capability to simulate a turbine start sequence under realistic solar transient 

conditions. 

4. 7. 3. 4 Thermal Storage Heater Response 

A typical response of the thermal storage heater is presented in Figure 4-59 

for a system configuration without feedback controls. The system is allowed 

to reach steady-state conditions, and a step change in the inlet oil flow of 
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-20 lb/ sec is applied to the system at t = 0 sec. The steady- state outlet 

oil temperature increases approximately 20°F and the open-loop system 

response has an equivalent first-order time constant of approximately 

100 sec. 

4. 7. 4 POPS Simulation Status 

At present, the POPS simulation is in an operational mode. The receiver 

subsystem and the turbine-generator subsystem simulations are implemented 

and checked out and are in an operational mode. The results presented in 

Section 4. 7. 3 are taken directly from that simulation. The balance of 

plant subsystem equations have been defined and are to be implemented in 

the future. The mathematical models for the thermal storage charging and 

extraction loops have been defined and are to be implemented into POPS as 

the next logical step in the development of the total system simulation. Each 

major subsystem is implemented and checked out in module form on both 

the digital and hybrid versions of POPS. After the thermal storage subsystem 

is implemented, the master control subsystem algorithms will be defined, 

designed, and integrated into the total power plant simulation. 

It is the goal of the simulation effort to have a representative operational 

simulation of the total power plant with preliminary plant control systems 

and a preliminary master control subsystem algorithm by late fall 1977. 

The development of the POPS simulation is an ever-evolving process. As 

more sophisticated models become available and better defined, the simula

tion is continually updated to reflect the most recent estimate of system 

configuration, constants, parameters, and hardware characteristics. The 

simulation is continually evaluated with respect to its function and purpose 

and the simulation effort is directed toward addressing the critical design 

issues and meeting the goals of the total solar program. 

The POPS simulation is designed to be flexible enough to adjust to new 

program requirements with an end goal of providing a system integration 

capability for the checkout and verification of the integrity of the total power 

plant system master control concept. 
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4. 8 PHASE 2 SYSTEM INTEGRATION EFFORT 

System integration has been identified by MDAC as a significant task during 

the Phase 2 Pilot Plant program, and MDAC views on the subject are sum

marized in the following paragraphs. A top-level schedule of the major 

activities is included. 

4. 8. 1 System Integration Assumptions 

The specific tasks and responsibilities that the system integration contractor 

will have in Phase 2 are not clearly defined now because the total role of 

the Department of Energy and any of its contractors, e.g. , Sandia or Aero

space, have not been announced for Phase 2. Therefore, the approach we 

took was to outline the efforts we assume that the integration contractor will 

have, and to schedule and man-load the tasks as a means of arriving at a 

justifiable estimate of system integration costs. 

As the CBS Item 8100, 3 title, 11 Solar Subsystem Integration Contractor," 

implies, we have assumed that a fundamental task will be that of managing 

the functional and physical interfaces qetween the collector, receiver, ther

mal storage, and master control subsystems, The task would involve the 

definition----a--nd-corurol of all interface documentation, performance and design 

criteria, and program control, such as schedule monitoring, to ensure that 

Phase 2 milestones are met on time. 

Additionally, since the steam/feedwater loop knows no clean solar plant/ 

balance of plant boundaries, but pervades the entire system, there is a need 

for the coordination of the functional and physical interfaces between each of 

the subsystems, including collector, receiver, thermal storage, electrical 

power generator subsystem (EPGS), and master control. The physical 

dimensions, as well as the temperatures, pressures, flow rates, operating 

mode constraints, and other characteristics, should be coordinated and con

trolled from a single point to minimize the probabilities of incompatible 

interfaces between subsystems during installation and checkout of the Pilot 

Plant program. 

It has been assumed that the system integration contractor will also have 

responsibility for conducting the six-month integrated system tests during 
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the last half of calendar year 1980. (The tests are described in Section 4. 9. ) 

Corollary assumptions are that MDAC, as the system integration contractor, 

will be assisted by Stearns-Roger in the conventional plant startup activities, 

and that this will be a period during which Southern California Edison (SCE) 

operating personnel will be familiarized with the operations and maintenance 

aspects of the Pilot Plant. 

Another assumption is that SCE will have overall responsibility for operation 

of the Pilot Plant during the 2-year test program, with support from MDAC. 

A corollary assumption is that MDAC will be responsible for preparing the 

test plan, subject to review and approval by SCE and the Department of 

Energy. More specifics of the first and second year of the test program 

are treated in Section 4. 9. Another corollary assumption is that MDAC 

will have primary responsibility for analysis and evaluation of the test data 

acquired during the program. 

A final assumption to provide the overall framework for the delineation of 

all the system integration tasks is that the system integration contractor 

will be responsible for semiannual program reviews and documentation in 

Phase 2. 

4. 8. 2 System Integration Tasks 

A list of tasks defined for the system integration contractor, consistent with 

the assumptions stated in Section 4. 8. 1, is shown in Table 4-11. It should 

be recognized that this list is not necessarily all-inclusive, and would change, 

depending upon specific program requirements, but it is presented here as 

representative of how MDAC views the overall job of system integration. 

4. 8. 3 System Integration Schedule 

The tasks listed in Table 4-11 have been distilled into fewer, more general, 

efforts, and are shown against a calendar year time frame in Figure 4-60. 

The top bar for solar subsystem integration is intended to show the antici

pated effort for coordination and management of the collector, receiver, 

thermal storage, and master control interfaces, as well as performing· 

analyses, e.g., dynamic simulations of the total system operation. It has 

been assumed that the effort will be completed during the first 3 years of 

the program. 

4-117 



Table 4-11 

PILOT PLANT SYSTEM INTEGRATION FUNCTIONS 

System and Subsystems Performance Analysis (Including Sizing and I/F 
Definition) 

System and Subsystems Operations Analysis (Including Dynamic Anal and 
IF Definition) 

Preparation of System Test Plan (Including Subsystem Checkout and 
Integrated System Tests) 

Preparation of System Safety Plan (If Required) 

Preparation of Training Programs and Documentation (for Contractor and 
SCE Personnel) 

Preparation of Final System and Subsystems Specifications 

Preparation and Maintenance of Interface Control Documentation 

Preparation and Maintenance of Integrated Solar Subsystem Program Schedule 

Participation in Finalization of Environmental Impact Report 

Perform Safety and Hazards Analyses 

Participati 'l in Risk Vs Cost System and Subsystem Design/Operation Trades 

Monitoring of Compliance with OSHA Regulations and Other Safety Codes 

Two-Year Test Program Operations and Support (Including On-Site and 
Off-Site) 

Preparation and Publication of Program Documentation 

Coordination and Monitoring of Solar Subsystem Contractor Activities 

Coordination of Interfaces Between Balance of Plant and Solar Subsystem 
Contractors and A &E Contractors 

Coordination with SCE 

Coordination with Construction Manager 

Coordination with Department of Energy/Sandia/Aerospace, as Appropriate 

Preparation for, and Participation in, Program Reviews with Department of 
Energy and Others 

Perform Specialized Field Performance Analyses (University of Houston) 

Perform Integrated System Tests (Phase 2 of Test Program) 

The system interface effort is shown for the entire 5-year period, as 

required, and it denotes the total system interface effort that is relative to 

the steam/feedwater loop, as described previously. Milestones are indi

cated for preliminary and final versions of interface documentation during 

the initial detailed system design effort. The documentation will be updated 

regularly, and will form the basis for configuration management. 
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Lastly, the customer /contractor coordination effort, which is shown for the 

entire 5-year program, is meant to show activity that would involve inter

actions between the system integration contractor and any party not providing 

hardware to the program, e.g., Department of Energy/Sandia/Aerospace/ 

Construction Manager. 

4. 9 FIELD INSTALLATION AND TEST OPERATIONS 

Verification of requirements for the Pilot Plant system--by inspection, 

analysis, similarity, test and/or demonstration--as specified in the System 

Requirements Specification for the Central Receiver Solar Thermal Power 

System Pilot Plant, will take place during the course of a planned 42-mo field 

installation and test operations program. The assumed Pilot Plant program 

ATP date is January 197 8. The field installation and test operations program 

is scheduled to begin in July 1979 with field site installation of the Pilot Plant 

subsystems and end in December of 1982 after the Pilot Plant has been oper

ating for 2 years in both the system research and power production modes. 

As shown in Figure 4-61, the planned 42-mo program has been divided into 

the following three major phases: 

• Phase A. A 12-mo period devoted to subsystem installations and 

checkouts. 

• Phase B. A 6-mo period of integrated system tests. 

• Phase C. A 24-mo period during which the Pilot Plant is operated 

in the system research mode for one year and in the power produc

tion mode for a year. 

Phase A activities will consist of installation of the master control and 

collector, receiver, thermal storage, and EPGS, followed by the functional 

checkouts of each of the subsystems to verify subsystem performance up to, 

but not including, subsystem-to-subsystem interface performances. During 

the checkouts, hot water/ steam from special test equipment (STE} will be 

used to leak check and functionally evaluate the individual performances of 

the receiver and thermal storage subsystems. Phase A will be concluded 

when subsystem performances have been verified- -within the limitations of 

subsystem internal controls (master control will not be on-line during Phase 

4-120 



CY 1979 1980 1981 

QTR 3 I 4 1 I 2 I 3 I 4 1 I 2 J 3 I 4 

1STSOLAR 
START SIS SYS STEAM 

START L. CHECKOUTS b. 
FIELD 

MAJOR MILESTONES L SITE f PILOT PLANT IOC 

S/SINSTL HOT WATER 
L. STEAM UNIT (STE) b,.1ST EPGS ELECTRICITY 

I INSTALLATIONS 
PHASE A- INTEGRATED 
SYSTEMS TEST 

I CHECKOUTS 

~ .... 
"' 

D INTERFACE TESTS -
STEAM (STE) 

PHASE B - INTEGRA1'ED 
I 

• 
I ,HTERFACE TESTS - RECEIVER 

SYSTEM TEST STEAM - TEST SERIES 1 

c::: INTERFACE TESTS - RECEIVER 
STEAM - TEST SER I ES 2 

PHASE C - OPERATIONS 
TESTS 

Figure 4-61. Pilot Plant Field Installation and Test Operations 

1982 

1 I 2 I 

COMPL 
RESEARCH 

~TESTING 

CR39A 
VOLII 

3 I 4 

COMPL2YR 
OPERATIONS 
TESTPROG b. 

RESEARCH TEST MODE 

I 
PWR PRODUCTION MOOE 



A) and special test equipment - and all subsystem-to- subsystem electrical 

and mechanical installations have been completed. 

Phase B activities will be initiated with the verification of electrical inter

faces between the master control and the subsystem controllers of the 

collector, receiver, thermal storage, and EPGS. These interface verifi

cations will establish the proper transmittal and receipt of data between 

master control and the Pilot Plant subsystems in the three operational 

modes--fully manual, fully automatic, and the combination mode using 

manual control supported by computer monitoring and alarm. Subsequent 

to these verifications, hot water/ steam from the STE will be reintroduced 

into the receiver and thermal storage subsystems to demonstrate the moni

toring and control capability of master control. At the conclusion of the 

demonstrations, and the successful checkout of the 1, 760 heliostats under 

the direction of master control, the following two important events will 

take place: 

• First generation of steam from solar energy. 

• First generation of electricity from receiver-generated steam. 

Phase B will be concluded when all subsystem-to-subsystem interfaces have 

been operationally verified and adequate Pilot Plant test data have been 

collected and analyzed to verify performances of each of the subsystem when 

integrated into the Pilot Plant sys tern. 

During Phase C of the three-phase field installation and test operations pro

gram, all required Pilot Plant operational modes - normal startup, normal 

solar operation, low solar power operation, intermittent cloudiness operation, 

thermal storage charging, extended operation (stored energy), fully charged 

thermal storage, normal shutdown, emergency shutdown, and subsystem 

conditioning - will be activated for adequate periods of time to permit the 

collection and analysis of test data concerning Pilot Plant performance. For 

the first year of the 2-year Phase C, the Pilot Plant will be operated in the 

research testing mode to demonstrate stable controlled operation of the Pilot 

Plant in all operational modes. In addition, data pertaining to the technical 

feasibility of a commercial- size solar thermal electric system will be ob

tained. In the second year of Phase C, the Pilot Plant will be operated in the 
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power production mode. This mode of operation will demonstrate the technical 

feasibility of a commercial- size solar thermal electric system in addition to 

providing an indication of solar thermal electric system economics. Phase C 

will be concluded when the Pilot Plant Program objectives have been achieved. 

All Phase A through Phase C field installations and test operations will be 

performed in accordance with master program phasing schedule (MPPS) 

requirements to ensure that program milestones and critical events have 

been met. From the MPPS, detailed working schedules for each individual 

field installation and test operation will be prepared. At frequent intervals, 

schedule reviews will be conducted to review progress, discuss actual or 

potential soft spots within the activity schedules, and to decide what, if any, 

corrective action is required. 

Installation and checkout activities of the Pilot Plant (Phase A) will be per

formed and/or supervised by contractor personnel. Utility personnel will be 

trained and phased into plant operations beginning with Phase B until the 

second year of Phase C, by which time they will be completely responsible 

for plant operations. Contractor personnel will continue to provide technical 

support during the switchover period, as shown in Figure 4-61. 

Each installation and test operation will be conducted in accordance with 

written procedures derived from the applicable installation or test require

ments drawing. Test operations procedures will be both manual and auto

mated (for master control implementation), and automated procedures will 

be verified in the laboratory prior to field site implementation. 

Data requirements for each test operation, including nominal read-out values, 

will be an important part of each test requirement drawing and test procedure. 

Data required for the safe and proper operation of each subsystem during a 

test operation will be displayed for real-time analysis and recorded, as well 

as other data required for overall subsystem evaluation, off-line data analysis 

and evaluation. Progression of the overall field installation and test opera

tions program within a given phase as well as from one phase to the next 

will be based on the results of these data analyses and evaluations. 
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4. 9. 1 Subsystem Installation and Checkout, Phase A 

Phase A of the three-phase, 42-mo field installation and test operations 

program will be a 12-mo effort devoted to the installation and checkout of 

the Pilot Plant master control and the collector, thermal storage, receiver, 
and electrical power generation subsystems. As shown in Figure 4-62, 

Phase A is initiated in July 1979 and is scheduled for completion in June 1980 

(Pilot Plant program ATP of January 197 8 assumed). A brief summary of 
Phase A activities follows with additional information pertaining to the 
various subsystem installations and checkouts presented in the individual 

subsystem report volumes. 

4. 9. 1. 1 Master Control 

Master control hardware and software will be developed, integrated, and 

tested at MDAC prior to delivery to the field site. Installation of the equip

ment in the control room at the field site, including interface equipment such 
as steering logic, patch panels, relay junction boxes, and analog recorders, 

will be done in conjunction with the installation of control and instrumentation 

cables between the control room and Pilot Plant subsystems. 

Following equipment installations, computer self-check routines will be 

conducted to verify the operational readiness for Phase B where the three 

master control modes of operation - fully manual, fully automatic, and com

bination using manual control supported by computer monitoring and alarm -

will be exercised. In addition, integrity checks of all cable and instrumenta

tion installations (including that instrumentation required for air weather 

monitoring and forecasting) will be performed. 

4. 9. 1. 2 Collector Subsystem 

The 1, 760 heliostats of the collector subsystem will be assembled in the 
field site assembly building and then transported to the field. There, they 
will be lowered and secured onto the previously installed and leveled founda

tions. Power, control, and instrumentation cables will be connected to the 

field/heliostat controllers, after which electrical and instrumentation checks 

of the heliostats using STE in lieu of master control will be performed. 

Installation of the sensor poles and sensors, for the closed-loop subsystem, 
will be followed by electrical checks performed to verify heliostat/ sensor 
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interfaces. Subsequent to these verifications, individual heliostat and sensor 

combinations will be aligned through a series of heliostat tracking exercises 

using the STE and receiver panels mounted on the receiver tower. 

Phase A activities £or the collector subsystem will be concluded with a series 

of tests performed to verify the performance of each field controller and its 

associated cell of 24 heliostats. For the tests, a wet receiver will be re

quired. The STE will be connected to each field controller, and each cell 

of heliostats will be commanded to acquire the sun, normal track, synthetic 

track, slew of£ receiver unit, wash position, inverted position, and stow 

position. While in normal tracking, at least one heliostat out of 24 will be 

evaluated £or pointing error and beam quality, using the digital image radi

ometer in the STE. Procedures £or using the digital image radiometer are 

described in Section 6. 4 of Volume III. 

4. 9.1. 3 Thermal Storage Subsystem 

The thermal storage unit of the thermal storage subsystem will be erected 

in the field subsequent to field shop fabrication and preparation of site 

foundations. The installation will be followed by other equipment and piping 

installations such as the ullage maintenance unit, field maintenance unit, 

heat exchangers, etc, and the hookup of all power, control, and instrumenta

tion cables. 

Subsystem checkout performed after installation completion will be divided 

into preoperational checkout and operational checkout. Preoperational 

checkout will verify all electrical and pneumatic circuit connections after 

which power will be selectively applied to all circuits with verification that 

the appropriate activation occurs. All pumps, valves, etc, will be activated 

during the verification. During the checkouts, including the operational 

checkout discussed below, STE in lieu of master control will be interfaced 

with the subsystems controllers and be used to provide initiation signals as 

required £or operating control components. 

Operational checkout will involve operation and verification of the heat

transfer fluid and the hot water/steam networks of the thermal storage 

subsystem. Filling of the lines with heat- transfer fluid from the filled 

thermal storage unit will be followed by leak checks of all joints and flanges. 
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Subsequent to these checks, the charging and heat-extraction loops will be 

leak-checked and functionally evaluated by the introduction of hot water/steam 

into the subsystem from the STE. During the evaluations, all instrumenta

tion will be monitored and readings checked against pretest estimates with 

any anomalies resolved as required. 

4. 9. 1. 4 Receiver Subsystem 

Receiver sub sys tern installations will be initiated with the erection of the 

tower required to elevate and support the receiver unit and the riser/down

comer assembly. Assembly of the receiver unit will take place on top of 

the tower. Subsequent to this assembly, the installation of piping and con

trols and the hookup of all power, command, and instrumentation cables will 

take place, followed by inspections of all installations. 

Receiver subsystem checkout, facilitated by STE interfacing with the sub

system controllers in lieu of master control, will first verify all electrical 

and pneumatic circuit connections followed by the selective applications of 

power to all circuits to verify proper activation of all pumps, valves, etc. 

Subsequent to these verifications, hot water from STE will be introduced into 

the subsystem for purposes of: (1) leak-checking pipes, joints, and flanges, 

(2) functionally evaluating performance of the subsystem under a loaded and 

dynamic condition, and (3) supporting the collector subsystem performance 

verification tests. Monitoring and analysis of all instrumentation readings 

to -verify pretest performance predictions will be made during these opera

tions. At the completion of Phase A checkouts, the subsystem will be made 

ready for the Phase B integrated system tests. 

4. 9. 1. 5 Electrical Power Generation Subsystem (EPGS) 

Early installation and checkout of the EPGS equipment necessary to support 

the other subsystem installations and checkouts will be required. The equip

ment will include the power and power cables to each of the subsystems, 

water-treatment equipment, and the STE hot water/steam equipment. Prior 

to the installations and the required leak-functional checkouts, the turbine

generator equipment will be installed and checked out. 

Checkout of the turbine- generator equipment will follow the conventional 

checkout sequences established for the initial startup of all new generating 
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units. These sequences are in terms of weeks before initial turbine roll and 

include such functions as instrumentation checks, pressure checks, hydro 

tests, alarm tests, and no-load turbine checks. At the completion of these 

Phase A checkouts, the EPGS equipment will be made ready for the Phase B 

integrated system tests, including initial turbine roll under receiver steam 

scheduled for October 1 980 (Pilot Plant program ATP of January 1978 

assumed). 

4. 9. 2 Integrated System Tests, Phase B 

Subsequent to the Phase A completion of the installation and checkout of the 

Pilot Plant subsystems, including master control, integrated Pilot Plant 

system tests will commence. This second phase of the 3-phase, 42-mo 

installation and test operations program has a planned duration of 6 mo and, 

as shown in Figure 4-63, runs from July through December 1980 (Pilot 

Plant program ATP of January 1978 assumed). 

Phase B activities are designed to gradually and safely expand upon the 

Pilot Plant test data obtained in Phase A: therefore, they have been grouped 

and sequenced as follows: 

• Integrated system tests using the Phase A STE for generating hot 

water and steam. 

• Integrated system tests using receiver generated steam with all 

steam routed to the thermal storage subsystem and from there to 

the EPGS. 

• Integrated system tests using receiver generated steam with steam 

routed directly to the EPGS. 

4. 9. 2. 1 Integrated System Tests, STE Hot Water and Steam 

In Phase A, Pilot Plant subsystem checkouts were limited to functional tests 

of the individual subsystems under the control of each subsystem's controller. 

STE was required to (1) provide appropriate commands and readouts, in lieu 

of master control which itself was undergoing checkout, to the individual 

subsystem controllers, and (2) provide hot water and steam to the receiver 

and thermal storage subsystems, respectively. Building upon these tests, 
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Pr..ase B will be initiated with a series of tests to verify the following electri

cal interfaces: 

• Master control to collector field controllers. 

• Master control to receiver controller. 

• Master control to thermal storage controller. 

• Master control to electric power generation controller. 

This test series, using automated test procedures developed and verified 

by MDAC-Huntington Beach, will establish proper data flow between the 

master control and each of the Pilot Plant subsystem controllers and will 

ready the Pilot Plant for the functional tests that follow. 

Subsequent to the establishment of proper electrical interfaces between 

master control and each of the Pilot Plant subsystem controllers, an 

integrated master control/ receiver /thermal storage/ electrical power 

generation interface (electrical) test will be performed, followed by the 

introduction of hot water and steam into the system by the STE. Like 

Phase A, STE-provided hot water and steam are used to ensure available 

and controlled working fluids throughout test periods. The introduction of 

hot water and steam into the system at this stage of Phase B provides addi

tional receiver and thermal storage subsystem performance and integrity 

data. Also, and more important, the action verifies the capability of the 

master control to work in conjunction with the receiver and thermal storage 

subsystem controllers in regulating and controlling the flow of working fluids 

in and between these two subsystems. 

At the completion of the functional flow tests involving master control and the 

receiver and thermal storage subsystems, a final integrated system interface 

(electrical) test, including the collector subsystem, is performed prior to the 

introduction of receiver-generated steam into the system. 

4. 9. 2. 2 Integrated System Tests, Receiver Steam, Test Series 1 

Throughout Phase A and the initial tests of Phase B, subsystem and inte

grated system tests have been performed to verify the readiness of the system 

to accept receiver-generated steam. As can be seen from Figure 4-63, this 

milestone for the Pilot Plant program has been scheduled to occur, if weather 
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conditions permit, in October 1980 (Pilot Plant program ATP of January 197 8 
assumed) or midway through the integrated system tests of Phase B. 

The initial test series in the second half of Phase B will be devoted to {l) the 
final aiming and alignment of the field heliostat array with the receiver, and 
{2) demonstrating the capability •Of the heliostats to be off-targeted in a con
trolled manner upon command from the master control. As described below, 
a wet receiver will be required for these operations; therefore, master con
trol and all subsystems of the Pilot Plant will be brought on-line as required. 

The planned sequence of operations for the first series of tests involving 
receiver-generated steam will be as follows: 

• From approximately 2 AM to 4 AM, using power from the auxiliary 
source of the EPGS, heliostats will be oriented to their predicted 
sun acquisition positions by commands from master control. 

• When the sun is 10 deg above the horizon, the system will be 
started by the initiation of heated water flow through the receiver 
unit. Startup will be by command of the master control. 

• Heliostats will acquire the sun sequentially to control the system 
powerup. As heliostats acquire the sun and reflect the direct 
incident solar insolation onto the receiver unit, aiming and align
ment of all heliostats will be verified and adjustments made as 

necessary to obtain the required vertical aiming strategy. 

• Hot water and low-quality steam developed in the receiver during 
this operation will be cycled through the thermal storage subsystem, 
bypassing the turbine, until the thermal storage unit is sufficiently 

charged at which time the heliostat field will be shut down (both 
normally and under simulated emergency conditions) and the steam 
from the thermal storage subsystem will be directed to the turbine
generator for generation of electricity. 

• Shutdown of the EPGS will be automatically initiated when the outlet 
temperature of the thermal storage heat-transfer fluid falls below 
a given value. 

Subsequent to the completion of final heliostat field alignment and slew checks, 
system operation in the extended-operation mode will be continued to gather 
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and analyze data pertaining to (1) system startup, (2) thermal storage charging, 

(3) extended operation (stored energy), (4) fully charged thermal storage, 

(5) normal shutdown, and (6) heliostat shutdown, both normal and emergency 

modes. (Operation of the power plant in the above sequence is, of course, 

dependent upon actual weather conditions at the time of test. During initial 

trial runs of the system, unfavorable weather conditions will be just cause 

for either not attempting system startup or for instigating an early system 

shutdown.) 

4. 9. 2. 3 Integrated System Tests, Receiver Steam, Test Series 2 

With the accomplishment of heliostat field final alignment and the gathering 

and analysis of data on the operation of the Pilot Plant in selected operational 

modes, the last series of tests in Phase B will be dedicated to the operation 

of the Pilot Plant in the normal solar operation mode. The planned sequence 

of operations for this test series is similar to that of the preceding series 

except that receiver-generated steam will be routed directly to the electric 

power generation subsystem rather than to the thermal storage subsystem. 

Pilot Plant operation will continue in this mode for the remainder of Phase II 

to verify that high-quality steam can be provided to the EPGS within specifi

cation requirements. (Once again, the actual operation of the Pilot Plant 

for the scheduled period of time will depend upon weather conditions at the 

time of test. Unfavorable conditions will cause a variation in the planned 

series of test operations and therefore could cause a variation in the proposed 

test schedules. ) 

At the conclusion of Phase B, the Pilot Plant will be shut down for a week 

to allow a thorough evaluation of test data collected as well as visual in

spection of all elements of the various subsystems. Subsequent to these 

analyses and inspections, the plant will be made ready for the scheduled 

2-yr Phase C program. 

4. 9. 3 Operations Tests, Phase C 

The third and last phase of the 42-mo field installation and test operations 

program will be devoted to operating the Pilot Plant in the research testing 

and power production modes, in accordance with Pilot Plant System Require

ments Specification requirements. As presented in Figure 4-64, the first 
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year of Phase C will be dedicated to plant operation in the research testing 

mode and the second year to plant operation in the power production mode. 

The sequence of operations will result in extensive operator training plus 

plant debugging prior to operation of the plant in the power production mode 

to formally demonstrate the technical feasibility of a commercial- size 

thermal electric system, and to provide an indication of system economics. 

4. 9. 3. 1 Research Testing Mode of Operation 

The objective of the 1-yr operational period, during which time the Pilot 

Plant will be operated in the research testing mode, will be to demonstrate 

stable controlled operation of the Pilot Plant system in the following opera

tional modes: 

• Normal startup. 

• Normal solar operation. 

• Low solar power operation, 

• Intermittent cloudiness operation. 

• Thermal storage charging. 

• Extended operation (stored energy). 

• Fully charged thermal storage. 

• Normal shutdown. 

• Emergency shutdown. 

• Subsystem conditioning. 

To achieve the objective, it will be necessary to operate the plant in each 

of the required modes for a period of time sufficiently long that a meaningful 

demonstration can be obtained. This can be accomplished, assuming a suf

ficient number of clear days are available, in two ways: 

1. By taking maximum advantage of actual weather conditions during 

the test period. 

2. By simulating conditions such as low solar power operation and 

intermittent cloudiness operation as required by shutting down the 

required number of heliostats in the field for the required periods 

of time. 

To take maximum advantage of actual weather conditions during the test 

period, accurate weather data (both actual and predicted) for the immediate 

and surrounding Pilot Plant locations will be continuously provided to the 
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Power Plant control station. These data will include wind speed and direction; 
cloud coverage, type, and movement; visibility; precipitation; etc. Based on 
these data and an overall Phase C operational plan, Pilot Plant operational 
schedules will be prepared (for 1 wk, for example) including requirements 
for simulated conditions. These schedules, of course, will be sufficiently 
flexible to incorporate revisions due to unexpected changes to forecasted 
environmental conditions. 

In Figure 4-64, an overall operational plan representative of possible Pilot 
Plant operational modes and time periods for the entire 1-yr research test
ing mode is presented. Note that during this 1-yr period, 5 wk of plant down 
time have been scheduled for inspection, evaluation, and maintenance; between 
down times, operation periods are continually increased. 

During the first 3 wk of plant operation, the plan calls for the following modes \ 
of operation (environmental conditions permitting): 

• Normal startup, including thermal storage charging. 
• Normal solar operation with receiver steam in excess of that 

required for turbine design point operation delivered to the thermal 
storage subsystem. 

• Extended operation (stored energy). 

• Normal shutdown. 

• Subsystem conditioning. 

During this period, emergency shutdowns, including heliostats off target 
upon master control command, will be clemonstrated. 

Following a 1-wk down period for Pilot Plant inspection, evaluation, and 
maintenance, the plant is brought back on-line for 6 wk of operation in the 
following operational mode (environmental conditions permitting): 

• Test period 1 modes. 

plus 

• Normal startup. 

• Thermal storage charging (maximum). 

• Fully charged thermal storage. 

• Extended operation. 
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• Normal shutdown. 

• Subsystem conditioning. 

Again during this period, emergency shutdown, including heliostats off 

target upon master control command, will be demonstrated. 

Subsequent to a 1-wk down period for Pilot Plant inspection, evaluation, and 

maintenance, the Plant is brought back on-line for 12 wk of operation in the 

following operational modes (environmental conditions permitting): 

• Test period 1 and 2 modes. 

plus 

• Normal startup. 

• Intermittent cloudiness (simulated as required). 

• Low solar power (simulated as required). 

• Normal shutdown. 

• Subsystem conditioning. 

Following a 1-wk down period for Pilot Plant inspection, evaluation, and 

maintenance, the plant is again brought back on-line for 22 wk of operation 

in the operational modes (environmental conditions permitting) of test 

periods 1, 2, and 3. 

Subsequent to this 22-wk period of operation, the plant will be taken off 

line for 2 wk to review the results of the test data obtained and to prepare 

the plant for the 1-yr period of operation in the power production mode. 

4. 9. 3. 2 Power Production Mode of Operation 

The last year of the 42-mo Pilot Plant installation and test operations 

program will be devoted to Pilot Plant operation in the power production 

mode. The Plant will demonstrate the operational capability of supplying 

electrical busbar power using thermal energy from the storage system, or 

thermal energy directly from the receiver subsystem. The power supplied 

by the Pilot Plant will be used by the utility to partially meet the electrical 

demand. 

To provide an indication of Pilot Plant sys tern economics, the plant will be 

operated as a Commercial power plant by utility pe~sonnel, as opposed to 

4-136 



contractor personnel who will be responsible for the conduct of operations 
during previous phases. Plant operational and maintenance procedures pre
viously developed and verified such as system startup, normal shutdown, 
emergency shutdown, subsystem conditioning, etc will be exclusively used 
throughout this 1-yr program. Training of utility personnel in the use of 
the procedures will be accomplished primarily in Phase C during the 1-yr 
research testing mode. 

In addition to providing an indication of system economics, operation of the 
Pilot Plant in the power production mode will formally demonstrate that the 
Plant is capable of (1) delivering 10-MWe net busbar power to the electrical 
transmission network at 2 PM on a clear day at Winter solstice when operat
ing on energy directly from the receiver subsystem, (2) storing thermal 
energy in the thermal storage subsystem for concurrent or deferred conver
sion to electrical power, (3) when absorbed thermal power exceeds 32. 6 
MWth, storing energy while simultaneously generating 10 MWe net, (4) de
livering at least 7 MW net electrical power for 3 hr and lesser power levels 
for longer periods of time to the electrical transmission network when 
operating solely on energy drawn from the fully charged thermal storage 
subsystem, and (5) delivering at least 7 MWe net power to the electrical 
transmission network when operating on energy from the thermal storage 
subsystem while it is being charged by the receiver subsystem. 

During the power production mode, master control will be operating mostly 
in the automatic mode with the other modes available as required. Plant 
operational modes (normal solar, low solar, intermittent cloudiness, etc) 
will be dependent upon environmental conditions and network demand. In 
the automatic mode, the Pilot Plant will be under the control of application 
programs resident in the computer. The programs provide control and 
monitoring of the subsystems, fault detection and isolation, and generation 
of status and error data to hardcopy or recording devices and operator 
display. 

Since the Pilot Plant is still in a research and development status in Phase· 
C, test data concerning the operation and performance of the overall plant, 
as well as the individual subsystems, will continue to be recorded and analyzed 
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and changes to operational procedures incorporated as required. Of 

particular importance to the Central Receiver Solar Thermal Power System 

will be the data collected and analyzed pertaining to Pilot Plant availability, 

maintainability, and reliability because these factors directly influence the 

economic aspects of the solar thermal power system concept. 

4. 10 SYSTEM EFFECTIVENESS 

4. 10. 1 Introduction 

An important characteristic of any Commercial power plant is a high level 

of systems effectiveness that includes a minimum of failures, downtime, and 

maintenance, and a maximum amount of safety. It is even more important 

for a solar power plant to have a high degree of systems effectiveness 

because the fuel for the plant is free; the only costs are capital cost and 

maintenance. The higher the degree of systems effectiveness, the lower the 

cost of electricity. Also, the solar plant presents hazards that are not 

present in a conventional fossil fuel plant. 

Systems effectiveness includes reliability, maintainability, and safety. 

However, in a power system the term availability is used, which effectively 

combines reliability (failures) and maintainability. 

Reliability is usually defined as the probability that a system or component 

will perform its intended function for a specified period of time. However, 

the question that is, or should be, asked when referring to a power plant is: 

what is the fraction of time that a system will be operating, or ready for 

operation, out of the total desired operating time. This availability includes 

reliability and maintenance. It is basically a calculation of the number of 

failures in a given period times the amount of time required to recover from 

the failures. The time is termed the outage time, the time the system is 

down and not available for operation. 

The requirement or the justification for a high level of systems effectiveness 

is economic and to some extent contractual. A high amount of availability 

is important in any power plant, but it is even more important in a plant 

where the fuel cost is zero and the entire cost of the final product, electricity, 

is caused by capital cost and operating cost. 
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. 4. 10. 2 Availability 

Availability is the fraction of the total desired operating time that a system 
or component is operating or available for operation. The electrical power 

industry (Reference 1 )* divides the time when a system is not available 
(unavailability) into three classes: forced outage, maintenance outage, and 
planned outage. Forced outage is an occurrence of a component failure or 

other condition which requires that the unit be removed from service 
immediately or up to and including the next weekend. A maintenance outage 
is defined as the removal of a unit from service to permit work on specific 
components which would have been postponed past the next weekend and is 
work done to prevent a potential forced outage and which could not be post
poned from season to season. A planned outage is the removal of a unit from 
service for inspection or general overhaul of one or more major equipment 

groups. This is work that is usually scheduled well in advance (e.g., annual 

boiler overhaul, 5-year turbine overhaul). The Edison Electric Institute 

also defines a forced partial outage as the occurrence of a component failure 
or other condition which requires that the load be reduced 2% or more 

immediately or up to and including the next weekend. 

The forced partial outages are considered in the equivalent total forced outage 
by calculating an equivalent full-load outage duration. This is done by con

sidering the outage time and the percentage reduction from full load. 

As discussed above, availability is the product of reliability (component 
failures) and maintenance (the time to recover from a failure) and thus is 
calculated by determining the number of failures and the average time to 
fix the failures. 

4. 10. 2. 1 Conventional Plant Statistics 

The historical data on availability of conventional power plants is found in 
several references (References 2, 3, 4, and 5). Table 4-12 (from 
Reference 3) gives the relationship between the size of a unit and the 
percentages of forced, planned, and maintenance outages. The relationship 
between size and forced outage rate is further emphasized by Figure 4-65 

*References are listed at the end of Section 4. 10. 
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Table 4-12 

TIME UNIT AVAILABILITY FOR 1964-1973 PERIOD 

Type of Unit 

Fossil 

200-389 MW 

390-599 MW 

600 MW and above 

Nuclear 

No. of 
Units 

234 

99 

59 

20 

Average 

Forced 
Outage 

4.4 

7.7 

14.0 

6.9 

Percentage of Time Unavailable 

Planned Maintenance Total 
Outage Outage Percent 

6.5 3. 1 14. 0 

8.7 3.8 21.2 

8.5 4.5 27.0 

9.3 4.9 21. 1 

(which is from Reference 5); Figure 4-66, taken from Reference 1, also shows 

this relationship. The relationship between drum-type boilers (used in the 

MDAC design) is shown in Figures 4-67 and 4-68. All of these figures show 

that if historical data is to be used to determine either availability goals or 

as estimates of expected results, the data of the appropriate facility size 

must be used. 

Table 4-13, from Reference 1, gives the data on the outage for a 90-129 MW 

plant. 

4. 10. 2. 2 Solar Power Plant Allocations 

The historical data ,given above, gives us a basis upon which to develop 

availability allocations for the Central Receiver Solar Thermal Power Plants. 

The allocations developed below are for a 100-MW plant. However, when 

data for a 10-MW plant is not available, it would be expected that the avail

ability would be higher (Figures 4-65 and 4-66) but, because the 10-MW 

plant will be a Pilot Plant and thus experimental, it would also be expected 

that the experienced availability would be lower. Thus, the data given is for 

a 100-MW Commercial Plant or a 10-MW Pilot Plant. 

The established availability goal for the 10-MW Pilot Plant is 90% or an 

unavailability of 10%. This goal was subdivided into outage categories and 

subsystems availability allocations at the beginning of the design period. 
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Table 4-13 

FOSSIL UNIT SUMMARY REPORT, 1964-1973 
(FOSSIL UNITS 90-129 MW, 191 UNITS, 1043 UNIT YEARS) 

Cause Forced Outages Maintenance Outages Planned Outages 

Boiler 167 Hr /Yr /Unit 149 Hr /Yr /Unit 465 Hr /Yr /Unit 
Turbine 59. 93 401 
Condenser 4 57 242 

Generator 23 58 299 
Others 5 46 150 
Unit 256 198 566 

This allocation was based on historical data, some of which is discussed 

above, and preliminary reliability and maintainability calculations. The 
results are shown in Table 4-14. 

Table 4-14 

ORIGINAL AVAILABILITY ALLOCATIONS 

Subsystem 

Collector 

Receiver 

Thermal Storage 

Master Control 

Electric Power Generation 

Total 

Total Unavailability = 10. 0% 

Total Availability = 90. 0% 

Forced Outage (%) 

0.51 

1. 36 

2.24 

0.34 

1. 75 

6.20 

4-145 

Planned Outage (%) 

0.25 

0.25 

3.80 



. The subsequent analysis and more comprehensive historical data showed this 

to be optimistic in some cases and pessimistic in others. The actual forced 

outage rates came out somewhat lower and the planned outage rates were 

higher, as discussed below. The collector has a much smaller unavailability 

due to the incorporation of the assumption, as used in the Commercial Power 

Plant field, that a reduction of less than 2% in power is not counted as a 

forced outage. The thermal storage is also much lower because of the 

incorporation of partial forced outage calculations and an assumption that 

the control system can be performed manually. 

The receiver forced outage is somewhat higher due to a revised design and 

the electric power-generation subsystem (EPGS) is higher due to better 

historical data. The planned outage is also higher for the same reason, 

The availability allocations should be updated as more and better information 

is obtained. Therefore, a new availability allocation of the 90% goal is 

shown in Table 4-15. 

Table 4-15 

REVISED AVAILABILITY ALLOCATIONS 

Subsystem 

Collector 

Receiver 

Thermal Storage 

Master Control 

Electric Power Generation 

Total 

Total Unavailability = 10% 

Total Availability = 90% 

Forced Outage (%) 

0.01 

1. 60 

0.55 

0.05 

2.45 

4.66 

Planned Outage (%) 

0 

1. 40 

1. 40 

0 

4.50 

5,34* 

>!<Total assumes some preventive maintenance performed simulataneously 
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4. 10. 2. 3 Availability Analysis 

The availability analysis includes failure anaLysis, estimating the failure 

rate or mean time between failures (MT BF), and a maintenance analysis, 

estimating the mean time to repair (MTTR ). The MTBF is then used to 

calculate the expected number of failures per year for the specific component. 

The value is then multiplied by the MTTR to determine the expected compo

nent unavailable hours per year. The subsystem, and then system, 

unavailable hours become the sum of the component unavailable hours with 

system considerations taken into account. 

The failure analysis was initiated by performing failure mode effects analyses 

(FMEA) as shown in Table 4-16 to determine the applicable failure modes 

and their effects on the subsystem, system, personnel, and the environment. 

The first two effects are used to determine if a component failure and its 

attendant unavailability are to be charged against the system unavailability. 

For example, it was assumed that, in general, a failure of a temperature 

or pressure sensor would not affect system unavailability due to the fact that 

manual control of most functions is available and feasible. 

A failure analysis is then conducted to determine the failure rate, the MTBF 

and, considering the number of the specific components and the required 

operating time, the number of failures per year. The basic failure rate 

data and the environmental adjustment factor (K) are obtained, in general, 

from historical data on similar components. The historical source on 

individual components are References 6 through 9, historical data on power 

plants and major subsystems are given in Reference 1. 

Much of the data was from Reference 6, which was a study to determine the 

accident probabilities in commercial nuclear power plants. Data were 

obtained from reference handbooks, reports, and commercial power plant 

experience (both fossil and nuclear) and were considered for the applicable 

environment of standard operational power plant conditions. The compilation 

is particularly useful because it performs the analysis required to incorporate 

data from different reporting sources and different operational and environ

mental conditions and reports a median value and a 90% likelihood range for 

each component. It is also particularly useful for a solar power plant because 

it was performed for a commercial power plant. 
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Table 4- 16 (Page 1 of 3) 

FAILURE MODE EFFECTS ANALYSIS 

CAUSE OF 
FAILURE PHASE SlllSYSTEH 

EF«-CT OIi 
SYSTEM PERSOfflEl ENVIRONMENT 

Randona fai 1 ure, 8 Actual loss - ~ctual loss - Possible hazard Release of steam 

loss of pCMer • Oesuperheater ~ys tem cannot from steam o atnos ohere 

incorrect conmand (TD) cannot f>l'"rate or released from 
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The results of the availability analysis of the collector subsystem are shown 

in Table 4-17. 

The component with the largest failure rate (smallest MTBF) is the 

Compudrive actuator, and a search of historical data on this component was 

negative. Therefore, data on similar components (linear actuators, variable

speed drives, constant-speed drives, gear boxes, etc) were used to make an 

estimate. A failure rate value of 10.4 per 106 hours was assigned to the 

primary mechanism, and a value of 7. 6 per 106 hours to the larger secondary 

drive. The larger failure rate was applied for the primary drive because of 

the smaller sizes of bearings and expected higher contact stress on the lobe 

interface rollers. 

The next largest failure item is the heliostat electronics where the failure 

rate was ~stablished by a part count and failure rates from Reference 8. The 

failure rates for the drive motors were obtained from Reference 6. 

The results show that the predicted overall heliostat failure rate is 59 per 

106 hours or an MTBF of 17,000 hr. The estimated yearly operating time 

is 3, 300 hr based on a calculated average of 10 hr per day and a 330-day 

year. The figure assumes that the system will be unavailable for 35 days 

per year because of inclement weather, The results for a collector field of 

1, 760 heliostats show that we can expect to have 342 heliostat failures per 

year or 1. 035 failures per day. 

The failure rate for the field controllers was estimated at 8. 6 per 106 hours 

by a parts count. This value, plus the estimated failure rate of the cables 

gives an MTBF of 83, 056 hours and three failures per year or one failure per 

110 days for the 74 field controllers in the Pilot Plant field. 

There ar.e eight transformers to provide power for the collector subsystem 

with an estimated failure rate of 0. 8 per I 06 hours. This value, plus the 

failure rate for the cables, and the distribution panel gives an expected 

failure rate of 0.11 per year. 
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Table 4- 17 (Page 1 of 2) 

COLLECTOR AVAILABILITY ANALYSIS 

Pilot Plant Commercial 

MTBF MTTR Failures Unavailable Failures Unavailable 

Item Component (Hr) (Hr) Per Yr Hr/Yr Per Yr Hr/Yr 

1 Transformer 1.2(10) 7.96 0.02 o. 16 0.27 2. 15 

2 Power Cables to Transformers 9. 3( 10
6

) 3. 11 0.003 0.009 0.04 0.23 

3 Distribution Panels 2. 9( 10
5

) 1. 51 0.09 o. 14 l. 2 1.8 

4 Field Controllers 1. 2(10
5

) 1. 29 2. 10 2.7 27. l 35 

5 Cables to Field Controllers 9. 3( 10
6

) 3. 11 0.03 0.09 0.33 1. 03 

~ 6 _. Field Controller Junction Box 2. 9( 10
5

) 1. 84 0.81 1. 49 10.8 20 
U1 
II.) 

2. 1(10
5

) 7 Heliostat Controller 1.04 27.5 28.6 359 373 

8 Cables to Heliostat 9. 3( 10
6

) 1. 50 1. 22 1. 80 16.0 24 

9 Heliostat Circuit Breaker 5. 7( 10
5

) 1. 66 10 16.6 129 214 

10 Azimuth Drive Motor 5( 10
5

) 2. 15 11. 6 25.0 151 325 

11 Elevation Drive Motor 5( 10
5

) 1. 54 11. 6 17.9 151 233 

12 Azimuth Position Sensor 8. 3( 10
5

) 1. 62 7.0 11. 4 91 147 

13 Elevation Position Sensor 8. 3(10
5

) 1. 10 7.0 7.7 91 100 

14 Azimuth RPM Counter 7.4(10
5

) 1. 33 7.8 10.4 102 136 

15 Elevation RPM Counter 7. 4(10
5

) 1. 05 7.8 8.2 102 107 



Table 4-1 7 (Page 2 of 2) 

COLLECTOR AVAILABILITY ANALYSIS 

Pilot Plant Commercial 

MTBF MTTR Failures Unavailable Failures Unavailable 
Item Component (Hr) (Hr) Per Yr Hr/Yr Per Yr Hr/Yr 

16 Azimuth Primary Compudrive 9. 6( 10
4

) 2. 15 60 129 786 1690 

17 Azimuth Secondary Compudri ve 1. 3(10
5

) 2.68 44 118 575 1540 

18 Elevation Primary Compudrive 9. 6(10
4

) 1. 54 60 92 786 1211 

19 Elevation Secondary Compudrive 1. 3(10
5

) 2.43 44 107 575 1396 

20 Sun Sensor 2( 10
6

) 1.12 3 3.36 38 42 
~ 

1(106) -• 21 Mirror Panels I. 12 35 39.2 454 508 U1 w 

22 Pedestal 10(10
6

) I. 49 0.58 0.86 7.56 11. 3 

23 Reflector Structure 2( 10
6

) 2.96 2.9 8.58 38 112 

24 Sun Sensor Pedestal 10(10
6

) 1.01 0.58 0.59 7.6 7.6 

Total Failures Per Year 344.63 4498.90 

Total Failures Per Day 1.04 13.63 

Total Heliostat Outages I. 32 17.30 
Per Day 



A loss of a field controller will cause a loss of 24 heliostats and a loss of a 

power transformer will cause a loss of 220 heliostats. Therefore, as shown 

in Table 4-17, while the expected failure rate for heliostats is 1. 035 per day 

the expected heliostat outage due to failures of all components (heliostats, 

field controller, and transformers) is 1. 32 per day or 437 per year. 

Any reliability improvement effort on the heliostats would logically be 

accomplished by installing components with a higher reliability; for example, 

Hi-Rel electronics components. It would be impractical to provide redundancy 

because a great deal of redundancy is already provided (1,760 heliostats) and 

the loss of one (or ten) heliostats does not materially affect system perfor

mance. !n fact, the loss of a field controller, with the attended loss of 

24 heliostats, only causes an average reduction of 1. 36% in system power 

level. However, the loss of a transformer will cause a reduction of 12. 5% 

in system power. 

The results for the Commercial system collector field are also shown in 

Table 4-17. It was assumed that the MTBF and MTTR values for the indi

vidual components would be the same for the Commercial field and the Pilot 

Plant. However, the number of components change. The Pilot Plant col- ' 

lector field has 1,760 heliostats, and the Commercial field has 22,914 helio

stas. The Pilot Plant field has 74 field controllers and eight power 

transformers, the Commercial field 955 field controllers and 104 power 

transformers. Therefore, the failures per year and the unavailable hours 

per year are scaled up by the ratio of components. The results show that 

we can expect to have 4,460 heliostat failures, 38 field c.ontrollers and 

1. 5 transformer failures per year, or a total of 13. 6 failures per day for 

the entire field. 

The determination of the repair times (MTTR) for the specific collector 

field components was aided by the experience gained on the SRE heliostat 

test program (discussed in Volume III, Section 6). The actual analysis used 

to generate the MTTR values given in Table 4-17 is discussed in Volume III, 

Section 5. 2. 3. 
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As discussed above, the accepted definitions of availability and forced 

outages do not count as a forced outage a failure that causes a reduction of 

system power of less than 2%. Therefore, the loss of three to four heliostats 

on a field controller will not affect system availability. A loss of a trans

former will affect system availability as shown in Table 4-17. 

The results of the availability analysis for the receiver are shown in Table 

Table 4- 18. The receiver components are listed in the table, along with 

estimated MT BFs. The receiver configuration is\ depicted in Figure 4-6. 

The analysis assumes an operating time of 3,300 hr per year based on an 

average 10-hr day and 330 days of favorable weather. The failure rates 

were obtained as discussed above. The repair time (MTTR) estimates were 

obtained by considering the time to locate the failed component, any waiting 

time (time to obtain parts, time for the receiver to cool down, etc.), the 

time to repair or replace the component and the time to adjust and check out 

the repaired component. 

The major failure items in the receiver are the 20 control valves with an 

estimated MTBF of 27,000 hr and predicted failure rate of about 3 per year. 

The 18 electronic temperature controllers are next with an estimated MTBF 

of 27,400 hr and an estimated failure rate of two per year. The preheater 

and boiler panels are next with a predicted one failure per year. 

The calculations of system unavailability assume that if we have a failure 

of one of the control valves, a remote shutoff valve, one of the relief valves, 

a check valve, a filter on one of the preheater or boiler panels, the receiver 

must shut down for repair - a forced outage. However, a failure of one of 

the temperature or pressure sensors or one of the temperature controllers 

will not require a receiver shutdown. This is consistent with fossil power 

plant experience and assumes that manual control of the control valves is 

available and feasible. It is also assumed that the only applicable failure 

mode of the manual valves is failure to close(or open) when required and 

thus will not affect system availability. The external (and internal) leak 

failure mode is neglected, 

The preventive maintenance assumes a 1-wk shutdown for tube cleaning 

every 18 mo. 
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Table 4-18 (Page 1 of 2) 

AVAILABILITY ANALYSIS OF PILOT PLANT RECEIVER 

---
Component Component 

Mean Tiinc Mean Tin1c Failure Outage Planned Outage System 
Operation Between Failure to Repair FO Unavail PO Unavail 
(Hr/Yr) Item No. Component MTBF (Hr) Failures/Yr MTTR (Hr) (Hr/ Yr) (Hr/Yr) (Hr/Yr) Comrnents 

3300 RPWDV-1 Manual Valve 250,000 o. 01 8. 5 0.09 0 0 ~' 

RPWDV-24 Manual Valve 250,000 o. 01 8. 5 o. 09 0 0 

RP Preheater Panels 62,500 o. 32 14 4, 5 47 4,5 

RPWRV-1 Relief Valves 100,000 0.09 9 o. 81 0 0,81 
-2 
-3 

RWIP-1 Pressure Sensor 1,000,000 0.003 6 0,018 0 0 ** 

RWIT-1 . Temperature Sensor 1,000,000 0.003 6 0,018 0 0 *;): 

RPWOP Pressure .Sensor 1, ooo, 000 0.003 6 0.018 0 0 ** 

I 
RPWOT Temperature Sensor 1,000,000 0.003 6 0.018 0 0 *'' ~ ... 
RBTC-XX Temperature Controller 27,400 6 13.0 0 0 *tr (71 2. 17 a, 
RBSOT-XX-1 Temperature Sensor 1,000,000 o. 12 6 0.72 0 0 ** 

-2 

RBWFR-XX nowmeter 83,000 o. 71 9 6. 39 0 0 ** 

l RBTCV-XX Control Valve 24,000 2. 5 9 22, 5 0 22,5 

RBWF-XX Filter 125,000 O. 4b 9 4, 32 0 4, 32 

~'Not used during operations. 
**Control component - non-critical, 



Table 4-18 (Page 2 of 2) 

AVAILABILITY ANALYSIS OF PILOT FLA.NT RECEIVER 

Component Component 
Mean Time Mean Time Failure Outage Planned Outage System 

Operation Between Failure to Repair FO Unavail PO Unavail 

(Hr/Yr) Item No. Component MTBF (Hr) Failures/ Hr MTTR (Hr) (Hr/Yr) (Hr/Yr) (Hr/Yr) Comments 

3300 RBWIV-XX Manual Valve 250,000 0.24 8.5 2.04 0 0 

I 
RBWDV-XX Manual Valve 250,000 0.24 8. 5 2.04 0 0 ,:, 

RB Boiler Panel 62,500 0.96 14 13. 44 47 13. 44 

RNPV Manual Valve 250,000 o. 24 8. 5 2.04 0 0 * 
RNCK-XX Check Valve 250,000 o. 01 8.5 0.09 0 0 ,:, 

RSRV-1, 2 Rellef Valve 100,000 0.01 9 o. 63 0 o.63 

RSVV Manual Valve 250,000 o. 01 8. 5 o. 09 0 0 * 

RFIV Control Valve 24,000 o. 14 9 1. 26 0 1. 26 

RDSIV Shutoff Valve 24,000 0.14 8. 5 1. 26 0 l. 26 

~ 

I 
RFWDV Shutoff Valve 24,000 o. 14 8. 5 1. 26 0 1. 26 

- o. 01 8. 5 (71 RDSCK Check Valve 250,000 0.09 0 0.09 

" RDSWV Shutoff Valve 24,000 o. 14 8. 5 l. 26 0 l. 26 

RFRV Rellef Valve 100,000 0.03 9 o. 27 0 0.27 

RFWL Level Sensor• l, 000, 000 0.003 6 o. 018 0 0 •• 
RTWL Level Sensor• 1,000,000 0.003 6 o. 018 0 0 ** 
RFSOP Pressure Sensors l, 000, 000 o. 003 6 o. 018 0 0 •• 
RFSOT Temperature Sensors 1,000,000 0.003 6 0.018 0 0 •• 
RSOP-1 Pressure Sensors 1,000,000 o. 003 6 0.018 0 0 •• 
RSOT-1 Temperature Sensors 1,000,000 o. 003 6 0.018 0 0 

RWBV Control Valve 24,000 0.14 9 1. 26 0 l. 26 

RWIV Manual Valve 250,000 0.01 8.5 0.09 0 0 • 
RWJSK Stop Check Valve 250,000 o. 01 8. 5 o.09 0 0.09 

RWF-1 Filter 125,000 0.02 6 O. 12 0 o. 12 

RWIP-2 Pressure Sensor 1,000,000 o. 003 6 0.018 0 0 ** 

*Not used du7ing operations. 
**Control component - non-critical. 



The availability analysis of the thermal storage system is shown in Table 4-19. 

The configuration of the system is shown in Figure 4-6. The failure rates 

and repair times are determined as discussed above. 

It was ass urned that the required operating time of the thermal storage 

charging (input) circuit is 8 hr per day and 330 days per year or 2,640 hr. 

The duty cycle for the discharge (outlet) side is 3 hr per day or 990 hr per 
year. The thermal storage unit and its associated components must operate 

during both of these operations and during the time that steam is being pro

vided for feedwater blankets and for the turbine seals. Therefore, it is 
assumed that these components have a 24-hr per day duty cycle or 7,920 hr 

per year. 

The major failure item in the thermal storage subsystem is the pumps, where 
about one failure per year is expected. The heat exchangers (TH, TS, TB, 

and TP) require periodic tube cleaning; it is estimated this will require one 

week every 18 mo or about 112 hr /year. However, this will be performed 

simultaneously and at the same time that the tubes of the receiver and the 

feedwater heaters are cleaned and the preventive maintenance is performed 

on the turbine and the generator. 

It is assumed that failures of the sensors and controllers will not affect 

system unavailability in accordance with current commercial power plant 

experience. The thermal storage unit has dual input and dual output paths. 

Therefore, a failure in one path will not cause a system shutdown but will 

only cause a reduction in charging or discharging to 50% of the rated value. 

The effect on system unavailability is treated as discussed in Section 4. 10. 2 

and is chargable as one-half of the single component unavailability. 

The master control subsystem availability was calculated by observing that 
the central computer and its perpherical equipment are not required for 

operations except for use in the synthetic track mode of the collector field. 
All other operations can be handled by the manual operators. It was calcu
lated that the synthetic track mode would be required 25% of the time, 

ass urning the closed-loop heliostat control configuration. It was also 

estimated that the MTBF of the central computer, and its associated equip

ment, is 500 hr and the MTTR is 1 hr. Using these three factors and a 
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Table 4-19 (Page I of 3) 

AVAILABILITY ANALYSIS-PILOT PLANT THERMAL STORAGE 

Mean Time Component Component 
Before Mean Time Forced Planned System 

Operating Failures Failures To Repair Outage Outage Unavailability 
Item No. Component Hr/Yr (hr) (Yr) (Hr) (Hr/Yr) (Hr/Yr) (Hr/Yr) Comments 

TD Desuperheater Z,640 31,ZS0 o. 17 14.0 Z.4 37 Z.4 

TDTC Controller Z,640 27,400 0. l 0 z.o o. zo 0 0 * 

TDSFR Flow Meter Z,640 83,000 0.03 4. 5 o. 14 0 0 * 

TDTCV Control Valve Z,640 23,800 0. 11 4.0 0.44 0 0.44 

TDWFR Flow Meter Z,640 83,000 0. 03 4.5 o. 14 0 0 * 

TDWCK Check Valve Z,640 ZS0,000 o. 01 4.0 0.04 0 0.04 

TDSIT Temp Sensor Z,640 l, 000, 000 0.003 Z.5 0. 01 0 0 * 
~ - TDSIP Pressure Sensor Z,640 1,000,000 U'I 0.003 z.s o. 01 0 0 * 
C0 

TH-1, Z Thermal Storage Z,640 31,000 0. 17 14. 0 Z.4 IIZ o. 6 ** 
Heaters 

cc Controller Z,640 27,400 0. l 1.5 o. 15 0 0 * 

THFFR-1,Z Flow Meters Z,640 83,000 0.06 4. 5 o. 27 0 0 * 

TCP-1,Z Pumps Z,640 14,000 0.38 4.5 I. 71 0 0.43 ** 

THWCK-1,Z Check Valves Z,640 ZS0,000 o.oz 4.0 0.08 0 o.oz ** 

THSIV-1, Z Control Valves Z,640 23,800 o.zz 4. 5 1.0 0 o.zs ** 

THFIV-1, Z Control Valves Z,640 23,800 o.zz 4. 5 1.0 0 0. ZS ** 

THSFR-1,Z Flow Meter Z,640 83,000 0.06 4. 5 o. 27 0 0.065 * 

TDSOT-1 Temp Sensor Z,640 1,000,000 0.003 z. 5 o. 01 0 0 * 

*Control Component - Not Critical 
**Redundant Components 



Table 4- 19 (Page 2 of 3) 

AVAILABILITY ANALYSIS-PILOT PLANT THERMAL STORAGE 

Mean Time Component Component 
Before Mean Time Forced Planned System 

Operating Failures Failures To Repair Outage Outage Unavailability 
Item No. Component Hr/Yr (Hr) (Yr) (Hr) (Hr/Yr) (Hr/Yr) (Hr/Yr) Comments 

THFOT-1,2 Temp Sensors 2,640 1,000,000 0.006 2. 5 o. 02 0 0 * 

TDSOP Press. Sensors 2,640 I, 000, 000 0.006 2. 5 o. 01 0 0 * 

TDSOT-2 Temp Sensors 2,640 1,000,000 0.003 2. 5 o. 01 0 0 * 

TFF-1,2 Filter 2,640 125,000 0.04 4.0 0.08 0 0.02 

TFFDP-1, 2 Delta P Sensor 2,640 1,000,000 0.006 2.5 0.02 0 0 * 

UMU Ullage Monitor 7,920 27,400 o. 29 2.0 o. 58 0 0 * 

~ TUFL-1,2 Level Sensors 7,920 I, 000, 000 0.02 2. 5 o. 05 0 0 * .... 
O> 
0 TUFT-I, 9 Temp Sensors 7,920 I, 000, 000 0.07 2. 5 0. 17 0 0 * 

TUET-1 Temp Sensor 7,920 I, 000, 000 o. 01 2. 5 C.03 0 0 * 
TUEV Control Valve 7,920 23,800 0.33 4.5 1.5 0 0 * 
TAFV 3-Way Valve 7,290 23,800 o. 01 4. 0 0.04 0 0.04 

TAFFR Flow Meter 7,290 83,000 O. l 0 4. 5 0.45 0 0 * 

TAFP Pump 7,920 14,000 o. 57 4.5 2.6 0 2.6 

TSTCV 3-Way Valve 7,920 23,800 o. 01 4. 0 0,04 0 0.04 

TAWOC-1, 2 Check Valve 7,920 250,000 0.06 4.0 0.24 0 0.24 ** 

TEP-1,2 Pump Valve 990 14,000 o. 14 4. 5 0.63 0 o. 16 ** 
EC Outlet Controller 7,920 27,000 o. 29 2.0 0.58 0 0 * 

*Control Component - Not Critical 
**Redundant Components 



Table 4-19 (Page 3 of 3) 

AVAILABILITY ANALYSIS-PILOT PLANT THERMAL STORAGE 

Mean Time Component Component 
Before Mean Time Forced Planned System 

Operating Failures Failures To Repair Outage Outage Unavailability 
Item No. Component Hr/Yr (Hr) (Yr) (Hr) (Hr/Yr) (Hr/Yr) (Hr/Yr) Comments 

TUBV Bypass Valve 7,920 23,800 0.33 4.5 1.5 0 1.5 

TEPCK-1, 2 Check Valves 990 250,000 o. 01 4.0 0.04 0 0.01 ** 
TSFBV Shutoff Valve 990 23,800 0.04 4. 0 0. 17 0 0. I 7 

TSFIV-1,2 Control Valves 990 23,800 0.08 4. 5 0.36 0 0.09 ** 
TSTCV-1, 2 3- Way Valves 990 23,800 0.08 4.0 0.32 0 0.08 •• 
TSSFR Flow Meters 990 83,000 0,02 4. 5 0.09 0 0 * 

~ TSWCV-1,2 Control Valves 7,920 23,800 0.67 4. 5 3.02 0 0.76 ** -0, 
TS-I, 2 Superheaters 7,920 91,000 o. 17 82.0 14. 3 112 3. 58 - ** 
TB-1, 2 Boilers 7,920 91,000 o. 17 82.0 14. 3 112 3. 58 ** 
TP-1, 2 Preheaters 7,920 91,000 o. 17 82.0 14. 3 112 3. 58 

** 
TBWL-1, 2 Level Monitors 7,920 l, 000, 000 o. 02 2.0 0.05 0 0 * 

TSFFR-1, 2 Flow Meters 990 83,000 0.02 4. 5 0.09 0 0 
* 

TSWFR-1, 2 Flow Meters 7,920 83,000 o. 19 4.5 0.86 0 0 • 
TSSOT-1, 2 Temp Sensors 7,920 1,000,000 0.02 2. 5 0.05 0 0 

* 
TSSOP-1, 2 Pressure Sensors 7,920 l, 000, 000 0.02 2. 5 o. 05 0 0 

* 
TEPOP-1, 2 Pressure Sensors 990 l, 000, 000 o.ooz 2. 5 0.005 0 0 

* 

TU Thermal Storage 7,920 l, 000, 000 o. 01 82. 0 0.82 112 0.82 
Unit 

*Control Component - Not Critical 
**Redundant Components 



coliector field operating time of 3, 300 hr per year, the system unavailability 

for the master control is calculated at 0. 05%, It was assumed that the 

software failure rate was negligible. 

The unavailability for the electric power generation subsystem was not 

analyzed on an individual basis. The data of Reference 6 on the failure 

characteristics and availability of 191 commercial power plants in the 

90-129 MW range over a 10-yr period (1,043 unit-years of operation) was 

used to determine the expected unavailability. 

The data of Reference 6 show that the overall forced outage rate for this 

size plant is about 2. 92%, the maintenance outage is 2. 26%, and the planned 

outage is 6. 47%, for a total unavailability of 11. 65% and availability of 88. 3%. 

If we eliminate the unavailability of the boiler, consider only the turbine, 

generator, condenser and other equipment, and assume that the same amount 

of common downtime exists (more than one component is repaired or main

tained while the system is down), the values reduce to I. 031 %, 1. 428%, and 

4. 498%. 

The availability analysis was based on the so called random failures which 

are described by the exponential failure distribution. Early failures 

("infant mortality") and wearout failures were not considered. It is assumed 

that any components which historically have substantial infant mortality 

failures will have a "burn~in~rior_ to installation in the system. The only 

components that are considered to be in this category are the electronic 

components. It is also assumed that all components will have the required 

30-yr operational life. A receiving inspection will be conducted to assure 

correct assembly of the components. 

4. 10. 2. 4 Availability Results 

The results of the availability calculations are shown in Table 4-20. 

The only collector subsystem components where a failure would cause even 

a partial system shutdown are the eight field transformers, their distribution 

panels, and the cables leading to the panels. The total unavailable hours 
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Table 4-20 

SYSTEM AVAILABILITY RESULTS 

Subsystem Forced Outage Planned Outage 

Collector o. 01% 0% 
Receiver 1.61 1.42 
Thermal Storage 0.55 1. 41 
Master Control 0.05 0 
Electric Power 2.46 4.50 

Total 4.68 7.34 

Adjust Planned Outage 4.68 5.52 

Total Unavailability 10.20% 

Total Availability 89. 80% 

from the three items amount to 0. 309 hr per year. According to the rules 
of partial forced outage (Section 4. 10. 2), only one-eighth is counted against 
the system unavailability, giving a result of 0. 00117%. 

The results of the receiver availability calculations show 53. 07 hr per year of 
forced outages. It is assumed that if any of the 24 panels have a failure, all 
panels must shut down. With an operating time of 3,300 hr/year the result 
is a forced outage of 1. 608%. The planned outages are 47 hr /yr or 1. 424%. 

The results of the thermal storage analysis give 5. 16 unavailable hours in 
the portion of the system with 2,640 operating hours, 16. 80 unavailable 
hours in the 7, 920 operating hour portion, and 1. 40 unavailable hours in the 
990-hr portion. This gives system unavailable percentages of O. 195%, 
O. 212%, and O. 141%, or a total of 0. 549%. The planned outage is 112 hr 
in the 7, 920-hr portion or 1. 414%. 

The master control unavailability is 0, 050% with no planned outage. 

The component analysis for the collector, receiver, thermal storage and 
master control did not distinguish between forced outages and maintenance 
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outages (see Section 4. 10. 2). Therefore, these factors for the EPGS will 

bt• combined into the forced outage classification, giving a total of 2. 46%. 

The planned outage is 4. 50%. 

Table 4-20 shows a total of 4. 68% for the forced outages and 7. 34% for the 

planned outages. It can be assumed that some of the planned outages for the 

ti\'t' subsystems will be conducted simultaneously. Using data from 

Rderence 6, it was estimated that the planned outages would actually be 

composed of the 4. 50% of the electric power generation subsystem plus 36% 

oi the 2. 83 of the remainder, or 5. 52%. The total unavailability is then 

10. 19% and estimated availability 89. 81%, compared with a goal of 90%. 

-L 10. 3 Safety 

The safety precautions for a solar thermal power plant consist of the con

\'entional industrial or occupational safety laws in state and fedln'al statutes 

and hazards controls unique to a solar plant. 

4. 10. 3. 1 System Safety Analysis 

The system safety analysis included a brief analysis of preliminary hazards 

to obtain a preliminary picture of the hazard characteristics of the plant. 

It was initiated as part of the FMEA (Table 4-16) and then expanded into a 

safety analysis (Table 4-21 ). The analysis was designed to list conventional 

occupational hazards and the appropriate regulations and also to delineate 

any special problems. 

The hazards include: 

A. Platform, railing, stairway, ladder and elevator hazards on the 

receiver tower and elements of the thermal storage and EPGS. 

B. Occupational noise exposure in the electrical power subsystem. 

C. Flammable and combustible liquids in the thermal storage subsystem. 

D. Venting and relief valve locations in the receiver, thermal storage, 

and EPGS. 

E. Electrical equipment in all subsystems. 

F. Ventilation in thermal storage and the EPGS. 
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The hazards specific to a solar power plant include the concentrated solar 

energy and the heating of the air by the receiver. Other hazards include 

the fire potential of the thermal storage fluid and the unexpected movement 

of heliostats. The heliostat hazard arises from the fact that the heliostat 

is normally under closed-loop control or under control from a remote 

location (master control). Thus, there is a possibility that unexpected 

heliostat movement could cause injury to personnel or equipment, even 

considering the slow movement of the mirror. A local control with a posi

tive remote control lockout should be provided for use when maintenance 

is to be performed. 

The fire potential from leaks or structural failure of the thermal storage 

subsystem arises because of the characteristics of the fluid. The fluid is 

a petroleum fraction similar to light lube oil. The flash point is 216 °C 

(420°F) and the auto ignition point is 404°C (759 °F). The operating point, 

302°C (575 °F), is between these values; therefore, a leak with a subsequent 

mixture with air would require an ignition source before a fire would be 

initiated. The presence of an ignition source can be assumed. Therefore, 

the potential of a fire as a res ult of a leak must be ass urned. Control of 

such a hazard would include suitable leak control, ignition source control, 

and fire protection. 

4. 10. 3. 2 Occupational Safety 

The conventional occupational safety is controlled by the appropriate 

Occupational Safety and Health Administration (OSHA) standards. In general, 

the Federal OSHA standards will apply but in some states (e.g., California) 

the sta,te OSHA regulations will control. From a practical matter, the more 

restrictive of any two regulations should apply. 

The 10-MW Pilot Plant will be constructed in San Bernardino County, 

California, therefore, the California Administrative Code, Title 8, Chapter 4 

with revisions, will apply. The two subchapters of the code that are 

specifically applicable are subchapters 5 and 7. The applicable Federal 

OSHA rules are included in Parts 1910 and 1926 of Title 29 of the Code of 

Federal Regulations, with revisions. 
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The specific subchapters or safety orders of the California Administrative 
Code, Title 8, Chapter 4 that are applicable are: 

Subchapter 1 - Unfired Pressure Vessel 

Subchapter 2 - Boiler and Fired Pressure Vessel 
Subchapter 3 - Compressed Air 

Subchapter 4 - Construction 

Subchapter 5 - Electrical 

Group 1 - Low-voltage Electrical Safety Orders (below 600V) 
Group 2 - High-voltage Electrical Safety Orders (above 600V) 

Subchapter 6 - Elevator 

Subchapter 7 - General Industry 

Group 1 - General Physical Conditions and Structures 

Group 2 - Safe Practices and Personal Protection 

Group 4 - General Mobile Equipment and Auxiliaries 
Group 6 - Power Transmission Equipment, Prime Movers, 

Machine Parts 

Group 9 - Compressed Gas and Air Equipment 

Group 10 - Gas Systems for Welding and Cutting 

Group 11 - Electric Resistance Welding 

Group 13 - Cranes and other Hoisting Equipment 

Group 15 - Noise Control Safety Order 

Group 16 - Control of Hazardous Substances 

Group 18 - Explosives and Fireworks 

Group 20 - Flammable Liquids, Gases, and Vapors 
Group 25 - Federal Regulations ( Federal rules which have been 

adopted by California) 

Group 27 - Fire Protection-Articles 

Subchapter 15 - Petroleum - Refining, Transportation, and Handling 
Subchapter 21 - Telecommunications Safety - Article 1 

The applicable Federal regulations from Title 29 of the Code of Federal 
Regulations are Part 1926, Safety and Health Regulations for Construction, 
and Part 1910, Occupational Health and Health Standards. The applicable 
subparts of Part 1926 are as follows: 

Subpart A - General - All Sections 

Subpart B - General Interpretations 

Subpart C - General Safety and Health Provisions 
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Subpart D - Occupational Health and Environmental Controls 

Subpart E - Personal Protective and Life Saving Equipment 

Subpart F - Fire Protection and Prevention 

Subpart G - Signs, Signals, and Barricades 

Subpart H - Materials Handling, Storage, Use, and Disposal 

Subpart I - Tools (hand and power) 

Subpart J - Welding and Cutting 

Subpart K - Electrical 

Subpart L - Ladders and Scaffolding 

Subpart M - Floors and Wall Openings, and Stairways 

Subpart N - Cranes, Derricks, Hoists, Elevators, and Conveyors 

Subpart O - Motor Vehicle, Mechanized Equipment, and Marine Operations 

Subpart P - Excavations, Trenching and Shoring 

Subpart Q - Concrete, Concrete Forms, and Shoring 

Subpart R - Steel Erection 

Subpart S - Tunnels and Shafts, Caissons, Cofferdams, and Compressed 

Air 

Subpart T - Demolition 

Subpart U - Blasting and Use of Explosives 

Subpart V - Power Transmission and Distribution 

Subpart X - Effective Dates 

The applicable subparts of Part 1910 are as follows: 

Subpart A - General - All Sections 

Subpart B - Adoption and Extension of Established Federal Standards 

Subpart D - Walking - Working Surface 

Subpart E - Means of Egress 

Subpart F - Powered Platforms, Manlifts, and Vehicle-Mounted Work 

Platforms 

Subpart G - Occupational Health and Environmental Control 

Subpart H - Hazardous Materials 

Subpart I - Personal Protective Equipment 

Subpart J - General Environmental Controls 

Subpart K - Medical and First Aid 

Subpart L - Fire Protection 
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Subpart M - Compressed Gas and Compressed Air Equipment 
Subpart N - Materials Handling and Storage 
Subpart O -· Machinery and Machine Guarding 
Subpart S - Electrical 

Subpart Z - Toxic and Hazardous Substances 

Additional safety regulations that will be imposed on the project will include: 
A. National Fire Protection Association (NFPA) codes. 
B. American National Standards Institute (ANSI) standards. 

4. 10. 3. 3 Operational Safety 

Reflected Light Energy 

There is a potential personnel and equipment hazard from the reflected sun
light from the heliostats and a potential personnel hazard from the radiated 
and reflected energy from the receiver. To understand these potential 
hazards, a brief study was conducted on the sensitivity of the human eye 
and skin to sunlight. 

A drawing of the human eye is given in Figure 4-69. The light enters the 
eye through the cornea and is transmitted through the anterior chamber to 
the lens where the light is focused on the retina through the vitreous body. 
The iris of the eye acts as a control of the amount of light that enters the 
eye. The iris or pupil will automatically close down to about 2-mm diameter 
in bright light and will open to about 8 mm in a dark room. This gives a 
variation factor of 16 in the light that enters the eye. 

The transmission of the several parts of the eye vary with the wavelength of 
the energy. The lens of the eye is a strong absorber of (and thus does not 
transmit) energies less than 400 nano meters (nm), which is known as 
ultraviolet radiation. The cornea is a strong absorber of infrared energy 
(wavelengths greater than 1,400 nm). Therefore, the damage from ultra
violet light occurs in the lens. The damage from infrared energy occurs in 
the cornea. Visible light (400 to 1,400 nm), however, is transmitted by the 
other parts of the eye to the retina. Therefore, if damage is to occur from 
visible light, or sunlight, it will occur in the retina. 
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The damage mechanism for the retina is primarily a temperature phenomenon. 
A temperature rise of 10° to 20°C will cause damage to the retina. However, 
the local temperature rise is a function of the irradiance (or power level) of 
the image on the retina, the size of that image, and the length of time the 
image is imposed on the retina. Therefore, we must investigate these three 
factors to determine the potential of retina damage from the operation of 
our heliostats and the receiver. 

The retinal irradiance (power density on the retina) can be calculated by 
using equation 1 from Reference 10 

where 

= O. 27 LT D 
2 

V p 

ER = retinal irradiance (w / cm2 ) 
L = source radiance (w/cm2 -sr) 
T = ocular media transmittance 
D = pupil diameter (cm) p 
V = fraction of L between 400 and 1,400 nm 

(1 ) 

using direct sunlight as an example where L = 1,600 w/cm2 -sr, Dp = 2mm, 
T = O. 74, and V = O. 62, the retinal irradiance is 7. 93 w/cm2

• 

The retinal image size can be calculated using the basic geometry and optics 
displayed in Figure 4-70, where DH is the size of the source, fH is the 
distance of the source and fe is the focal length of the eye (17 mm). The 
retinal image (DR) can then be calculated by 

or for small angles 

= f tan fJ 
e (2) 

(3) 

If we use the sun again as an example where the subtended angle ( fJ) is about 
9. 3 mr the retina image is 158 µm. 
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DR= f TAN 8 = f 8 e e 

FOR HUMAN EYE t
8 

= 17 MM 

Figure 4-70. Relationship Between Source Size and Retinal Image 
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Using the above data for the sun (retinal irradiance of 12. 8 W / cm2 
an, 

image size of 158 µm) and the data on retinal injury thresholds in the l 

monkey shown in Figure 4- 71 from Reference 11, it can be seen that a 

exposure of about 300 sec is required to cause retinal damage. 

Fortunately, since we live in a one-sun environment, it is difficult for 

person to experience a retinal burn.by looking at the sun. If one attem 

to look directly at the sun the eye will automatically blink (close) and 

protect the eye. This blink reaction is rapid ("' O. 1 S sec). Also, the p 

of the eye will contract to its minimum size. A further at tempt to loo: 

the sun becomes painful and one normally looks away. There are case 

where people have been under the influence of drugs, which removed tl: 

normal reflex actions, and eye damage was reported. In addition, the 

observation of a solar eclipse, where the pupil is dilated (larger than 

2 to 3 mm), can cause retinal damage. Usually, however, cases of so 

retinitis are not irreparable and the patients recover (Reference 12 ). 

viewing the sun through an optical instrument such as binoculars will ir 

the size of the retinal image, which will decrease the heat transfer and 

increase the temperature and cause retinal damage in a shorter period 

time. ( Observe the upper curve of Figure 4-72, which is also from 

Reference 2.) A comparison of absorbed retinal irradiance (which is a 

SO% of the incident retinal irradiance) vs retinal image size for various 

light sources is given in Figure 4-73 from Reference IO. 

The retinal irradiance and retinal size received as a result of looking a 

the MDAC receiver (height = 17m) is shown in Table 4-22. As can be s, 

the retinal image is larger than the sun image (up to 3,060 µmas oppos1 

I 58 µm), but the retinal irradiance is smaller by a factor of 1, 500. Th, 

receiver radiance was calculated by using the power radiated from the i: 

which receives the greatestamount of incident radiation (10% of O. 3 MW 

or O. 03 MW /m2 . The radiance is then calculated by using Lambert's 

cosine law (Reference 13) by multiplying by 71', which gives a radiance of 

O. 00955 MW /m2- sr o~ 0. 955 W / cm2-s r. The retinal irradiance is then 

calculated using equation 1. As sho~n in Figure 4- 72, the effect of ima~ ,,.. 
size on temperature rise is slightly greater than linear (about 1. 45 ), 
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Distance 
From l3ase 

(m) 

50 

100 

200 

500 

1000 

Table 4-22 

MDAC RECEIVER IRRADIANCE AND RETINAL SIZE 

Radiance 

2 O. 955 (W /cm -SR) 

Retinal Size 

3,060 µm 

2,210 

1,340 

580 

290 

Retinal Irradiance 

0,0047 W/cm2 

therefore, the very small retina irradiance will as sure a very small 

temperature rise and thus will assure that no retina damage will occur even 

for long periods of observation. 

The retinal irradiance produced by personnel looking at the MDAC Pilot Plant 

heliostat will have a value produced by looking at the sun (7. 93 W / cm2) 

multiplied by the reflectance of the heliostat (0. 88) or 6. 98 W /cm2. 

The retinal irradiance produced by the MDAC Commercial heliostat is 

somewhat higher due to the higher reflectance (0. 91) at 7. 22 W / cm 2. 

The retinal image size produced by personnel looking at the MDAC Pilot 

Plant heliostat, which is focused by the slight canting of the six segments, 

is obtained by using equation 2 and the dimensions of the heliostat (660 cm 

by 651 cm), the heliostat focal length of 350m (assumes that a person is 

standing at the focal point - - a worst case situation) and by calculating an 

equivalent circle that has the area of the image of the sun on the mirror. 

This gives a retinal image diameter of 323. 5 µm. The temperature rise of 

this image size and irradiance should appear as shown in Figure 4-72. 

The MDAC Commercial heliostat, which has a flat mirror-_configuration, 

will produce a retinal image with a diameter equal to or less than that pro

duced by the sun (158 µm). 
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· The possibility of retinal damage from viewing the Pilot Plant heliostat is 

higher than that from viewing the sun as shown in Figure 4-74. The effect 

of standing in the beam of the Commercial heliostat and looking at the mirror 

will be less than looking directly at the sun. At the present time, there is 

no nationally accepted criteria or standard for the maximum amount of sun 

light or white light to which personnel can be exposed. Such limits, called 

maximum permissible exposure {MPE) limits, have been established for 

narrow-wavelength coherent laser beams by the American National Standards 

Institute and have been universally accepted (Reference 14). A standard has, 

however, been proposed by the US Army Environmental Hygiene Agency in 

Reference 10 and is shown in Figure 4-73. This criteria, reproduced in 

Figure 7-74, is set a factor of 4 below the 10-sec retinal burn threshold for 

rabbits but specified for a 0. 15- sec exposure, the length of time for the eye 

blink reaction. 

The retinal injury threshold for 0. 15 sec is about a factor of 3 above that 

for 10 sec {{Figure 4-74). Also, the threshold injury threshold for rabbits 

is known to be lower than the thresholds for humans by a factor of 5 to 20 

{Reference 1 0). Therefore, the safety factor in the criteria of Figure 4-74 

is at least 12. The relationship of the absorbed retinal irradiance and image 

size for the two MDAC heliostats is plotted on Figure 4-74. The data show 

that the MDAC pilot plant heliostat hazard potential is marginal but safe, 

considering the margin of safety in the criteria. The Commercial heliostat 

is safer than viewing the sun. 

A second potential hazard from the reflected sunlight exists in the possibility 

of skin burns. A worst-case situation, a person standing at the focal point 

of the Pilot Plant heliostat, can be calculated by determining the size of the 

image at the focal point (3. 26m), and thus the irradiance at this focal point 

{0. 37 W / cm2 ). It can be pointed out that this irradiance from the heliostat 

{0. 37 W /cm2 ) is approximately 3. 3 times the maximum solar irradiance 

{0. 11 W / cm2 ). To determine if this is a potential hazard and the magnitude 

of that hazard, we can refer to Figure 4-7 5 from Reference 11, which gives 

the threshold for injury to pig skin as a function of time. As shown in 

Figure 4-75, the threshold time for injury from the Pilot Plant heliostat, at 

an irradiance of 0. 37 W /cm2, is over 80 sec. The threshold time for the 
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Commercial heliostat is many minutes. This means that a person would 

have to stand at the focal point of the Pilot Plant heliostat for over 80 sec 

(longer for the Commercial heliostat) before an injury could occur. In 

fact, the person vuould have to move with the moving image of the sun 

because, with a fixed mirror, the sun will move off the specific spot in 

about 20 sec. Also, the person would' have to ignore the heat generated by 

the beam. 

The above discussion can lead to a conclusion that there are no hazards to 

personnel from a single MDAC Pilot Plant or Commercial heliostat. 

It has been estimated that an irradiance of over 5 suns (0. 55 W /cm2 ) is 

required to initiate combustion in a brush. The irradiance from the MDAC 

Pilot Plant heliostat is only about 3. 3 suns (0. 37 W /cm2 ); therefore, a single 

MDAC heliostat should not present a brush fire hazard. 

The hazards from multiple heliostats are potentially more severe, but 

operational procedures and suitable personnel exclusion areas will eliminate 

the hazards or reduce them to acceptable levels. 

Potential problems include: 

A. Personnel or equipment situated at a point on the ground where 

multiple beams intercept. 

B. The possibility that an aircraft (or glider or balloon) will appear 

at a point above the collector field and intercept the solar beam 

from a number of heliostats. 

Either or both of these can occur during normal operations as the heliostat 

field is activated or deactivated, or during heliostat storage operations, or 

as a result of heliostat failures. 

When the collector field is activated in the morning (or after a cloud passage) 

and deactivated in the evening, the heliostats will be controlled by the 

master control in such a way that the focal point of the several heliostats 
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will move in a controlled and safe manner. For example, the focal point 

can be designated as a point on the ground (in a personnel exclusion area) 

and then moved to the receiver on a path which does not intercept any equip

ment. This should preclude any hazards to personnel, equipment, or brush 

on the ground. However, there will be a volume of airspace where a potentia 

hazard will exist. 

To determine the dimensions of this airspace, a brief analytical study was 

conducted. An observer above the receiver and looking down toward the 

heliostat field will see sunlight reflected from a small number of heliostats. 

The actual number is beyond the scope of this analysis. However, an 

observer at an altitude of twice the tower height (16Om) would be exposed to 

a power level of less than one sun because of the fact that a one-to-one 

image is located at that point. Above that level, less than one heliostat is 

seen at any location. An approximate value of the average irradiance may 

be obtained from 

E 
C 

' f C 
= q gc 

(h/H - 1 / 
(4) 

where 

E = irradiance outside eye 
C 

q = solar power level 

fgc = ground cover fraction 

C = average incidence angle cosine 

h = observer altitude 

H = tower height 

However, the peak irradiance will occur when looking down at the closest-in 

heliostats where the angle is 52. 2 deg. The irradiance from this heliostat 

can be calculated from 

AP 
E =------,..-----

(h/sinct>/ rr (0/2) 
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where 

AP = area of heliostat (37. 58 m2) 

(/, = angle of heliostat 

e = sun angle (9. 3 mr) 

from this equation we can calculate that the irradiance from these mirrors 

are 3. 3 suns at 160m, 2. 14 suns at 200m, O. 94 suns at 300m, and O. 54 suns 

at 400m altitude. 

Another aspect of the airspace problem is during heliostat stowage. If the 

heliostats are stowed face down, there is no possibility of a reflection of 

the sun. The only possibility of a potential problem when the heliostats are 

stowed in a vertical position is when the sun is at a zero degrees elevation 

and at that time the irradiance is very low. A computer study of stowage 

in a face-up position showed that the maximum solar irradiance, under any 

condition, at 305m (1,000 ft) from one heliostat is O. 231 W /cm2 or about 

2. 1 suns. With accurately controlled stowage position, the laws of optics 

will preclude the observer seeing the sun in more than one mirror at any 

instant of time at this altitude. To ensure that the heliostat beams do not 

intersect, a divergent stowage orientation with the divergence between 

adjacent heliostats greater than the stowage orientation error will be used if 

face-up stowage is used. Hence, the only crossing beams will be from widely 

separated heliostats. The effect of one heliostat with this solar magnification 

was shown to be safe in the discussion above for both skin burn and retinal 

burn. At higher altitudes, one can see the sun in more than one heliostat, 

but the irradiance will drop due to (1) divergence of the light past the focal 

point of a central focus heliostat and (2) open spaces between heliostats. 

Either of these effects is sufficient to ensure continued safety with incr.eased 

altititude. 

The probability of two simultaneous random independent failures (within the 

repair time) is about 7 (10- 5 ). This must be multiplied by the probability that 

that both heliostats would fail in such a way that both beams are pointed at 

the same spot (1 x 1 o-5) and the probability that someone would be in this 

spot at that time. It can be seen that this probability is less than 7 x 10-2 

and thus extremely low. 
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. This analysis has shown that there are no hazards to ground-based personnel 

which cannot be controlled by proper procedures and that there are no 

hazards above about 300m altitude. Both of these conclusions are subject to 

further analysis and the acceptance of an MPE for visible light. 

Since it has been shown that heliostat failures are most unlikely to produce 

an unsafe condition, it is concluded that multiple, redundant power cables to 

individual heliostats are not required. Redundant cables to components 

which control multiple heliostats (transformer, field controllers) may be 

necessary. Redundant heliostat cables would only prevent O. 36% of the 

heliostat failures (1. 25 failures per year out of 345 ). Nor is automatic stow

age of a failed heliostat, communication link, or power supply required. It 

is much more cost-effective to stow a failed heliostat using the mobile test 

set. The mobile test set is capable of stowing or repairing a failed heliostat 

within 3 hr, regardless of the nature of the failure. If the heliostat is 

completely inoperable, an opacifying solution, can be applied to prevent 

specular reflection from the heliostat. Other procedures available include 

commanding stowage through the field controller or heliostat controller, 

providing manual stowage through an auxiliary power supply direct to the 

drive motors, and direct drive of the drive unit through an auxiliary motor 

(1 /2-in. drill applied to the input shaft). 

With the procedures indicated above, MDAC believes that the operation of 

the Pilot Plant, or the Commercial Plant, will present no undue hazards. 

The overall conclusion of the safety analysis completed to date is that with 

proper compliance with applicable Federal and state OSHA requir_ements, 

and other applicable standards, and with proper safety procedures (personnel 

exclusion area, operating constraints, etc.) the Pilot Plant and the 

Commercial Plant can be operated in a safe manner. 

Thermal Connection Plumes 

The receiver operates at high temperature atop a high tower, and the 

neighboring air is heated by a combination of radiation and conduction from 

the receiver, and by absorption of approaching solar radiation. The question 

at issue is whether or not, by virtue of the intense local heating of the air, 
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.thermal convection generates a plume of sufficient energy to present a sig

nificant hazard (for example, to overflying aircraft). Rough estimates were 
made of the magnitude of such plumes. The estimates show that there is no 

significant hazard associated with this thermal plume. 

For the sake of discussion we will consider solar thermal power system 

designed to deliver 100 MW of electrical power. At 20% efficiency, the 

cylindrical receiver intercepts 500 MW of solar radiation. It is assumed to 

have a diameter of 17m, a height of 25m, and a surface temperature of 800°K. 
The results do not depend critically on these parameters. 

As a basis for comparison, a Boeing 747, which leaves a hazardous turbulent 

column of air behind it, can generate 150 MW of thrust power (four engines 
of 50, 000-lb thrust at perhaps 600 fps exhaust velocity). Air-cooled fission 

power systems have been built which generate roughly 200 MW of electrical 

power and these systems must dispose of perhaps 300-400 MW of waste heat 
by means of huge natural convection cooling towers (Reference 15 ). The 
local air-heating power near the receiver of a solar thermal power system is 

inevitably one or two orders of magnitude smaller than either the 747 thrust 

power or the cooling tower heat-rejection system power. 

The receiver radiates approximately as a blackbody the thermal emission then 
being partially· absorbed by the local atmosphere. The approximate thermal 
emission from the cylindrical surface is in MKS units: 

I 4 
WE = CT T 71' DL 

= (5. 67 x 1 o- 8 ) (800)4 
1r (17) (ZS) Watt 

= 31 MW 

The fraction of this energy absorbed locally was estimated by four different 
approximate methods, which agreed sufficiently well to generate some con

fidence in the order of magnitude of the result. Just one method will be 
presented here. As a worst case, a hot day was chosen, on which the air 
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might hold about 20 gm/m3 of water vapor. The standard subarctic summer 

model atmosphere is appropriate. An 800 °K blackbody spectrum dE/d (lnA), 

plotted against the logarithm of the wavelength, peaks at 4. 6 µ.m and has 

roughly 70% of its energy in the band of 2. 5 to 7. 4 µ.m. Roughly 20% of the 

total radiation lies in the band 5. 43 to 7. 35 µ.m, which is strongly absorbed 

by water vapor. For our purposes, it is sufficient to ignore absorption 

outside this band. In order to estimate absorption inside this band, line 

absorption data calculated by McClatchey (Reference 16) were used. Sea

level absorption coefficients of 44 lines of CO laser radiation were assumed to 

be representative of the band. The results of the approach are plotted in 

Figure 4-76, which indicates for example that 1 MW is absorbed within 1 Om 

of the receiver surface, and 3 MW within 40m. 

The absorption of approaching solar radiation, in a worst-case estimation, 

is attributed primarily to aerosol absorption. On a hazy day (visibility 5 km) 

the sea-level aerosol absorption coefficient exceeds its clear day (visibility 

23 km) value by a factor 4. 5 in Mc Clatchey' s model (Reference 1 7 ). Over a 

broadband of wavelengths (n. 5 8 µ.m) the clear-day absorption coefficient does 

not exceed 0. 01 km- 1 , and it has approximately this value over much of the 

solar spectrum (Reference 17 ). Thus, a = 0. 045 km- 1 is a reasonable 

estimate of the absorption coefficient for haze absorption of solar radiation 

near the receiver. The power absorbed is approximately WA = PR aR, where 

PR = 500 MW is the approaching solar radiation, and this line is also plotted 

in Figure 4-76. 

To calculate heating by convection from the receiver, a no-wind, natural 

convection condition was assumed. No expression for the heat transfer at 

sufficiently high Grashof numbers is immediately available, and we must 

depend upon an extrapolation of the expression (Reference 18). 

1/3 9 12 Nu = 0. 1 3 ( Gr Pr) , 1 0 < Gr Pr < 1 0 , 

beyond the upper limit. Here 

Nu =~ kB Gr Pr= 
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. are the Nusselt, Grashof, and Prandtl numbers, and q is the heat transfer 

per unit area. For air the Prandtl number is Pr = O. 72, and the total 

convective heating from the receiver is 

WC = q 1r DL = 0. 12 Gr
1 

/
3 ~ 1r DL, 

where the heat transfer per unit area is dependent of distance from the 

leading edge in the turbulent regime. We adopt the following values: 

g = Acceleration of gravity = 10 m/s, 

9 = Temperature difference = (800-300}°K = 500 °K, 

L = Cylinder height = 25m, 

1.1 = Kinematic viscosity = ~ 

- 4 . 5 2 __ 1. 7 2 x 1 0 poise 1 3 3 - / _3 I 3 = • x 10 m s, 
1. 29 x 10 g cm 

T = Mean Temperature = V(800) (300)°K = 500°K, 

k = Thermal conductivity = 5. 6 x 1 o-5 cal/a cm- °K 

= 0. 0234 Watt/m- °K 

Then the Grashof number is 

14 Gr = 9 x 10 , 

the heat flux per unit area is 

2 q = 5. 4 KW /m , 

and the total convection heating is 

WC = 7. 2 MW. 

We surmise that this heat is deposited in a boundary layer which grows to a 

thickness of 1 to Sm at the top of the receiver. Closer estimates of the 

boundary layer thickness are difficult to make. Nevertheless, a conserva

tion of energy argument allows us to estimate the product U6 of the mean 

flow velocity and the boundary layer thickness. The energy goes mostly into 
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· increasing the enthalpy of the air, the changes in potential and kinetic 

energies being relatively small. The boundary layer mass flow is 

- WC -M = pUorrD - 1/2 C0 - 30kg/s, 
p 

where we use 

and 

3 
p = 1 kg/m , 

C = 1, 005 Joule/kg- °K. 
p 

If c5 is in the range of 1 to Sm, then the flow velocity is in the range of 

O. 1 to 0. 5 m/ s. 

The possible hazards are due to the fact that the heated air is hot, and it 

will mix turbulently with colder air and rise in the manner of ordinary smoke

stack plumes to moderate altitudes, depending on the weather (particularly 

on the temperature lapse rate). The mass flow has been calculated to be of 

the order of 30 kg/s, and the flow velocity is estimated to be less than 

O. 5 m/ s. These values obviously present no hazard when they are compared 

with ordinary wind and turbulence levels. 

The radiation heated air beyond the natural convection boundary layer is also 

expected to rise due to buoyant convection. Following Smith (Reference 19, 

page 606 ), we argue as follows: 

The power WR = WE + WA is absorbed in an annular cylindrical volume 

V = 1r (D+R) RL, 
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in which the air is heated according to 

as it rises with mean velocity Uc• The vertical component of the momentum 

conservation equation suggests 

_!__ p u2 
= g L(-1\p) 

2 C 
= gLp l\.T 

T ' 

as the buoyancy force accele'rates the air to velocity Uc• These two equations 
then lead to 

U = [2(-Y--1) 
C 1T y (D+R) RP 

W L ]l /3 Rg 

We adopt (see Figure 4-76) 

y = ratio of specific heats = 1. 4, 

WR = radiation absorbed within 20m = 2 Mw, 

L = receiver height = 25m, 

D = receiver diameter = 1 7m, 

R = representative distance from receiver = 20m, 

P = atmospheric pressure = 1 o5 Newton/m2, 

and obtain the representative convection velocity 

U = O.Sm/s 
C 

The mass flow in this case is 

M = PU ,r (D+R) R 
C 

= (1. 3 kg/m
3

) (0. 5 m/s) rr(37m) (20m) 

= l,SOOkg/s, 
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some 3, 000 times that generated in the natural convection boundary layer. 

The temperature rise may be expected to be correspondingly smaller, and it 

turns out to be 

2 
UT 

C 
.6.T = ---2gL 

= (O. 5)
2 

(300) OK = 
2(10) (25) 

O.15°K • 

All the foregoing analysis is valid for a neutrally stable atmosphere with an 

adiabatic lapse rate. The adiabatic lapse rate is about 1O°K/km, which leads 

to a natural temperature difference of O. 25°K between the top and bottom of 

the receiver. Thus, in a stable atmosphere with a smaller lapse rate, the 

buoyant convection plume generated by the absorbed radiation is likely to 

be stabilized and rise only tens of meters. We conclude that the buoyant 

convection plume associated with radiative heating of the air near the 

receiver leads to no significant hazard. 
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4.11 LOGISTICS SUPPORT PLAN 

This section presents preliminary planning that covers the support re quire

ments for a 10-MWe Solar Thermal Pilot Plant. The plan is to the extent 

feasible, compatible with those concepts developed for a Commercial Plant. 

During Pilot Plant construction and test operations, application of this plan, 

which will be revised and expanded as field operations progress, will prove 

its validity and reveal its inadequacies. The concepts that may prove to be 

inadequate will be improved and tested to the extent feasible during the Pilot 

Plant program, and necessary changes will be incorporated into the 

Commercial Plant support concepts. The following Pilot Plant support 

plan is of a preliminary nature and subject to modifications caused by design 

changes, program direction, and other influencing factors. 

4. 11. 1 Installation and Checkout (I &C) 

During Pilot Plant equipment installation and test, the Commercial Plant 

support concepts will be applied except where there are significant differ

ences between the two programs. These differences are identified as follows: 

A. The quantity of material to be delivered to site is much smaller for 

the Pilot Plant than for the Commerical Plant. 
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B. The size and weight of the receiver absorber panels, the turbine, 

and the thermal storage unit components are considerably smaller 

for the Pilot Plant than for the Commercial Plant. 

C. The materials, mirrors, steel members, and adhesives for heliostat 

reflector production for the Pilot Plant will be delivered to the 

MDAC production facility instead of to the site as done for the 

Commercial Plant. This, of course, imposes an additional trans
portation requirement on the Pilot Plant program, i.e. , delivery 
of completed heliostat reflector panels to the site. 

4. 11. 1. 1 Transportation, Handling, and Packaging (THP) 
This section of the Logistics Support plan is presented by subsystem, i.e. , 
collector, thermal storage, receiver, and EPGS. The master control sub
system is not included as no analysis of its THP requirements has been made. 

Collector Subsystem 

The basic components of the collector sub sys tern to be shipped to the final 
assembly facility are the pedestal, sensor pole, torque tube, cross beam, 
drive unit, reflector panel assemblies, tracking mirror, controllers, and 
sensor components. All are readily transportable by commercial carriers. 
Packaging designs provide protection and handling provisions to assure safe 
delivery to site. 

Procedures and schedules to control movement of material will minimize 

multiple handling and assure conformance to schedule. Purchased items 
will be shipped direct to the assembly location. Waste management will 
be implemented for disposal of excess packaging materials. Reusable 
designs will be used where cost-effective. Packs e~ceeding 75 lb can be 

handled with forklifts. 

The pedestal and sensor pole will be shipped on open-flatbed trucks with 
lumber spacers between layers. 

nesting for obtaining a tight load. 

Units will be alternated to provide flange

Pairs of pedestals will be strapped in 
steel to reduce handling and provide safety from rollfng during transporta

tio11 and storage. Sensor poles will be strapped in groups of four. 
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Torque tubes have the drive unit mounting supports and inboard beam 

mounting flanges attached, creating an irregular item to handle and stack. 

Three assemblies will be handled together by placing them across and 

strapping to 4-in. x 4-in. lumber spacers. Alternate units can be offset to 

achieve a tight pack for handling and storage. 

The flanged cross beams will be reverse-nested and bundled in fours with 

filament tape. Three bundles are then strapped together for shipping and 

storage. Lumber dunnage between layers of bundles provides spacing for 

fork entry during handling. 

Drive units will be strapped to a skidded base. The drive is dense (700 lb) 

so that a single-tier truck load achieves shippi'ng weights of near capacity. 

Film wrap will be used for moisture protection. 

Edge strength of reflector panel assemblies is capitalized on by shipping 

and storing the reflective panels vertically. Tracking mirrors will be 

packed in standard reusable crates. The large mirrors will be handled on 

a shipping and storage fixture designed for maximum truck loading. Pairs 

of assemblies will be unitized face to face separated with adhesive-backed 

cushioning patches and secured-with filament tape. Because of the cushion 

characteristics of the foam sandwich construction, the mounting disks will 

be allowed to contact one another directly. The slightly sloped back provides 

stability in loading the fixture and during removal of the panels. Strapping 

is used to maintain a snug pack for handling, shipment, and storage. 

Sensors, calibration equipment, controllers, and other electrical. equipment 

will be packed in fiberboard or wooden containers, depending on weight, to 

protect the items from shock and vibration. 

Highway transportation is the most cost-effective mode for the relatively 

short distance required for the Pilot Plant. Shipments will be in truckload 

quantities when practical for transportation economy. Reflective panels 

loaded face to face will have a tarpaulin cover to protect the load from casual 

road hazards and blowing sand; and to assure no hazardous reflections 
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.are produced from exposed reflectors. Loaded trailers of reflector panels 
can be dropped at site and the return load of empty fixtures picked up for a 
quick turnaround. Average- usage is two trucks per week for reflector panels 
and only two or three trucks per month for the other major items. 

Components can be handled and stored in their shipping configuration until 
ready for further assembly. To minimize handling, items will be moved 
directly to the using area without going to storage, an application of the 
last-in, first-out inventory principal. Special handling instructions will be 
provided for each critical item. These instructions will include trailer 
loading, tiedown and off-loading procedures. 

Biodegradable and recyclable materials (e.g., wood, fiberboard) have been 
selected as primary packaging materials. Containers, skids, fixtures, 
and other packagings that are not salvaged or reused will be removed to a 
community refuse disposal area. No packagings will be left as trash or 
rubbish at the assembly area or installation site. 

Thermal Storage Subsystem 

The thermal storage unit will be erected at the construction site with 
inspection and acceptance based upon the completed unit. Prefabricated 
work will be delivered as needed by the erecting foreman. Special site 
storage will not be needed. 

The heat exchangers will be off-loaded onto foundations by the mechanical 
contractor. 

Equipment items and raw stock will be warehoused at the construction site 
by the mechanical contractor. O!f--loac1ing of carrier vehicles will be per
formed by the mechanit:al contractor. 

The construction contractor will employ a receiving inspector and a ware
house clerk to control quality of all received equipment and stock and to 
process receiving and stock reports. 
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Special transportation is not required. Off-loading at the construction site 

will be performed by the mechanical contractor. 

Packaging will be specified by the procurement specifications when special 

packaging is needed to retain essential characteristics. 

Lowest rates compatible with delivery requirements will be used. Govern

ment bills of lading will be used for major items, if such a service is 

available. 

Shipping clearances to the site will determine the largest shop fabrication 

subassemblies. Shop fabrication will be preferred and used to the full 

economic advantage over field fabrication, wherever possible. 

Equipment and stock will be received at the construction site, off-loaded by 

the mechanical contractor, and inspected and warehoused by the mechanical 

contractor. The receiving inspection function and the warehousing operation 

will be monitored. The receiving inspector will retain records showing 

that received material conforms to the procurement specifications and all 

certifications of physical and chemical properties have been filled with the 

receiving records. Acceptance of equipment and stock by the receiving 

inspector will be the basis for payment of the supplier. The warehouse 

function will maintain the inventory status, as well as to provide physical 

protection for the material. The warehouse function will also maintain 

records showing equipment and stock removed from the warehouse for con

tractor installation. 

Receiver Subsystem 

Transportation of all hardware items to the Pilot Plant site will be by common 

carrier. During Subsystem Research Experiements (SRE), a complete Pilot 

Plant panel was fabricated in-house and delivered by common carrier on a 

flatbed truck to the test facility some 40 mi from Rocketdyne. The delivery 

was made during mid-day. No special provisions for transportation are 

considered necessary. The absorber, which is the largest single item, 

will be placed on a flatbed truck two at a time and delivered to the Pilot 

Plant site. 

4-196 



All structural steel valves, etc, that will be delivered directly to the site 
will be similarly carried by common carrier. It is anticipated that none of 
the hardware items required in the Pilot Plant will exceed the size of the 

absorber panel. It has been found during the SRE that no special provisions 
for handling are necessary for the absorber and that procurement of the 
transportation services will simply be done by using standard commercial 
practice. 

Electrical Power Generation Subsystem 

The major elements of the EPGS, including the turbine, generator, 

deaerator, etc, will be transported from the manufacturer to the Southern 

California Edison (SCE) Coolwater facility by rail. Packaging, protective 
covers, tie-down techniques, and off-loading provisions will be in accord
ance with established procedures and techniques. Movement of the equip

ment from the Coolwater rail spur to the installation site will be accom
plished with flatbed trucks. Smaller elements will be shipped directly 

from the manufacturer to the site by truck. Packaging of the elements will 

be in accordance with normal shipping practices for each hardware item and 

will depend on the quantity of each item shipped. 

4. 11. 1. 2 Facilities 

To adequately support site assembly, installation, and test operations, the 

permanent site facilities will have to be augmented during the I &C period 
with additional temporary facilities. At the moment, facilities requirements 
can be conceptualized although facilities criteria have not been developed. 

This section is also presented by subsystem with the master control 
omitted. 

Collector Subsystem 

A rigid-frame, fabric-membrane structure of 15,750 ft2 will be used as the 
heliostat assembly building and installation and checkout operations office. 

Heliostat assembly use of the building is described in the Production Plan, 

Volume III. The building contains two doors, one of which is 25 ft wide by 

15 ft high, and will allow for removal of a completely assembled heliostat 
to the adjacent collector subsystem installation site. 
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Outside area of the building will be paved with asphalt for parking and storage. 

Foundation pads will be installed outside to serve as temporary storage posi

tions for as many as 10 completely assembled heliostats. 

Installation and checkout operations office space provided inside the building 

will be sufficient for 6 desks, 1 drawing board, and 13 file cabinets. 

Thermal Storage Subsystem 

No dedicated facilities are anticipated for the thermal storage subsystem to 

support site assembly, installation, and test operations. All equipment and 

materials delivered to site will be erected in place. Equipment required for 

erection will be for the most part portable. The equipment includes cranes, 

welding machine, X-ray equipment, hydrostatic test equipment, and 

miscellaneous checkout hardware. Assembly activities requiring shop 

facilities will be carried out in the permanent assembly facility to be built 

on site, which is discussed in Volume VI. 

Receiver Subsystem 

No dedicated facilities to support the site assembly, installation, and test 

operations are anticipated for the receiver. Structural steel and piping com

ponents will be off-loaded near the base of the tower, where they will be 

raised to the top of the tower and installed. Receiver panels, which are 

ins·pected and pressure-checked prior to leaving the manufacturing facility, 

are off-loaded in the panel laydown area. With the completion of the 

receiver structure, the panels will be raised to the top of the tower and 

installed in place. Specialized assembly activities requiring shop facilities 

will be carried out in the permanent assembly facility. 

Electrical Power Generation Subsystem 

Facilities required to support the assembly and installation of the EPGS 

equipment will be included in the permanent on-site warehouse and assem

bly buildings, which will be shared with the receiver and thermal storage 

related activities. Since all elements of the EPGS will arrive at the site as 

manufactured components or assemblies, the principal site work involves 

the field erection and installation of these elements. During this activity, 

portable assembly and checkout equipment will be used wherever possible. 
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4.11. 1. 3 Support Equipment 

Collector Subsystem 

Types and quantities of equipment for installation and checkout operations 
shown in Table 4-23 have been selected for economical and dependable pro
gram accomplishments. All equipment is portable. Upon completion of col
lector subsystem installation and checkout operations, the major portion of 
equipment will be used for maintenance operations. MDAC will deliver 
necessary items of equipment to the customer for maintenance purposes 
prior to Pilot Plant system testing or as dictated by the customer's operational 
plans. 

Of the support equipment selected for the collec-tor subsystem installation 
phase of the program, two items require brief descriptions: the heliostat 
handling fixture, which is mated with a forklift, and the collector field test 
support station, which is mounted in a van. The balance of the support 
equipment is considered to be standard handling and test hardware. 

Because the heliostat is to be completely assernbiectoefore being transported 
to its foundation, a special handling fixture is required. The fixture is 
shown in Figures 4-77 and 4-78. It is a steel weldment consisting of two 
6-in. x 10-ft channels joined by intermediate tie plates with a cantilevered 
support at one end and a wood saddle at the other. A tube is mounted near 
the upper end contains adjustable feet to restrain the heliostat from rotating. 
Hooks are welded to the channels that will adapt to the vertical travel plate 
of a standard forklift. A safety hook is secured t.o the cantilevered support, 
and a sling and strap are provided as loose items. 

During the I&C phase, the master control will not be available for use in 
heliostat operational checkout. In lieu, a collector field test support station 
will be used. The unit will be designed so as to provide power and command 
inputs to either a field controller or a heliostat controller so as to power 
and command either a cell of 24 heliostats or a single heliostat. For mobility 
and equipment environmental control, field units will be installed in an air
conditioned van. The van will be equipped with an auxiliary power generator 
size to provide van power and power sufficient to drive a minimum of 
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Table 4-23 

INSTALLATION AND CHECKOUT EQUIPMENT 

Nomenclature 

Heliostat Handling Fixture 

Handling Sling, Heliostat Mirrors 

Mobile Workstand (Cherry Picker) 

Pedestal-Leveling Fixture 

Power Torque Wrench 

Forklift 

Multimeter-Volt Ohmmeter 

Digital Voltmeter 

Pickup Truck - Modified to Incorporate 
Workstand in Truckbed 

Mobile Crane 

Walkie-Talkie Communications Sets 

Inclinometer 

Theodolite 

Collector Field Test Support Station 

Reflector Washing Equipment 

Qty 

2 

2 

2 

2 

2 

1 

6 

6 

2 

1 

4 

2 

2 

2 

TBD 

24 heliostats. The unit will be used during I&tC to test and check out helio

stats under the control of both heliostat controller and field controllers. Fol

lowing the completion of I &rC, the van-mounted test sets will be used for col

lector field maintenance and for emergency positioning of heliostats. The 

basic equipment making up the test set is shown in Figure 4-79. 

A typical field application of the test set is shown in Figure 4-80. 

4. 11. 1. 4 Maintenance 

Maintenance activities during I &tC will be initiated in respo~se to (1) pro

tecting installed equipment from the environment, (2) dam~ge caused by 

installation activities, and (3) discovery of discrepant items during checkout 

and test. 
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. Preventive maintenance will be scheduled for periodic inspection of installed 

equipment as necessary to detect environmental damage. Equipment found to 

be deteriorating will be serviced, repaired, or replaced as its condition 

warrants. 

Corrective maintenance will be accomplished by removal and replacement 

of damaged or discrepant items. Damaged and discrepant items removed at 

site will be recycled through the appropriate manufacturer's facility for 

repair and recertification. 

The thermal.storage subsystem and receiver subsystem are treated essen

tially the same as the collector subsystem. 

4.11. 1. 5 Supply Support 

Approved quantities of consumables and low-cost spares and repair parts, 

as defined by maintenance data analyses, will be acquired and delivered to 

support installation and checkout operations and maintenance tasks. 

High-cost spares such as reflector panels and field controllers will not be 

acquired. If the need arises for this type of spare, the item will be diverted 

from the production line. Following this action, a spare will be ordered and 

then turned over to the production line as a replacement. This concept 

reduces investment in high-cost spares, while ensuring installation and 

checkout scheduled completions. 

4. 11. 1. 6 Installation Procedures 

The procedures to be prepared and validated for use during the installation 

phase are listed in Table 4-24. 

4. 11. 1 . 7 Training 

Maintenance training courses will be developed during the production phase 

of the program and will be conducted for maintenance personnel during the 

installation and checkout phase. The training material will be delivered to 

the customer to train new personnel and provide refresher courses. 

Training assistance is provided by field service representatives assigned to 

the site. 
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Table 4-24 

COLLECTOR SUBSYSTEM INSTALLATION PROCEDURES 

Number 

MDAC-CSIP-01 

MDAC-CSIP-02 

MDAC-CSIP-03 

MDAC-CSIP-04 

MDAC- CSIP- 05 

MDAC-CSIP-06 

MDAC- CSIP-07 

MDAC-CSIP-08 

4. 11. 2 Operations 

4. 11. 2. 1 Transportation 

Title/Description 

Foundation Leveling. Provide procedure for 
adjusting pedestal leveling nuts using special 
leveling tool. 

Heliostat Installation. Provide procedures for 
installing heliostat handling fixture, transporting 
heliostat, and installing heliostat on foundation. 

Power and Control Cables Connection. Provide 
procedures for connecting power cable to field 
and heliostat controllers, control cables to field 
and heliostat controllers. 

Heliostat Referencing and Checkout. Provide 
procedures for aligning heliostat to known 
reference point. Provide procedures for 
operational checkout of a heliostat using field 
controller test set. Provide procedures for 
adjusting elevation and azimuth encoders. 

Sensor Pole Installation. Provide procedures 
for installing and leveling pole on foundation (if 
required). 

Sensor Installation. Provide procedures for 
installing sensor mount and sensor on pole, and 
connecting electrical cable. 

Sensor Alignment. Provide procedures for 
aligning and locking sensor. 

Test and Checkout. Provide procedures for test 
and checkout of a cell of heliostats using the 
field controller test set. Refer to available 
engineering drawings for cabling, wiring, logic, 
and functional diagrams. 

Two modes of transportation are required to support Pilot Plant operation. 

The first in intrasite movement of maintenance personnel and operating 

equipment. These needs will be satisfied through use of installation and 
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.checkout vehicles that are to be transferred to operations at the completion 

of installation and checkout activities. The second mode is the transportation 

of replenishment supplies to the site and the movement of reparable compo

nents to and from the manufacturer's facility for repair. The needs will be 

served best through the use of commercial carriers. 

Packaging of reparable components should comply with commercial packaging 

practices, except for items having reusable containers transferred from 

installation and checkout. 

4. 11. 2. 2 Maintenance Equipment 

Much of the equipment needed to support the Pilot Plant maintenance activities 

consists of standard items such as are used at any electric generating station. 

However, there are some items required which are unique to the solar power 

generating system. They include the following: 

COLLECTOR SUBSYSTEM 

1. Mobile Workstand (Cherry Picker) 

2. Mobile Crane 

3. Forklift 

4. Hoisting Slings, General Purpose 

5. Pickup Truck 

6. Inclinometer 

7. Mobile Communications Set 

8. Theodolite 

9. Hoisting Sling, Heliostat Mirror 

1 0. Pedestal- Leveling Fixture 

11. Reflector Washing Equipment 

12. Collector Field Test Support 

Station 
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Beam Sensor Alignment 

Heliostat Hoisting 

Miscellaneous Heavy 

Equipment Handling 

Heliostats and Miscel

laneous Equipment Hoisting 

General Purpose 

Pedestal Leveling 

Field Communications 

Helios tat Alignment 

Mirror Panel Replacement 

Pedestal Leveling 

Heliostat Reflector 

Cleaning 

Subsystem and Component 

Level Fault Isolation and 

Test 



.· RECEIVER SUBSYSTEM 

1. Absorber Flushing Equipment 

2. Standard Hard Tools 

3. Grinder, Welder, Portable X-ray Unit 

4. Sand blasting and Spray Paint Equipment 

5. Power Hacksaw or Pipe Cutter 

6. Panel Handling Sling 

7. Standard Electronics Checkout Equipment (Digital Voltmeter, 

Counter, Oscilloscope, Ohmmeter, etc) 

8. Pressure Gage Calibration Bench 

9. Ultrasonic Filter Cleaner 

4. 11. 2. 3 Maintenance 

Pilot Plant maintenance, as determined to date, is identified in the following 

subsection. For a more detailed description of maintenance actions, the 

reader is referred to Volume III for the collector subsystem, Volume IV for 

the receiver subsystem, and Volume V for the thermal storage subsystem. 

Collector Subsystem 

The level of detail and confidence· in the requirement estimates at this time 

are constrained by the current hardware design definition. Al-so, collector 

subsystem requirements must be integrated with the overall Pilot Plant 

support requirements to assure a cost-effective support operation. The 

basic corrective and scheduled maintenance tasks for the collector subsystem 

have been determined by a hardware analysis to identify maintenance signifi

cant components. Maintenance significant components are defined as hard

wat'e items for which a discrete maintenance action is required based on 

the maintenance concept. These maintenance actions result from equipment 

failures or may be scheduled actions such as cleaning or lubrication to 

prevent equipment deterioration or to sustain performance characteristics. 

Table 4-25 lists the maintenance significant components and provides a brief 

description of the required Q'laintenance actions. 

Receiver Subsystem 

No firm maintenance schedule exists now. A schedule of frequency and type 

of maintenance will be developed during the checkout, integration, and 2-yr 
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g 

Component 

Field Controller 

Heliostat Controller 

Elevation and Azimuth 
Drive Assemblies 

Elevation and Azimuth 
Drive Motor and 
Reducer 

Elevation and Azimuth 
Shaft Encoder 

Elevation and Azimuth 
Shaft Turn Pickoff 

Pedestal J - Box 

Pedestal 

Reflector Panel 

Reflection Structure 

Beam Sensor 

Sensor Pole 

Table 4-25 (Page 1 of 2) 

MAINTENANCE SIGNIFICANT ITEM LIST 

Corrective Maintenance 

Remove and replace on failure. Minor repair 
on- site. Major repair and overhaul at MDAC. 

Remove and replace on failure. Minor repair 
on-site. Major repair and overhaul at MDAC. 

Remove and replace on failure. Repair and 
overhaul at MDAC. 

Remove and replace on failure. Repair at 
manufacturer. 

Remove and replace on failure. Repair at 
manufacturer. 

Remove and replace on failure. Repair at 
MDAC. 

Remove and replace detail parts on failure. 
Remove and replace box for major damage. 

Structural repair. Remove and replace for 
major damage. 

Remove and replace. Discord. Clean (in 
addition to scheduled requirements due to 
severe weather conditions). 

Structural repair. Remove and replace for 
major damage. 

Remove and replace on failure. Repair at 
MDAC 

Structural repair. Remove and replace for 
major damage 

Scheduled Maintenance 

None 

None 

Lubrication 

None 

None 

None 

None 

None 

Clean 

None 

None 

None 



~ 

"' ... 
0 

Component 

Field Cables 

Power Distribution 
Panel 

Power Transmission 

Test Support Station 

Table 4-25 (Page 2 of 2) 

MAINTENANCE SIGNIFICANT ITEM LIST 

Corrective Maintenance 

Electrical Repair. Remove and replace for 
major damage 

Remove and replace detail parts. Replace panel 
for major damage 

Remove and replace on failure. 

Remove and repair components on failure. 
Repair components at MDAC. 

Scheduled Maintenance 

None 

None 

None 

Calibrate test equip
ment; inspect, clean, 
adjust and lubricate 
CRT /keyboard, tape 
reader, and recorder 



. operational test program. The SRE program has demonstrated that the 

Pyromark paint on the receiver surface will last in excess of a year and 

industrial experience with the paint indicates many years of maintenance

free service. Acid flushing of the receiver will probably be necessary once 

a year; however, this can routinely be done at night or during cloudy days 

without impact. Maintenance of electronic equipment is standard procedure 

and these services are normally purchased at the time the equipment is 

bought. 

Two types of maintenance, preventive and corrective, will naturally be 

required. The plan is to develop during the operational test phase the type 

and frequency of preventive maintenance and the type of corrective main

tenance required. The types of preventive maintenance expected are paint

ing, cleaning, continuity checks, functional checks, visual inspection, 

routine or periodic parts replacement, and periodic flushing. The types of 

corrective maintenance expected are part replacement, part servicing or 

overhaul in place, flushing, and part servicing, repair, and overhaul in 

shop. All of these types of activities are standard for fluid systems, 

especially steam-generation equipment operated by utility firms. 

There are only two preventive maintenance items planned for the absorber 

assembly. The first involves repainting of the external face of the absorber 

to ensure the high performance discussed herein. This will be accomplished 

with scaffolding and spraying, identical to the means used during the fabrica

tion procedure. The sand blasting and painting activity would be carried out 

at TBD intervals based on periodic visual inspection of the receiver surface. 

This activity would be carried out during planned maintenance periods, thus 

minimizing the impact on plant availability. 

The other preventive maintenance item will be periodic acid flushing of the 

boiler and preheater panels. It is anticipated that this operation will be 

done at 18-mo intervals. The activity will also be done as part of the 

planned maintenance cycle to maximize plant availability. 
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.Corrective maintenance insofar as the absorber is concerned will be simply 

to remove an affected panel and replace it. It is anticipated that a panel can 

be replaced overnight with no effect on the solar plant mission other than 

downtime immediately subsequent to the failure. The panel will be removed 

with the crane located on top of the receiver. The technique used is 

described in Section 5. 3, Volume IV. Panels will be replaced to repair or 

replace damaged tubes or leaks. In general, the panel can be returned to 

the factory for corrective action; however, some damage may be slight 

enough that it can be repaired on- site, Tube replacement and/or repair 

procedures and techniques will be developed during the detailed design and 

fabrication of the Pilot Plant panels. 

Controls maintenance is concerned with two areas, mechanical parts and the 

electronic parts. Most electronic equipment will be maintained on a routine 

basis normally by the equipment supplier. These types of activities are 

normally done on a monthly basis, but in certain instances biweekly main

tenance is necessary. This activity will be done at night with no impact to 

the Pilot Plant mission. It would normally include replacement of transistors, 

continuity checks, and checks of computer logic. Mechanical parts that will 

be maintained on a regular basis are the filters upstream of the absorber 

panels. The preventive procedure will involve cleaning these. 

Corrective maintenance for the controls hardware also refers to the elec

tronic and mechanical parts and in both cases involves replacement of faulty 

hardware. Electronics activity normally requires extensive troubleshooting 

using, where possible, troubleshooting routines designed into master control. 

Maintenance of the mechanical parts for the most part requires removal of 

valve components and replacement and/or repair for reinstallation into the 

valve. 

Proper maintenance is essential to sustain the thermal storage subsystem 

(TSS) in a continued state of operation, high efficiency, and safety over its 

30-year life. Maintenance will include all actions taken to retain an item in 

a specified condition by providing systematic inspecting, detecting, and 

servicing for the prevention of incipient failure and the action taken to restore 
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an item to a specified operational condition. This includes fault isolation, 

item replacement, and repair. To accomplish this two types of maintenance 

are considered. They are scheduled maintenance and corrective mainte

nance, and are defined as follows: 

• Scheduled Maintenance. Actions performed to retain an item in an 

operable condition by systematic inspection, dehtetion, prevention 

of incipient failures, replacement of life/ cycle limited components, 

adjustment, calibration, cleaning, and lubrication. Scheduled 

preventive actions will be minimized during operating periods and 

emphasized during nonoperating periods of portions of the thermal 

storage subsystem to sustain equipment/ 1y11tem availability. 

Servicing activities will be minimized and conducted on a noninter

ference basis. 

In addition to these scheduled procedures, plant operation will be 

continuously monitored for out-of-spec performance. When com

ponent and subsystem deviates from established norms operations 

will notify maintenance and corrective procedures will be estab

lished that will provide rapid return to establish performance 

levels with a minimum of outage time. 

• Corrective Maintenance. Actions performed to restore an item to 

a satisfactory condition by correction of known or suspected mal

functions or defects that have caused degradation of the item below 

the specified performance level. 

Corrective maintenance consists of repair, replacement, checkout, 

and verification of repaired equipment. It is performed as a result 

of condition monitoring, or unexpected or unpredicted failure or 

malfunction. 

Table 4-26 is the summary schedule for periodic maintenance and inspec

tions required for unscheduled maintenance. It shows the suggested frequency 

with a reference code for the work to be performed on the listed items of the 

TSS. It is expected that this schedule will be modified and updated with 

experience gained during operation of the Pilot Plant. Maintenance experi

ence with the Pilot Plant will be directly applicable to the Commercial Plant. 
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Table 4- 26 (Page 1 of 2) 

TSS MAINTENANCE SUMMARY SCHEDULE 

Maintenance Period and Maintenance Action 

Item Daily Weekly Monthly SemiAnnual Annual Other 

l Thermal Storage Unit (TSU) A G B, C, D 

2 Ullage Maintenance Unit (UMU) A E, F G B, C, D 

3 Fluid Maintenance Unit (FMU) A E G 

4 Pump Units (Including Motors) A G 

5 Heat Exchangers (TSH and SG) A A H 

6 Desuperheater A A H 

.,:,. 
N 

7 FMU Filters A J 
.... 

8 Valves .,:,. 

• Manual A K K 

• Control A L 

• Relief A L 

9 Instrumentation and 
Transducers 

• Flowmeters A L 

• Pressure and Delta-p A L 
Transducers 

• Temperature Transducers 

Thermocouple A 

Resistance Bulbs A L 



.,::. 
l'J .... 
U1 

10 

11 

A. 
B . 

C. 

D. 

E. 

F. 
G. 

H. 

J. 

K. 

L. 

M. 

Table 4-26 {::lpage Z of Z) 

TSS MAINTENANCE SUMMARY SCHEDULE 

Maintenanc;:e Period and Maintenance Action 

Item 

Control Subsystem 

General Maintenance - Descaling, 
Cleaning, Painting, Etc 

Daily Weekly Monthly SemiAnnual Annual 

M 

Walkaround visual and audible check for leaks, mechan\ical, and electrical abnormalities. 

Check bolt torque. 

Check tank settling or distortions. 

Check for weathering and insulation spauling. 

Draw off waste fluids and submit a sample for analysis. 

Check oil levels for pumps, motors, compressor, etc. Replenish as required. 

Lubricate bearings, shafts, etc that require periodic lubrication. 

Check for scaling and corrosion, primarily steam and/or water systems. 

Inspect and clean FMU filters as required. (Requirement for cleaning will be as indicated 

by differential pressure readouts. ) 

Check manual valves for verification of open/ close operation. 

Service, calibration, and proof test changeouts. (Applies to valves and transducers. ) 

Check for dust, sand, corrosion, connector integrity. 

Other 

Every 
TBD years 

required 



. 4. 11. 2. 4 Facility Requirements 

No facilities dedicated to collector subsystem maintenance are required. 

Indoor storage space is limited to that required for spare parts and minor 

maintenance support equipment items. Temperature or environmental 

conditioning is not a significant factor. Packaging and crating area require

ments are minimal because no large items are sent off- site for repair. 

Outside parking is adequate for all vehicles, including the van that houses the 

collector field test station. Office space requirements for maintenance 

records and documentation can be integrated with similar requirements for 

other subsystems. 

During the first year of test operations, a determination will be made, in 

conjunction with the operator of the plant, regarding the most effective 

approach to component repair. Startup and test operations will be supported 

by a factory repair service for discrepant components, but expectations are 

that a trade study of factory versus at-site component repair will favor 

at- site repair when facility and tooling costs are amortized over a 28-yr 

period. If this conclusion is reached, facility criteria for an at- site repair 

capability will be prepared. This facility would most likely serve component 

repair needs for all subsystems. 

4. 11. 2. 5 Spares 

Collector 

Spares and repair parts to support collector subsystem will be determined 

by analysis concurrent with hardware design release. The selection and 

quantity of items to be procured is based on the maintenance concept, the 

predicted component failure rates, operational availability requirements, 

and the repair cycle turnaround time. Spares and repair parts lists includ

ing quantities, unit cost, and procurement leadtime will be submitted for 

review and approval in sufficient time for procurement and on- site beginning 

30 days prior to need dates. Ordering of system peculiar spares (non

commercial items) will be made prior to coinp1etion of production runs to 

reduce acquisition costs. 
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Inventory control, warehousing, receipt, and issuing of on- site spares and 
repair parts will be the responsibility of the site operator. MDAC-Huntington 
Beach will be responsible for these functions for off- site repair parts. 

Accountability and consumption reporting will be in accordance with customer 

requirements. In addition, MDAC will be responsible for accountability, 

tracking, control, and status reporting for all reparable items in the repair 

pipeline. 

A preliminary spares analysis has been conducted based on the current 

hardware d~sign definition. Results of this analysis are presented in 

Table 4-27. Reparable items, upon failure, are removed from the system, 

placed in the repair cycle, and returned to spare stock inventory when 

repair ia complete, 

Thermal Storage 

The required initial spares provisioning plan is summarized in Table 4-28. 

Stocking of these spares will allow rapid and economical repair with a 
-

minimum of outage time. Since all large valves will be welded in place, 

repair will be done by replacement of major subassemblies (such as com
plete bonnet assemblies). Major control valve downtime will be minimized 

by tools that facilitate rapid removal and repair in place. 

Rocketdyne' s experience has been that the most cost-effective method of 
providing a minimum amount of downtime is to provide a high percentage of 
.transducer/sensor spares and to schedule periodic replacement and 

recalibration. 

Spares for the main pumps and electric motor drives will consist of replace

ment bearings, seals, gaskets, and the necessary electrical hardware. 

During the 30-yr lifetime it is expected that the large pumps and electric 
motors can be repaired in place. It is usually more economical to replace 
small motors and auxiliary equipment. 

The large charge and extraction heat exchangers will be disassembled in 

place for cleanout and/or repair. The appropriate gaskets will be stocked 
and replaced as needed. 
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Table 4-2 7 (Page 1 of 2) 

SPARES REQUIREMENTS 

Repair 
System Failures Repair Cycle Pipeline 30-Day Spares 

Component Quantity Per Year Location (Days) Quantity Cont Quantity 

Field Controller (F / C) 74 2. 1 MDAC 30 1 1 2 

Helios tat Controller (H/ C) 1,686 27.5 MDAC 30 3 3 6 

Drive Motor, Azimuth and 3,520 23.2 Mfr 90 6 2 8 
Elevation 

Input Reducer 3, 520 120 MDAC 30 10 10 20 

Drive Unit, Azimuth 1, 760 44 MDAC 30 4 4 8 

.,:. Drive Unit, Elevation 1, 760 44 MDAC 3() 4 4 8 
~ 

Shaft Encoder .... 3,520 14 co Mfr 90 4 1 5 

Shaft Turn Pickoff 3,520 15.6 MDAC 30 2 2 4 

Pedestal J- Box (F / C) 74 0.41 Site 1 - - 1 

Pedestal J-Box (H/ C) 1,686 10 Site 1 - 1 

Beam Sensor Unit 1,760 3 MDAC 30 1 1 2 

Power Transformer 8 0. 02 - - - - 1 

Power Distribution Panel 8 0.09 Site 1 - - 1 

Reflector Panel 10,560 35 - - - - *10 

Tracking Mirror 1,760 6 - - - - *12 

Reflector Structure 1,760 2.9 Site 1 - - 1 

Pedestal 1,760 0.58 Site 1 - - 1 

*2-yr Quantity 



-f" 
i') _. 
co 

Component 

Sensor Tower 

Electric Cable Set, 
Pedestal 

Electric Cable Set, Field 

Collector Field Test 
Station 

System 
Quantity 

1,760 

1, 760 

1 

2 

Table 4-27 (Page 2 of 2) 

SPARES REQUIREMENTS 

Repair 
Failures Repair Cycle 
Per Year Location (Days) 

0.58 Site 1 

1. 22 Site 1 

0.033 Site 1 

TBD Site 1 

Pipeline 30-Day Spares 
Quantity Cont Quantity 

- - 1 

- - 1 

- - 0 

- - 0 



... 
N 
N 
0 

Item 

Transducers/Sensors 
Pressure 
Thermocouple 
Temperature 
Bulbs 

Electronic 
Controllers 

Flowmeters 

Sight Gages 

Heat Exchangers 
(change and extract) 

Valves 
Control (large) 

Table 4-28 (Page 1 of 2) 

PILOT PLANT THERMAL STORAGE SUBSYSTEM 

INITIAL SPARES PROVISIONING 

Scheduled 
Maintenance 

Cycle 

6 Mo 
6 Mo 

12 Mo 

12 Mo 

12 Mo 

12 Mo 

5 Yr 
or 

10 to 1'5 Yr 

12 Mo 

Probable 
Condition 
Requiring 
Servicing 

Out of calibration 
Out of calibration 
Out of calibration 

Dirt, bad 
connection 

Sticking, leaking 
ball worn 

Sticking, leaking 
bearings worn 

Cleaning 

Tube replacement 

Out of calibration, 
sticking, leaking 
or worn stem 

Servicing 

Lab repair/ calibration 
Lab repair/ calibration 
Lab repair /calibration 

Clean and check in 
place 

Lab repair/ calibration 

Lab repair/ calibration 

Remove U- tube bundle 
and clean 
Replace tubes 

Shop repair/ 
calibration 

*Integrated with other major subsystems 
**Percent of thermal storage subsystem 

Required Spares* 

50%** 
10% 
50% 

1 each type and size. 

1 each type and size. 

Gaskets. 

Tubes. Order when 
ready. 

I bonnet assembly 
each type plus 10% 
trim, seats, seals, 
actuators and EP 
converters. 



~ 
I\.) 
~ 

Item 

Manual (large) 

Small ( ~ 2 in. ) 

Pumps/Motors 

Piping 

Table 4- 28 (Page 2 of 2) 

PILOT PLANT THERMAL STORAGE SUBSYSTEM 

INITIAL SPARES PROVISIONING 

Scheduled 
Maintenance 

Cycle 

As Reg 

As Reg 

As Reg 

As Reg 

Probable 
Condition 
Requiring 
Servicing 

Sticking, leaking 

Sticking, leaking 
worn 

Worn bearings, 
seals, belts, 
gaskets 

Leakage 

Servicing 

Shop repair bonnet 
assembly 

Shop repair valve 
assembly 

On-line or shop repair 

Replace gasket and 
remount component if 
excessive thermal 
movement is causing 
leakage 

*Integrated with other major subsystems 

Required Spares* 

1 bonnet assembly 
each type and size. 

1 valve each type and 
size. 

1 each set plus bulk 
gasket material. 

I gasket each flanged 
joint. 



Piping gaskets and sealing compounds will be adequately stocked in all 
sizes to allow leaks and/or repair and replacement of line sections, 

The spares provisioning list in Table 4-28 provides for the thermal storage 
subsystem independently. When detailed designs are completed during 
Phase 2, a master spares provisioning list encompassing all subsystems 
will be prepared. Where commonality exists, spares will not be duplicated, 
This will provide cost saving, particularly in the areas of transducers, 
steam/water line gaskets, and small pumps and motors. 

Receiver 

Philosophy will be the same as for thermal storage, and common spares 
will not be duplicated. 

4. 11. 2. 6 Maintenance Documentation 

Documentation requirements for maintenance of subsystem components 
and support equipment will be satisfied by providing low-cost procedural 
instructions. 

Procedures will be prepared in consonance with the development of main
tenance data analyses for subsystem logistics requirements. Maintenance 
data analyses will define subsystem requirements for scheduled and cor
rective maintenance, fault detection, inspection, alignment, adjustment, ' 
lubrication, repair, and spare parts. Simple, commercially acceptable 
methods will allow quick- reaction preparation and reproduction of drawings. 

Procedures will be validated to the maximum possible extent during the 
installation and checkout phase at site. Technical data in maintenance pro
cedures, such as diagrams, certain repair and fault-isolation instructions, 
and preventive maintenance schedules, which cannot be validated, will be 
verified at meetings of MDAC and customer personnel, Final maintenance 
procedures will be updated to reflect equipment modifications and procedural 
improvements. 
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4.11. 2. 7 Training Requirements 

The subsystem support planning data developed for establishing an efficient 

maintenance program capability will be the basis for the development of the 

training program. The planning data includes manpower, crew size, task, 

maintenance procedures, and personnel skills required to maintain the Pilot 

Plant system. 

When evaluated and compared with the existing capability of personnel as 

assigned to the Pilot Plant system, the data will determine the type and 

depth of training provided. 

The training program will be time-phased to operational requirements to 

within 3 mo of actual personnel assignment to maintenance activities. 

Although constrained by current hardware configuration definition, the fol

lowing preliminary identification of training courses have been completed for 

the collector subsystem: 

A. Reflector repair and handling. 

B. Heliostat removal and replacement. 

C. Heliostat alignment. 

D. Heliostat handling and transportation. 

E. Sensor removal and replacement. 

F. Field controller repair. 

The primary method of presentation will be on-the-job/on-equipment training 

and will consist of approxilnately 25% classroom lecture and discussion and 

75% on equipment using the actual operational procedures for training. The 

latter will be directly supervised by a knowledgeable training engineer to 

prevent possible damage to operational equipment. 
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APPENDIX A 

PILOT PLANT SYSTEM REQUIREMENTS SPECIFICATION 

·l. 0 SCOPE 

This document defines performance, design, and test requirements for the 

Central Receiver Pilot Plant System. The Central Receiver Pilot Plant is 

hereinafter referred to as the Pilot Plant or the system. 

2. 0 APPLICABLE DOCUMENTS 

The equipment, materials, design, and construction of the Pilot Plant shall 

comply with all Federal, state, local, and user standards, regulations, 

codes, laws, and ordinances which are currently applicable for the selected 

site and the using utility. These shall include but not be limited to the 

government and nongovernment documents itemized below. If there is an 

overlap in or conflict between the requirements of these documents and the 

applicable Federal, state, county or municipal codes, laws, or ordinances, 

that applicable requirement which is the most stringent shall take precedence. 

The following documents of the issue in effect on the date of request fur 

proposal form a part of this specification to the extent specified herein. In 

the event of conflict between the documents referenced herein and the con

tents of this specification, the contents of this specification shall be considered 

a superseding requirement. 

2. 1 Government Documents 

2. 1. 1 Specifications 

Regulations of the Occupational Safety and Health Administration (OSHA) 

Regulations of the California Occupational Safety and Health Adminis-
tration (Cal/OSHA) - if required 

The International System of Units, 2nd Revision, NASA SP-7012 

Regulations of the Federal Aviation Administration 

Regulations of the Civil Aeronautics Board 

z. 1. Z Standards 

MIL-STD-1472, Human Engineering Design Criteria 
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2. 1. 3 Other Publications 

U.S. Weather Bureau Maximum Wind Velocities, 50-year Mean 
Recurrence, Fastest Mile (1 Minute) 

Design Handbook on Electromagnetic Compatibility (AFSC DHl-4) 

Checklist of General Design Criteria (AFSC DHl-X) 

Instrumentation Grounding and Noise Minimization Handbook (AFRPL
(AFRPL-TR-65-1) 

National Motor Freight Classification 1 00B - Classes and Rules Apply 
on Motor Freight Traffic 

Uniform Freight Classification 11 - Railroad Traffic Rates Rules and 
Regulations 

CAB Tariff 96 - Official Air Transport Rules Tariff 

CAB Tariff 169 - Official Air Transport Local Commodity Tariff 

R. H. Graziano' s Tariff 2 9 - Hazardous Materials Regulations of the 
Department of Transportation 

CAB Tariff 82 - Official Air Transport Restricted Articles Tariff 

2. 2 Non-Government Documents 

2. 2. 1 Specifications 

Collector Subsystem Requirements Specification 

Receiver Sub sys tern Requirements Specification 

Thermal Storage Subsystem Requirements Specification 

Electrical Power Generation Subsystem Requirements Specification 

Master Control Requirements Specification 

Pilot Plant Environmental Conditions 

Pilot Plant/Site Interface Specification (TBP)* 

Pilot Plant/ Electrical Power Transmission Network Interface 
Specification (TBP) 

Collector Subsystem/Receiver Subsystem Interface Specification (TBP)* 

Collector Subsystem/ Electrical Power Generation Subsystem Interface 
Specification (TBP) 

Collector Subsystem/Master Control Subsystem Interface Specification 
(TBP) 

Receiver Subsystem/Thermal Storage Subsystem Interface Specifi
cation (TBP) 

*(TBP) - To be prepared 
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Receiver Subsystem/ Electrical Power Generation Subsystem Interface 
Specification (TBP) 

Receiver Subsystem/Master Control Subsystem Interface Specification 
(TBP) 

Thermal Storage SubsystemElectrical Power Generation Subsystem 
Interface Specification (TBP) 

Thermal Storage Subsystem/Master Control Subsystem Interface 
Specification (TBP) 

Electrical Power Generation Subsystem/Master Control Subsystem 
Interface Specification (TBP) 

Additional interface specifications will be prepared as required for 
individual subsystems being provided by more than one contractor 
(for example, a receiver assembly/tower interface specification will 
be prepared as part of the receiver specification). 

2. 2. 2 Standards 

American National Standards Institute, B31. 1, Power Piping Code Manual 
of Steel Construction, 7th Edition, 1974, American Institute of Steel 
Construction 

American National Standards Institute (Yl O. 19-1969 and Cl. 1-1971) 
Building Code Requirements For Reinforced Concrete (ACI 318- 71 ), 
American Concrete Institute 

National Electrical Code, NFPA 70-1975 (ANSI Cl-1975) 
NFPA Bulletin No. 78 (ANSI CS. 1) 

National Electrical Manufacturers Association Standards 
National Tubular Exchanger Manufacturers Association Standards 
Seismology Committee Structural Engineers Association of California 
American Society of Mechanical Engineers, Boiler and Pressure Vessel Code: 

Section I, Rules for Construction and Power Boilers 
Section II, Material Specifications 

Section V, Nondestructive Examination 

Section VIII, Unfired Pressure Vessels 
Section IX, Welding and Brazing Qualifications 

Uniform Building Code - 1973 Edition, Vol 1 by International Conference of Building Officials 

American Society for Testing Manuals Standards 

*(TBP) - To be prepared 
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3. 0 REQUIREMENTS 

The Pilot Plant system shall comply with all requirements specified herein 

and in the specifications listed in Section 2. 2. 1. 

3. 1 Pilot Plant System Definition 

3. 1. 1 General Description. The Pilot Plant shall be described in the 

International System of Units in accordance with NASA SP-7012 and ANSI 

Yl 0. 10-1060, but all reporting shall be in both systems of units, i. e,, 

0 °C (32°F). The Pilot Plant is comprised of the following: 

(a) The collector subsystem shall consist of a series of individual 

tracking heliostats that continuously reflect the direct incident solar inso

lation onto a central tower mounted receiver at sufficient power levels to 

operate a steam Rankine turbine-generator set capable of providing a 2 PM 

on Winter solstice 10-MW net electrical power to a grid and/or recharge 

the thermal storage subsystem. The subsystem shall include all hardware 

and software identified in the Collector Subsystem Requirements Specification. 

(b) The receiver (central receiver) shall provide a means of transferring 

the incident radiant flux energy from the collector subsystem into superheated 

steam which serves as the fluid (1) £or generating electrical power by the 

electrical power generation subsystem, (2) for conversion to stored thermal 

energy by the thermal storage ~ubsystem, and (3) £or generating electrical 

power by the electrical power generation subsystem while also charging the 

thermal storage subsystem. 

The receiver subsystem shall consist of an elevated receiver unit to 

intercept the radiant flux from the collector subsystem, the tower structure 

to support the receiver unit, the riser to transport feedwater to the receiver 

unit, and the downcomer to transport steam from the receiver unit to the 

ground. The receiver unit shall include the absorber (boiler /superheater): 

the receiver support structure; water and steam headers: valves and receiver 

control necessary to regulate the fluid flow, temperature and pressure: and 

the required thermal control necessary for safe and efficient operation, 

startup, shutdown, and standby of the receiver subsystem. 

(c) The thermal storage subsystem shall consist of a desuperheater, 

heat exchanger, one or more thermal storage media, storage structure, 
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pumps, steam generator, valves, p1p1ng, and subsystem control as necessary 
to accept thermal energy from the receiver subsystem and store the energy 
for later reconversion to steam for use by the electrical power generation 
subsystem or for use in the receiver and/or the electrical power generation 
subsystem for thermal management. 

(d) The electrical power generation subsystem shall consist of a steam 
Rankine turbine-generator set, power conditioning equipment, heat rejection 
unit, feedwater circulation pumps, feedwater heating equipment, and water 
treatment facilities. The turbine-generator set shall transform the thermal 
energy of the steam into 60 Hz electrical power at 13,200 volts. The turbine
generator set shall produce 10, 000 kilowatts net of power when operating 
from receiver steam and 7, 000 kilowatts net when operating from thermal 
storage steam. Intermediate power output levels shall be produced when 
operating the turbine-generator set off both receiver and thermal storage 
steam simultaneously. The subsystem shall, in addition, satisfy the sytem 
parasitic power requirements and shall provide an independent emergency 
source of power. The power conditioning equipment shall transform, switch, 
regulate, and control the electrical output of the turbine-generator set to 
ensure compatible integration into an existing electrical power transmission 
network. The heat-rejection unit shall reject waste heat from the turbine
generator set in a manner consistent with all site restrictions and limitations 
and minimize deleterious effects on the collector subsystem. The feedwater 
circulation pumps shall provide a flow of feedwater at the required pres sure 
and flow rate conditions to the receiver and/or thermal storage subsystems. 
The feedwater heating equipment shall heat the feedwater to the desired tem
perature prior to being pumped to the receiver and/or thermal storage sub
system. The water treatment facility shall condition local water to the purity 
and chemical composition required by the receiver subsystem as stipulated 
in the Receiver Subsystem Requirements Specification. · 

(e) The master control consists of the control and display hardware and 
the associated software necessary for coordination of all subsystem processes, 
either automatically or manually under direction of the plant operator. The 
master control shall be capable of continuously computing the collector sub
system synthetic track commands and transmitting the encoded data to the 
collector subsystem. It shall control the system start-up, shut-down, and 
mode changes in a coordinated fashion while adjusting power flow splits be
tween the turbine and· thermal storage. It shall continuously monitor the 
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system and identify out of spec conditions. The master control shall be 

capable of recording and reducing plant operating data as well as making 

plant performance predictions based on available environmental data and 

options in operating modes. 

3. 1. 2 Pilot Plant Application. Central receiver solar thermal power plants 

are expected to provide electrical power to the electrical transmission/ 

distribution network. These solar thermal plants, initially sited in the 

Southwestern United States, would produce power to meet grid demands, The 

objective of the Pilot Plant is to establish the technical feasibility and indi

cate the potential economic feasibility of supplying power with a central 

receiver thermal power system. It is intended that the Pilot Plant design 

concepts be used by scaling or, in the case of the heliostats, as modular 

building blocks for construction of a 100- to 300-MWe commercial •size 

central receiver power plant to demonstrate the economic feasibility of the 

central receiver concept on a commercial scale, 

3. 1. 3 System Diagrams 

3. 1. 3. I Central Receiver Solar Thermal Power System Diagram. The 

central receiver solar thermal power system and the relationships of the 

various subsystems are shown in block form in Figure 1 and pictorially in 

Figure 2. 

3. 1. 3. 2 Functional Block Diagram. The Pilot Plant function block diagrams 

depicting normal solar, low solar power, intermittent cloudiness, extended 

operational, thermal storage charging, and fully charged thermal storage 

modes are shown in Figure 3. 

3. 1. 3. 3 Central Receiver Pilot Plant Layout. The plant layout for the Pilot 

Plant is shown in Figure 4. 

3. I. 4 Interface Definition. The Pilot Plant shall be physically and func

tionally compatible with the electrical power interface per the Pilot Plant/ 

Electrical Power Transmission Network Specification and physically and 

functionally compatible with the site per the Pilot Plant/Site Interface 
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Figure 1. Central Receiver Solar Thermal Power System 
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Specification. The Pilot Plant subsystems shall be physically and functionally 

compatible. The subsystem interface requirements shall be as specified in: 

Collector Subsystem/Receiver Subsystem Interface Specification 

Collector Subsystem/ Electrical Power Generation Subsystem Interface 
Specification 

Collector Subsystem/Master Control Subsystem Interface Specification 

Receiver Subsystem/Thermal Storage Subsystem Interface Specification 

Receiver Subsystem/ Electrical Power Generation Subsystem Interface 
Specification 

Receiver Subsystem/Master Control Subsystem Interface Specification 

Thermal Storage Subsystem/Electrical Power Generation Subsystem 
Interface Specification 

Thermal Storage Subsystem/Master Control Subsystem Interface 
Specification 

Electrical Power Generation Subsystem/Master Control Subsystem 
Interface Specification 

3. 1. 4. 1 Electrical Power Transmission Network/Pilot Plant Interface. 

Electric power shall be provided to the electrical power transmission network 

at a power level of 7 to 10 MWe at a voltage of 13. 2 kV. The frequency shall 

be 60 Hz. Physical connections shall be through standard high-tension cables 

per the standard of the National Electrical Manufacturers Association, Para

sitic power shall be drawn from the network during nonoperational periods of 

the turbine-generator set. 

3. 1. 4. 2 Pilot Plant/Site Interface. The Pilot Plant shall be compatible in 

design with the environmental and soil conditions of the Barstow, CA. site 

in accordance with the Pilot Plant/Site Interface Specification. Source of 

water shall be provided for cooling tower and feedwater makeup which can 

supply 568 liters /min (150 gal/min.) on a continuous basis. 

3. 1. 5 Operational and Deployment Concepts. The Pilot Plant shall be 

designed for use in a power production mode and a system research mode. 

3. 1. 5. 1 Power Production Mode. In the power production mode, power 

from the Pilot Plant will be used by the utility to partially meet the electrical 

demand. The Pilot Plant will establish the operational capability of supply

ing electrical busbar power using thermal energy from the storage subsystem, 
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.or thermal energy directly from the receiver subsystem. The power pro
ducing mode shall be capable of automatic operation within and between the 
operational modes described in paragraph 3. 1. 5. 2. 

3. 1. 5. 2 Research Testing Mode. In the research testing mode, stable 
controlled operation of the Pilot Plant system shall be demonstrated in the 
following operation~! modes. 

3. 1. 5. 2. 1 Normal Startup. An integrated system startup shall be coordinated 
through the master control. The heliostats shall be oriented to their predicted 
sun acquisition positions during the period from approximately 2 to 4 AM using 
power from the network or the auxiliary source. The startup shall begin 
when the sun is < 10 deg above the horizon. Water flow shall be initiated 
through the receiver unit. The heliostats shall acquire the sun sequentially 
in order to control the full system powerup. Hot water/low quality steam 
developed in the receiver shall be cycled through the thermal storage sub
system, bypassing the turbine until high-quality dry steam is available 
(thermal storage charging mode). Steam shall be introduced into the turbine 
at a controlled rate for turbine heatup and roll. The turbine shall be loaded 
and the electrical power shall be synchronized with the interconnecting power 
network. 

3. 1. 5. 2. 2 Normal Solar Operation. Normal solar power operation is defined 
as any period when receiver absorbed thermal energy exceeds 32. 6 MWth and 
transient fluctuations are sufficiently small so that the turbine-generator can 
operate at its design point within the equipment guarantee specifications pro
vided by the manufacturer. This condition corresponds to a receiver unit 
outlet steam condition of 516°C (960°F) at a pressure of 10. 45 MPa (1,515 
psia) with a minimum (winter solstice) steam rate entering the turbine of 
12.9 kg/s (102,440 lb/hr) and a maximum (equinox noon) rate of 14.8 kg/s 
(117,570 lb/hr). In this mode, receiver steam in excess of that required for 
turbine design point operation is delivered to the thermal storage subsystem. 

3. 1. 5. 2. 3 Low Solar Power Operation. A low solar power operation mode 
exists when the available thermal power from the receiver is between 10. 0 
and 32. 6 MWth due to a reduction in insolation (either normal diurnal or 
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haze-induced). In this mode, all available receiver steam is sent through 

the high-pres sure throttle port of the turbine and supplemental steam pro

duced by the thermal storage being introduced into the ac;Imission port. The 

quantity of supplemental steam required is governed by the electrical power 

demand and the availability of receiver steam. 

3. 1. 5. 2. 4 Intermittent Cloudiness Operation. During periods when excessive 

transients in solar insolation are anticipation due to intermittent cloud cover, 

all of the collected thermal energy shall be directed to the thermal storage 

subsystem. The turbine-generator shall be simultaneously operated from 

steam produced by the thermal storage subsystem and be capable of pro

ducing a minimum of 7 MW net electrical power to the busbar. 

3. 1. 5. 2. 5 Thermal Storage Charging. The charging operation mode is 

defined as delivery of all collected thermal energy to the thermal storage 

subsystem without concurrent operation of the turbine-generator. This 

mode shall be employed during normal startup until high-quality steam is 

available. It may be a required daytime mode during the winter in order 

to fully charge the thermal storage subsystem so that peak nighttime grid 

demands can be satisfied. 

3. 1. 5. 2. 6 Extended Operation (Stored Energy). During periods when the 

receiver is incapable of producing useful steam (either at rated conditions 

for direct use by the turbine or at derated conditions for use in charging 

thermal storage), the turbine may continue to operate by deriving all of its 

steam flow from energy contained in the thermal storage subsystem. The 

steam rate and state to the turbine shall be maintained at such a level that 

the net electrical output to the busbar is a minimum of 7 MWe. 

3. 1. 5. 2. 7 Fully Charged Thermal Storage. During periods of system 

operation when the thermal storage subsystem is incapable of accepting 

thermal energy, either as a result of being fully charged or due to a mal

function in the charging equipment, the system energy collection rate is 

adjusted if necessary, through partial heliostat field shutdown, to be com

patible with the maximum turbine capacity. This mode represents the 
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threshold between normal solar and low solar power operation in that rated 
receiver steam is used completely while neither the thermal storage charging 
nor discharging function is required. 

3. 1. 5. 2. 8 Normal Shutdown. An integrated system shutdown shall be coordi
nated through the master control. The system shall be capable of initiating 
shutdown from any of the above operation modes. When operating with steam 
developed by the thermal storage subsystem, the shutdown of the electrical 
power generation sub sys tern shall be automatically initiated when the outlet 
temperature of the thermal storage heat-transfer fluid falls below 292° C 
(560° F), At this point, the generator shall be taken off line and the steam 
flow to the turbine shall be reduced in a manner consistent with the turbine 
specifications. Once the turbine rotation stops, a turning gear shall be 
activated to provide for slow turbine rotation in order to prevent differential 
cooling, 

3. 1. 5. 2. 9 Emergency Shutdown. The master control shall monitor the status 
-~ 

of all-s--ub--systems and shall be capable of diagnosing subsystem malfunctions. 
In the event a malfunction is deemed II serious 11 (leading to potential equip
ment damage or safety hazard) and no redundancy is available, an emergency 
shutdown procedure shall be automatically initiated with manual backup. The 
procedure shall depend on the nature of the failure but in all cases shall be 
designed to maximize safety while minimizing equipment damage. 

In the event of approaching adverse environmental conditions (wind, sand
storm, rain, hail, etc), a system shutdown and heliostat reorientation shall 
be executed after issuance of command by the master control. The heliostats 
shall be off targeted in a controlled manner to ensure a controlled receiver 
shutdown. They shall then be directed to a minimum damage orientation in 
a manner compatible with reflected beam safety considerations. The system 
shutdown may be limited to the collector and receiver portions (i. e., extended 
operation mode) if sufficient energy exists in the thermal storage subsystem 
to maintain power plant operation. 

3. 1. 5. 2. 10 Subsystem Conditioning. During nonoperational periods, sub
systems shall be protected from damage due to environmental or cooling 
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effects. This shall include the prevention of freezing of components containing 

water and the use of turning gear to prevent permanent set in the turbine 

rotor. 

3. 2 CHARACTERISTICS 

3. 2. 1 Performance. The system shall be capable of (1) delivering 10 MWe 

net busbar power to the electrical transmission network at 2 PM on a clear 

day at winter solstice ·when operating on energy directly from the receiver 

subsystem, (2) storing thermal energy in the thermal storage subsystem for 

concurrent or deferred conversion to electrical power, (3) when absorbed 

thermal power _exceeds 32. 6 MWth, storing energy while simultaneously 

generating 10 MWe net, (4) delivering at least 7 MW net electrical power 

for a period of 3 hr and lesser power levels for longer periods of time to 

the electrical transmission network when operating solely on energy drawn 

from the fully charged thermal storage subsystem (see Figure 5 ), and (5) 

delivering at least 7 MWe net power to the electrical transmission network 

when operating on energy from the thermal storage subsystem while it is 

being charged by the receiver subsystem (Intermittent Cloudiness Mode). 

The receiver unit shall be capable of producing rated steam at 1 O. 45 MPa 

(1,515 psia), 516° C (960°F) from inlet feedwater at temperatures from 157 

to 218°C (315 to 425°F) at receiver unit output power levels greater than 

the threshold value of 10.0 MWth and less than the 37.1 MWth output asso:

ciated with equinox noon. The receiver unit shall also be capable of pro

ducing de rated steam at 1 O. 45 MPa (1, 515 psia) and 349 °C (660° F) from 

inlet feedwater at 190 to 218°C (375 to 425°F) at output power levels between 

7. 3 MWth and 32. 8 MWth. The receiver unit shall be designed to produce 

rated outlet steam at an absorbed thermal power level of 37. 1 MWth. The 

corresponding flowrate shall be 14. 8 kg/ s (117, 570 lb/hr). The receiver 

unit shall also be designed to produce derated outlet steam at an absorbed 

thermal power level of 32. 8 MWth. The corresponding flowrate shall be 

16. 5 kg/s (130,500 lb/hr). All flow control components shall be sized to 

accommodate a 10% overflow condition above that specified above. The 

nominal inlet feedwater temperature for both cases shall be 210°C (412°F). 
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. The thermal storage shall be designed to the worst case condition which 

corresponds to a 343 ° C (650 °F) desuperheater inlet temperature at the 32. 8 

MWth power level. The corresponding flowrate and pressure shall be 16. 5 

kg/ s ( 130, 500 lb/hr) and 10. 1 MPa (1,465 psia), respectively. The thermal 

storage charging equipment shall be capable of absorbing 30. 0 MWth while 

passing the remaining thermal power in the form of high temperature con

densate to the thermal storage flash tank. 

The electrical power generation subsystem shall be designed to efficiently 

convert the available thermal energy into 60 Hz electrical power at 13,200 

volts and to provide feedwater heating at a rate compatible with the steam 

available for extraction. The power conditioning equipment shall be designed 

to condition all output power to be compatible with the existing power grid. 

The heat rejection unit shall be capable of rejecting a maximum of 27. 8 MW 

6 
(95. 0 x 10 Btu/hr) of thermal power. The water treatment facility shall 

be capable of treating and purifying water to a dissolved solids content of 

20-50 PPB and a pH of 9. 5 to satisfy the receiver water chemistry require

ment (per the Receiver Subsystem Requirements Specification). 

3. 2. 1. 1 Dynamic Performance. 

3. 2. 1. 1. 1 Startup. The system shall be capable of developing full power 

within 5 hr from a cold startup condition. The system shall be capable of 

developing full power within 62 min after a 10-hr shutdown. The system shall 

be designed for an anticipated 300 hot startup and 5 cold startups annually. 

3. 2. 1. 1. 2 Emergency Shutdown. The system shall be capable of a coordi

nated emergency shutdown. The time for such shutdown shall be determined 

to minimize equipment damage and provide maximum safety. The minimum 

shutdown times shall occur as a result of a water circulation failure in the 

receiver. During such an occurrence, the radiation incident on the receiver 

surface shall be reduced to 3% of its initial value in 120 sec. 

3. 2. 1. 1. 3 System Dynamic Variation. The system shall be capable of 

stable controlled operations during all normal operating modes. The fre

quency of the electrical network varies about a nominal 60 Hz in a manner 
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which reflects grid load. Once synchronized, the system shall provide power 

to the network at the network frequency. 

3. 2. 1. 2 Endurance Capability. The hardware shall be designed to have a 

30-year operational lifetime with normal maintenance while exposed to the 

environments specified in the Pilot Plant Environmental Conditions. 

3. 2. 1. 3 Other Performance Requirements 

3. 2. 1. 3. 1 Annual Power Output. The expected net annual power output of 

the pilot plant shall be 27,430 MWHe based on insolation and environmental 

data contained on the Aerospace data tape £or Inyokern 1963 and ignoring 

downtime for maintenance. The annual energy number assumes all thermal 

power passes through the turbine whenever rated receiver steam is available. 

3. 2. 1. 3. 2 Collector Operations. The collector subsystem shall not inflict 

damage on any system element or present a safety hazard due to a misdirec

tion of the reflected solar energy. 

3. 2. 2 Physical Characteristics 

3. 2. 2. 1 System Characteristics. The Pilot Plant shall possess the physical 

characteristics identified in Table 1. Vehicular traffic shall have access to 

all major parts of the system. Sufficient ingress, egress, and access shall 

be provided to all areas of the system of the system for maintenance purposes. 

Major roadways shall be paved to minimize traffic-induced dust. Field pro

tection shall be provided by suitable fencing. Ground foilage shall be permitted 

to grow in all areas unless it impacts the operation and/or maintenance of the 

system. 

3. 2. 2. 2 Collector Subsystem Characteristics. The collector subsystem shape 

limitations shall be determined only by the collector field layout, shadowing 

restraints and servicing functions together with the resulting receiver tower 

height. The collector field layout shall be developed to optimize collector 

performance on an annual basis. Spacing between heliostats in the field must 

permit access by service vehicles, utility lines, and ground maintenance 
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personnel. Helios tat weight and size shall be limited only by manufacturing, 

transportation, operation, maintenance and servicing constraints, pointing 

accuracy requirements, and structural requirements, Heliostats shall have 

a stowed or safe position for use at night, during periodic maintenance, and 

during periods when the Pilot Plant is subjected to environmental conditions 

exceeding those specified in the Pilot Plant Environmental Conditions. 

Table 1 

PILOT PLANT SYSTEM CHARACTERISTICS 

CHARACTERISTICS 

Tower Height: 65m (213 ft) 

Receiver Centerline Elevation 80m (262 ft) 

No. Heliostats: 1760 

Heliostat Configuration: 6. Sm Square, Slotted 

Receiver Unit Configuration: cylindrical with longitudinal axis vertical 

Peak Incident Thermal Power: 43. 4 MW (Equinox Noon) 

Design Incident Thermal Power: 38. 7 MW (2 PM Winter Solstice) 

Peak Absorbed Thermal Power: 37. 1 MW (Equinox Noon - Rated 
Steam) 

32, 8 MW (Equinox Noon - Derated 
Steam) 

Design Absorbed Thermal Power: 32. 6 MW (2 PM Winter Solstice) 

Thermal Storage Capacity: 103. 8 MWh 

Design Net Electrical Power Output: 10 MWe (2 PM Winter Solstice) 

7 MWe (Thermal Storage) 

Parasitic Power Load: 1. 2 MW (Daytime), 0, 80 MW (Nighttime) 

Plant Efficiencies: Daytime Gross = 34. 5% 

Daytime Net = 30. 8% 

Nighttime Gross = 24. 3 % 

Nighttime Net = 21. 8% 

3, 2. 2, 3 Receiver Subsystem Characteristics. 

2 PM Winter Solstice 

The receiver subsystem 

shall be composed of the receiver unit (absorber, headers, manifolds, valves, 

controls, instrumentation, and support structure), the riser/downcomer 

assembly, and the tower. 
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The absorber shape shall be cylindrical, oriented such that it is illuminated by 

the collector subsystem on all external curved surfaces. Physical character

istics of the receiver unit shall be such that it will accommodate a peak 

incident solar flux of O. 3 MW /m 2• The receiver unit shall be de signed such 

that it can be erected and removed from the top of the tower in a limited 

number of pieces. The receiver unit shall be designed for easy repair and 

maintainability. The contractor shall provide access to the receiver unit by 

means of permanent or temporary platforms. The riser and downcomer 

shall be rigidly attached to the top of the tower and shall be designed to accom

modate the thermal expansion and contraction over their lengths. 

The tower shall be designed to provide ingress, egress, and access for main

tenance and inspection of tower structure, receiver steam lines, utilities, and 

other subsystem elements. Adequate provisions shall be made to ensure crew 

safety at all times for required operation, inspection, maintenance, and 

repair, 

3, 2. 2. 4 Thermal Storage Subsystem Characteristics. The thermal storage 

subsystem shall be designed to maximize the economic and safe recovery of 

useful thermal energy from storage and to minimize thermal energy losses. 

Specific size, shape, and configuration constraints will be governed only by 

the Pilot Plant layout and design to facilitate efficient and safe operation and 

maintenance, The thermal storage subsystem shall be designed to provide 

safe and reasonable ingress, egress, and access for proper inspection, 

maintenance and repair of the structure, storage media, steam lines, 

utilities, instrumentation and controls. The thermal storage subsystem shall 

be so configured and located within or adjacent to the Pilot Plant to minimize 

adverse interfaces with or impact on operations of the other subsystems. 

3. 2. 2. 5 Electrical Power Generation Subsystem (EPGS) Characteristics. 

The specific size, shape, and configuration constraints imposed on the 

individual EPGS components shall be governed only by the Pilot Plant layout 

and design to facilitate ~fficient and safe operation and maintenance, to mini

mize the effects of thermal shock on the turbine power loop, and to provide for 

rapid response to variations in the inlet steam conditions .. The electrical 

power generation subsystem shall be designed to provide safe and reasonable 
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ingress, egress, and access for proper inspection, maintenance and repair 

of the structure, fluid flow lines, utilities, heat-rejection unit, instrumen

tation and controls for each element or component. The elements and com

ponents of this subsystem shall be so configured and located within or relative 

to other portions of the Pilot Plant as to minimize adverse interfaces with or 

operations of the other subsystems. 

3. 2. 2. 6 Master Control. The master control shall be designed to ensure the 

stable integrated operation of the system. The master control shall be oper

ated in either an automatic (computer control) or manual mode. Computer 

peripheral equipment shall include redundant disk files, line printer, type -

writer, and magnetic tape unit. Control and display consoles shall be 

available for overall system control as well as individual units dedicated to 

each subsystem. The characteristics of these individual pieces of equipment 

are presented in the Master Control Requirements Specification. 

3. 2. 3 Reliability. High reliability shall be achieved in the system design by 

providing adequate operating margins, maximizing the use of proven standard 

parts, and using conservative design practices such that the reliability per

formance shall not degrade the capability to achieve the availability specified 

in paragraph 3. 2. 5 when operated in the environments specified in the Pilot 

Plant Environmental Conditions. 

Single-point failures that disable the automatic mode of system operation 

shall be eliminated wherever practical. In cases where it is impractical to 

eliminate such failure modes, suitable devices shall be used to detect and 

signal the occurrence of a failure. 

The Pi lot Plant design shall employ the following reliability design criteria: 

(a) Design for maximum 11 fail-safe" characteristics for subsystems 

and equipment performing the most critical functions. Components in fluid 

or pneumatic subsystem loops shall be applied so that failure in their most 

likely mode results in a safe-condition. The ability of the component to revert 

to a 11 safe" condition after sustaining a failure shall be enhanced through 

sound design practices; such as, low working stress in springs, high margin 
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of spring force versus known resistive forces such as friction, high wear-out 

margin in elements essential to the "safe-return" position, and adequate 

allowances for travel, adjustment, and degradation from handling, storage, 

maintenance, or lack of maintenance. 

(b) Redundant functional paths, including equipment, fluid lines, elec

trical wiring, and electrical connectors, shall be located to ensure that an 

unexpected event which damages one path is not likely to damage the other 

path. 

( c) Redundant components shall ope rate from separate and independent 

power supplies. 

(d) The design of the subsystem incorporating redundancies shall 

include a means of verifying satisfactory operation of each redundant path 

at any time the subsystem is determined to require testing. 

(e) Electrical circuit relays, switches, circuit breakers, etc shall 

be designed to fail open when continuous power creates a hazard and fail to 

a closed position where a power interruption would be hazardous, 

(f) Power system surges outside nominal limits resulting from equip

ment turn-on, turn-off, and momentary power interruptions shall be pro

vided for in the design of electrical equipment. 

(g) Electrical connectors and wiring junctions of connectors shall be 

sealed from moisture to prevent open and short circuits. 

(h) Connectors shall be limited only to those applications requiring 

disconnection. 

(i) Wires attached to normally moving parts shall be routed to twist 

with rather than bend across adjacent moving parts. 

(j) Supports shall be provided to prevent abrasion or chafing of wires, 

(k) Cable installation shall consider rodent damage. 

(1) Pressure vessels shall be protected from exceeding structural 

limitations by relief devices. 

(m) Primary relief devices shall not be obstructed. 

(n) Relief valves shall relieve pressure at no higher than 110% of 

maximum operating pressure. 

(o) 'Pressure drop in plumbing between any relief valve and vent outlet 

shall be minimized by valve location and/ or dump design. 

(p) Flow restrictions shall be provided such that no failure of lines 

or components will allow flow into a tank at a rate exceeding the pressure 

relief capacity of the tank. 
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(q) Relief/vent valves shall be sized to exceed the maximum flow 

capacity of the pressure source, If relief is not provided, safety factors 

shall be sufficient to safely contain the source pressure. 

(r) Plumbing downstream of any regulator shall be designed to meet 

the requirements of full upstream pressure, or shall be protected by relief 

valves sized to handle the flow rate resulting from stuck-open regulators. 

( s) Mechanisms shall be protected against damage or jamming by 

debris through use of debris -proof covers, containers, or equivalent 

features. 

(t) Filters shall be installed in the receiver circuits to prevent clogging 

of tubes with contaminants. 

(u) The design of the system shall consider thermal expansion and 

contraction of all components. 

3. 2, 4 Maintainability. Maintainability shall be considered in all elements 

of the Pilot Plant de sign to ensure minimum cost for maintenance and 

servicing throughout the 30-year system life, and a downtime consistent 

with the availability requirement of paragraph 3, 2, 5. A Pilot Plant maxi

mum allowable downtime shall be determined based on trade studies which 

consider system reliability and cost. This requirement shall be allocated to 

the various subsystems and major components of the system. Maintaina

bility predictions prepared in support of subsystem design shall provide 

median and maximum (90 percentile) values, assuming an overall log 

normal distribution. 

In order to achieve the required system maintainability, the system shall 

be de signed such that: 

(a) Items that are critical to availability (because of high failure risk, 

high downtime, or major effect on system performance) shall be provided 

with automatic failure detection and fault isolation, 

(b) Potential maintenance points can be easily reached and replaceable 

components such as electronic units, sensors, motors, drives, etc can be 

readily replaced. 

(c) Elements subject to wear or damage such as supporting wheels, 

gears, etc are easily serviced or replaced. 
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(d) Test points and calibration adjustments are accessible and repairs 

can be accomplished by module replacement. 

(e) The Pilot Plant can be serviced by personnel of normal skills 

requiring a minimum of specialized equipment or tools. 

(f) On-line maintenance may be conducted without reducing subsystem 

performance. 

(g) The equipment shall be designed to contain the minimum number 

of test points required to ascertain satisfactory performance of all primary 

and redundant circuits. 

(h) Electrical and fluid or gas handling systems shall include test 

points which will permit normal planned subsystem checkout to be made with

out disconnecting tubing or electrical connectors which are normally connected 

in service. Equipment expected to require servicing or maintenance shall be 

designed to be accessible without the removal of other equipment, wire bundles, 

and fluid lines. 

(i) All electrical--eonnectors and cable installations shall be designed 

with sufficient flexibility, length, and protection to permit disconnection and 

reconnection without damage to wiring or connectors. 

(j) Electrical systems shall be designed so that all necessary mating 

and demating of connectors are accomplished without producing electrical 

arcs which will damage connector pins or ignite surrounding materials. 

(k) Sufficient space shall be allowed around connectors for engaging and 

disengaging, particularly where wrenches are required. 

(1) Components shall be designed so that they cannot be installed 

improperly. 

(m) Mechanical systems involving linkages or other devices requiring accu

rate alignment by adjustment shall include built-in provisions for alignment and 

accessible rigging points for verification of alignment without equipment removal. 

(n) Lines shall be identified by contents, pressure, and direction of flow. 

(o) All tanks shall have inspection capability. 

(p) Automatic valves shall be designed to have manual bypass or shutoff 

capabilities. 

(q) Hand valves and adjustment shall be readily accessible and identified 

to indicate function and sequence of operation. 

(r) Reservoirs and storage vessels shall be provided with shutoff valves 

for maintenance. 
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( s) Drain valves shall be located in the low point of the system. 

(t) The electrical signatures of all remote valves shall be recorded to 

facilitate preventive maintenance. 

(u) Manually operated shutoff valves shall not be placed so that they are 

rendered unreachable by a downstream line rupture. 

3. z. 5 Availability. The system shall operate in accordance with para

graph 3. z. 1 performance requirements 90% of its scheduled operating time, 

based on reliability and maintainability exclusive of isolation conditions, 

using a period of 1 yr as a time reference, and assuming 30 days annual 

downtime for scheduled maintenance. Availability is defined as the percent 

of the total scheduled time that the system is able to operate in accordance 

with the specified system performance requirements. 

The system availability is calculated according to the formula 

N 

As = 1 - L ( 1 - A(J)) 
J= 1 

where 

A(J) = Availability of the Jth subsystem for one year of scheduled 

operation. 

The availability of each subsystem (A(J)) shall be calculated according to 

the formula 

where 

TU = Total scheduled operating time in 1 yr for the Jth subsystem. 

TD = Expected (or realized) downtime during the scheduled operating 

time for subsystem maintenance to return the subsystem to full 
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performance as required by paragraph 3. 2. 1 of the applicable 

subsystem specification. 

TD is defined as the median of the probability distribution of downtime for 

maintenance of the Jth subsystem. 

3. 2. 6 Environmental Conditions. The subsystems shall be designed to 

withstand the site, transportation, and operating conditions defined in the 

Pilot Plant Environmental Conditions. Those conditions shall be considered 

to represent the minimum environment design requirements. The system 

elements shall withstand the maximum earthquake environment described in 

the Pilot Plant Environmental Conditions without structural damage or 

yielding. 

3. 2. 7 Transoortability. System elements shall be designed for transporta

bility within applicable Federal and state regulations by highway and railroad 

carriers using standard transport vehicles and materials handling equipment. 

Whenever feasible, components shall be segmented and packaged to sizes 

that are transportable under normal commercial transportation limitations 

( see (a) below). Subsystem components that exceed normal transportation 

limits ( see (b) below) shall be transportable with the use of special routes, 

clearances, and permits. 

(a) Transportability Limits for normal Conditions (Permits Not 

Required) 

Truck Rail 

Height 13 ft 6 in. above road 16 ft 0 in. 

Width 8 ft 0 in. 10 ft 6 in. 

Length 55 ft 0 in. - Eastern States 60 ft 6 in. 

60 ft 0 in. - Western States 

Gross Wt 73, 280 lb, 18, 000 lb/axle 200, 000 lb 
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(b) Transportability Limits for Special Conditions 

Truck 

Height 

Width 

Length 

Gross Wt 

14 ft 6 in. above road 

12 ft O in. 

7 ft O in. 

100,000 lb, 18,000 lb/axle 

Rail 

16 ft O in. 
above rail 

12 ft O in. 

80 ft 6 in. 

400, 000 lb 

The design requirements for component packaging and tiedown techniques 

shall be compatible with the following limit load factors. 

Vibration 

Transportation 
Mode 

Highway 

Air 

Rail 

Shock Load Factors 

Transportation Mode 

Air 

Highway 

Rail 

Rolling 

Humping 
(Hydro cushion car) 

Amplitude 
(Gop) 

±U, 6 
±0.9 

±0. 05 in D. A. 

±2.0 

±1. 0 

±1. 6 

Frequency Range 
(Hz) 

1 - 85 

85 - 300 

3 - 38 

38 - 1, 000 

1 - 100 

100 - 1,000 

Acceleration (G) 

Longitudinal 

±3. 0 

±3. 5 

±3.0 

±3.0 

Lateral 

±2. 5 

±2.0 

±0.75 

±2.0 

Vertical 

±2.0 

±3.0 

±3.0 

±3.0 

All critical components shall be designed or packaged such that the condi

tions described above do not induce a dynamic environmental condition which 

exceeds the structural capability of the component. These conditions reflect 

careful handling and firmly constrained (tied down) transporting via common 

carrier. All components shall be designed to withstand handling/hoisting 

inertial loads up to 2 g's considering the number, location and type of hoist

ing points. 
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Handling shock will result from normal handling drops of large packaged 

equipment. Corresponding acceleration peak may be of the order of 7 g's 

vertical and 4 g's horizontal with a sinusoidal profile and a duration of 10 to 

50 milliseconds. 

Smaller components shall be properly packaged to prevent structural damage 

during normal handling and inadvertent drops to a maximum specified height. 

The handling shocks for these components are a function of the weight and 

dimensions of the packaged item. Structural analyses shall be performed 

for critical items to establish the structural integrity of the packaged compo

nent for the shock levels experienced in the shipping package. The drop 

height noted below shall be used as design guidelines for the packaged item. 

Gross Weight Dimensions of Any 
Not Exceeding Edge, Height, Diameter 

( lb) (In.) 

50 36 

100 48 

150 60 

No Limit No Limit 

3. 3 Design and Construction 

Free Fall Height of 
Drop on Corners, 

Edges, or Flat Faces 
(In.) 

22 

16 

14 

12 

Design and construction standards compatible with the end use shall be 

employed. 

3. 3. 1 Materials, Processes, and Parts. To the maximum extent possible, 

standard materials and processes shall be employed. Highly stressed com

ponents and unusual materials shall be avoided. As far as practical, off

the-shelf components used in industry shall be employed. Materials and 

components, susceptible to environmental deterioration shall be protected 

with a suitable coating or protective layer. 

3. 3. 2 Electrical Transients. Pilot Plant operation shall not be adversely 

affected by external or internal power line transients caused by normal switch

ing or fault clearing. Switching transients and fault clearing functions shall 

require less than six cycles of the fundamental frequency ( 100 milliseconds) 
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and shall be limited to 1. 7 P. U. voltage ( 1. 7 per unit or 170%). The 

receiver and tower shall be protected against damage due to lightning 

termination. 

The design shall include an air terminal(s) on the top of the receiver unit. 

The air terminal design and installation shall be in accordance with NFPA 

Bulletin No. 78 (ANSI CS. 1). Design level used shall be for the important 

case as described in NFPA No. 78. The rest of the system shall avail 

itself of the umbrella of protection afforded by the receiver and tower, No 

additional lightning protection shall be provided outside this umbrella, 

3. 3. 3 Electromagnetic Radiation. The system shall be designed to minimize 

susceptibility to electromagnetic interference and to minimize the generation 

of conducted or radiated interference. The design criteria contained in the 

following Air Force design handbooks shall be used to assure electromagnetic 

compatibility: Design Handbook on Electromagnetic Compatibility (AFSC 

DHl-4), Checklist of General Design Criteria (AFSC DHl-X), and Instru

mentation Grounding and Noise Minimization Handbook (AFRPL-TR-65-1). 

3, 3. 4 Nameplate and Product Marking. All deliverable end items shall be 

labeled with a permanent nameplate listing, as a minimum, manufacturer, 

part number, change letter, serial number, and date of manufacture, 

All access doors to maintainable items shall be labeled to show equipment 

installed in that area, and any safety precautions or special considerations to 

be observed during servicing. 

3. 3. 5 Workmanship. The level of workmanship shall conform to practices 

defined in the codes, standards, and specifications applicable to the selected 

site and the using utility. Where specific skill levels or certifications are 

required, current certification status shall be maintained with evidences 

available for examination. Where skill levels or details of workmanship are 

not specified, the work shall be accomplished in accordance with the level of 

quality currently in use in the cor.struction, fabrication, and assembly of 

commercial power plants. All work shall be finished in a manner such that 

it presents no unintended hazard to operating and maintenance personnel, is 

neat and clean, and presents a generally uniform appearance. 
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. 3. 3. 6 Interchangeability. Major components and circuit cards and other 

items with a common function shall be produced with standard tolerances 

and connector locations to permit interchange for servicing. Components 

with similar appearances but different functions shall incorporate protection 

against inadvertent erroneous installation through the use of such devices as 

keying, connector size, or attachment geometry. 

3. 3. 7 Safety. The Pilot Plant shall be designed to eliminate or acceptably 

control safety hazards to operating and servicing personnel, the public, and 

to equipment. Sufficient analyses shall be conducted to assure that system 

designs and operational procedures consider the following: 

(a) Controlling and minimizing the potential damage to personnel, 

equipment, and material of hazards which cannot be avoided or eliminated. 

(b) Isolating hazardous substances, components, and operations from 

other activities, areas, personnel, and incompati.ble materials. 

(c) Incorporating "fail-safe" principles where a failure would disable 

the system to prevent a catastrophe either through injury to personnel or 

damage to equipment. 

(d) Locating equipment components so that access to them by personnel 

during operation, maintenance, repair, or adjustn;i.ent shall not require 

exposure to hazards such as burns, electrical shock, cutting edges, sharp 

points, insecure footing, or toxic atmospheres. 

(e) Avoiding undue exposure of personnel to physiological and psycho

logical stresses which might cause errors leading to mishaps. 

(f) Providing suitable warning and caution notes in operations, assembly, 

maintenance, and repair instructions; and distinctive markings on hazardous 

components, equipment, or facilities for personnel protection. 

(g) Grounding and insulating electrical supplies and components and 

insulating parts or components with elevated temperatures or shock potential 

to prevent contact with or exposure to personnel. 

(h) Shielding moving elements to avoid entanglements and providing 

safety override controls and/ or interlocks for servicing. 

(i) Providing emergency shutoff valves and switches, fire extinguishers 

and fire escape paths for areas that have hazardous material or ignition 

sources. 

(j) Establishing criteria and recommendations for restricted operations 

or personnel access. 
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(k) Providing appropriate circuit and line safeguard de'V'ices ( such as 

current limiters, voltage regulators, relief valves and interlocks) for power 

source, personnel, and equipment protection. 

3. 3. 8 Human Engineering. The system shall be designed to facilitate manual 

operation, adjustment, and maintenance as needed, and to provide the optimum 

allocation of functions for personnel or automatic control. Particular design 

attention shall be given in the receiver subsystem to location of equipment in 

relation to elevators, walkways, and ladders, provision of adequate light-

ing for night maintenance, and placarding of hazardous work areas, MIL-

ST D-14 7 2, Human Engineering De sign Criteria, shall be used as a guide in 

designing control stations and equipment, with consideration given to per

sonnel operations and interfaces - e.g., displays, controls, labels and 

placards, equipment handling, and providing a desirable working environment. 

3, 4 Documentation 

Documentation of subsystem design, performance, operating, and test 

characteristics; instructions; construct ion drawings, procedures and parts 

lists and related information shall be prepared in accordance with the require

ments of the Subsystem Requirements Specification listed in Section 2, 2. l. 

3. 5 Logistics 

Elements required to support the Pilot Plant are: 

(a) Maintenance including support and test equipment, technical 

publications, field services, and data file. 

(b) Supply including spares, repair parts, and consumables; and trans

portation, handling, and packaging. 

(c) Facilities, 

3. 5. 1 Maintenance. Mai ntenance activities shall be categorized as follows: 

Level 1, On-line maintenance 

Level 2, Off-line on-site maintenance 

Level 3, Off-line off-site maintenance 

Maintenance actions for each level are identified in the Subsystem Require

ments specification listed in Section 2. 2. l. 
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3. 5. 2 Supply. The following criteria shall be used for selecting and 

positioning spares, repair parts, and consumables: 

Protection Level - Items shall be packaged in accordance with the 

requirements of Section 5. O. 

Demand Rate - The mean-time -between-maintenance -actions shall be 

the initial basis for spares determinations, The quantities and mix 

for each subsystem shall be such that there is a 98% probability 

of a part being available on demand. 

Pipeline - Pipeline quantities shall be determined on the basis of system 

location, demand rate, and repair cycle times. Resupply methods, 

distribution and location of system stocks shall be determined after 

site selection. 

Procurement and Release for Production - Long lead time supply items 

shall be procured or drawings released early enough to be on site 30 days 

prior to initial operation. Other items shall be procured or released 

lead time away so as to minimize obsolescence due to design changes, 

except for-tho-se--items ror which significant cost savings can be 

achieved through acquisition concurrent with production. 

Minimum/Maximum Levels - Minimum and maximum quantities of 

spares and repair parts to be stocked shall initially be determined by 

using predicted failure rates. These levels are to be adjusted as actual 

usage rates are established. 

3. 6 Personnel and Training 

3. 6. 1 Personnel. The Pilot Plant is to be installed, checked out, and 

tested by contractor personnel; then taken over and operated as a commer

cial power plant by utility personnel. Operation and maintenance personnel 

requirements shall be satisfied by recruitment from the established utility 

labor pool. Specific skills and numbers of personnel required for Pilot 

Plant operation are shown in the Subsystem Requirements Specification listed_ 

in Section 2. 2, 1. 

3. 6. 2 Training. The system interface and uniqueness dictate a need for 

training existing utility people but do not establish a need for new skills or 
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trades. The types and numbers of utility personnel requiring training, 

along with the unique tasks, are listed in the Subsystem Requirements Speci

fication listed in Section 2. 2. 1. 

3. 7 Pilot Plant System Functional Characteristics 

3. 7. 1 Collector Subsystem 

3. 7. 1. 1 Functional Modes. The collector subsystem shall comply with the 

collector subaystem requirements specification during normal tracking, 

synthetic tracking, and emergency operation modes, and while slewing to 

nonoperational heliostat positions. 

3. 7. 1. 1. l Normal Solar Operation. The heliostats shall begin to acquire 

the sun in a controlled manner when it is visible and < 10 deg above the 

horizon. The sun's image shall be reflected onto the receiver unit with a 

maximum beam pointing error of 2. 5 mrad standard deviation whenever 

the insolation exceeds 300 w/m
2

, with a wind speed of 8 m/sec at 10m 

elevation and an ambient temperature of 28°C ( 83°F). 

The reflected sunlight shall be applied to the receiver target at predetermined 

aim points to prevent the peak receiver heat flux from exceeding 0. 3 MW/m2• 

Reflected beam position updates shall maintain each heliostat image within 

O. 5 m of the nominal aim point. Normal operation shall be maintained until 

the direct solar insolation falls to 30% of the maximum summer noon insola

tion. A portion of the collector subsystem shall be disabled upon command 

of the mast er control to prevent overcharging of the thermal storage 

subsystem. 

3. 7. 1. 1. 2 Synthetic Tracking Operation. Heliostat tracking shall be main

tained by the master control during periods of obscured sunlight in a manner 

that permits the resumption of normal operation within 180 sec after passage 

of the shadow. At no time during the synthetic tracking operation shall 

reflected sunlight from the affected heliostats pose a safety hazard or dam

age any system component, 
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3. 7. 1. 1. 3 Emergency Shutdown. The solar radiation incident on the receiver 

shall be reduced to less than 3% of initial value within 120 sec after the issu

ance of an "off target" command as prescribed in the Collector Subsystem 

Requirements Specification. 

3. 7. 1. 1. 4 Nonoperational Modes. Automatic nonoperational heliostat slewing 

provisions shall be incorporated so that the entire array of heliostat reflec

tors can be ( 1) aligned horizontally within 15 min to accommodate high winds 

and sand or dust storm conditions, and ( 2) aligned in any preferred orienta

tion within 15 min to facilitate cleaning or maintenance. The elevation and 

azimuth gimbals shall remain in their last commanded positions for all 

operating and non-operating conditions when electrical power is removed. 

3. 7. 1. 2 Functional Interfaces. The collector subsystem shall interface 

directly with the receiver unit, the EPGS, the master control, and the physi

cal site. 

3. 7. 1. 2. 1 Collector Subsystem/ Receiver Unit Interface. The collector sub

system shall be operated in a manner such that at least 97. 7% of the redirected 

energy is intercepted by the absorber. 

3. 7. 1. 2. 2 Collector Subsystem/Electrical Power Generation Subsystem 

Interface. The collector subsystem and the EPGS shall be interconnected 

by the AC power distribution cabling. 

3. 7. 1. 2. 3 Collector Subsystem/Master Control Interface. The collector 

subsystem shall respond to all control commands issued by the master con

trol. The master control shall receive, store, and/or process all informa

tion originating from the collector subsystem. All interface connections shall 

be physically and electrically compatible. 

3. 7. 2 Receiver Subsystem 

3, 7. 2.. 1 Functional Modes. The receiver subsystem shall exhibit stable, 

controlled operation during normal, startup, shutdown, emergency, and 

transient operations. 
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. 3. 7. 2. 1. 1 Normal Solar Operation. The receiver unit shall accept preheated 
feedwater from the riser exit, convert it to superheated steam, and deliver 
it to the entrance to the downcomer during all periods when normal collector 

subsystem conditions exist (per paragraph 3. 7. 1. 1. 1) excluding the startup 
and shutdown phases. The water temperature entering the receiver unit 

shall be 157 to 218°C (315 to 425°F) at a nominal pressure of 13. 8 MPa 
(2,000 psia). The outlet steam shall be maintained at a temperature of 

516°C (960°F) and pressure of 10.45 MPa (1515 psia) at a peak power level 
of 37. 1 MWth. The steam from the downcomer shall be regulated so 
that a predetermined amount of available steam is admitted into the turbine. 
The remaining flow shall be bypassed to charge the TSS. An option shall exist 
to divert all of the steam to the TSS. 

The riser shall accept water from the EPGS at a flowrate comparable to 
that entering the EPGS and at a temperature of 157-218°C (315-425°F). 

3. 7. 2. 1. 2 Receiver Startup. The receiver unit shall be started in a 

controlled manner to ensure local flow stability in the absorber panels. An 
initial water flowrate of 3. 2 kg/ sec (25, 000 lb/hr) shall be used prior to 

the acquisition of.the sun by the collector subsystem. 

The water temperature $hall be allowed to rise until the average thermal 
power on the receiver is 14 MW. At this point, the boiling process will 

initiate and the panel flow controllers will regulate the flow to produce 
10. 45 MPa ( 1515 psia), 516°C (960°F) steam at the outlet of the receiver unit. 

3. 7. 2. 1. 3 Receiver Shutdown. When the average absorbed thermal power 
into the receiver steam falls below (7. 3 MW), the inlet flow controllers shall 
be adjusted to increase the water flowrate to a sufficient level to prevent boil
ing. Flow shall be continued until the heliostats are off-targeted. 

3. 7. 2. 1. 4 Emergency Shutdown. In the event an overheating condition is 
observed locally in the receiver unit, the master control shall command the 
receiver control to institute maximum flow into the affected panel while off 
targeting the appropriate heliostats affecting the panel. 

3. 7. 2. 1. 5 Transient Operation. The inlet water flow to the absorber panels of 
the receiver unit shall be controlled automatically to maintain a constant outlet 
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steam condition of 10, 45 MPa ( 1515 psia) and 516°C (960°F). During the pas
sage of clouds, the receiver unit control point may be changed to 349°C ( 660°F) 
to minimize chances of damage, At this control point all steam shall be diverted 
to the TSS. When the average power absorbed by the receiver steam falls below 
(7. 3 MW), the receiver shutdown procedure shall be initiated. With the 
increase of incident thermal power to a value greater than the above, the 
receiver startup procedure shall be reinitiated. 

3. 7. 2, 2 Functional Interfaces. The receiver subsystem shall interface 
directly with the collector, thermal storage, and electrical power generation 
subsystems as well as the master control. 

3. 7. 2. 2, 1 Receiver Subsystem/Thermal Storage Subsystem Interface. The 
downcomer shall be physically compatible with the TSU desuperheater inlet. 

The steam rate from the downcomer shall be automatically controlled between 
3. 7 and 16. 5 kg/s (28,900 - 130,500 lb/hr) at a pressure in excess of 10.1 MPa 
( 1, 465 psia) and temperature > 343::,C ( 650°F). 

3. 7. 2. 2. 2 Receiver Subsystem/Electrical Power Generation Subsystem Inter
face. The receiver downcomer shall terminate at the turbine throttle station 
where physical compatibility is required. The steam shall enter the EPGS at a 
pressure in excess of 10. 1 MPa (1,465 psia) and at 510°C (950°F). The return 
water flow from the condensate loop of the EPGS shall enter the riser inlet, 
upstream of the receiver feed pump at nominal temperature of 210°C (412°F) 
and a pressure of 3, 45 MPa ( 500 psia, A physically compatible interface is 
required. 

3. 7. 2. 2, 3 Receiver Subsystem/Master Control Interface, The receiver sub
system shall respond to all control commands issued by the master control. 

------------All interface connections shall be physically and electrically compatible, 

3, 7. 3 Thermal Storage Subsystem 

3, 7. 3. 1 Functional Modes, The TSS shall exhibit stable, controlled opera
tions during charging and steam generation operations and during the required 
transitions between these operational modes, 

3. 7. 3, 1. 1 Charging Operation, The TSS shall be capable of circulating a heat
transfer fluid through a heat exchanger at a flowrate required to increase the 
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fluid temperature from 218°C ( 425°F) to 302°C (57 5°F) while transferring 

30. 0 MW of a possible 32. 8 MW of thermal power which enters the charging 

heat exchanger. The heated heat-transfer fluid shall be stored and subsequently 

used for steam generation and feedwater heating options. 

3. 7. 3. 1. 2 Steam Generation Operation. The high-temperature heat-transfer 

fluid shall be supplied to the steam generator in sufficient quantities to produce 

274°C, 2. 66 MPa ( 525°F, 385 psia) steam at a flowrate of 13. 2 kg/ s ( 104, 700 

lb/hr) while reducing the temperature of the fluid to 218°C (425°F). 

3. 7.3. 2 Functional Interfaces. The TSS shall interface directly with the 

receiver, EPGS and master control. 

3. 7. 3. 2. 1 Thermal Storage Subsystem/Electrical Power Generation 

Subsystem Interface. The piping, connections, and mounting fixture shall be 

physically compatible with those of the EPGS. The steam entering the EPGS 

shall be at a temperature of 274°C (525°F), a pressure of 2. 66 MPa (385 psia), 

and a flowrate of 13. 2 kg/ s ( 104, 700 lb/hr). The water shall return to the TSS 

from the condensate loop at a temperature 121°C (250°F) and pressure of 

2. 90 MPa (420 psia) at the inlet to the steam generator. 

3. 7. 3. 2. 2 Thermal Storage Subsystem/Master Control Interface. The TSS 

shall respond to all control commands issued by the master control. The master 

control shall receive, store, and/ or process all information originating from 

the TSS. All interface connections shall be physically and electrically compatible. 

3. 7. 4 Electrical Power Generation Subsystem (EPGS) 

3. 7. 4. 1 Functional Modes. The EPGS shall exhibit stable, controlled opera

tion during normal and extended operation modes as well as during the transi

tion between modes. 

3. 7. 4. 1. 1 Normal Solar Operation. During normal operating periods, the 

EPGS shall draw steam directly from the receiver subsystem at the conditions 

specified in paragraph 3. 7. 2. 2. 2. Steam extraction from the turbine for feed

water heating shall be controlled to maintain the receiver feedwater tempera

ture between 157-218°C (315-425°F) throughout the range of flowrates that will 

be experienced during this operating mode. 
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3. 7. 4. 1. 2 Intermittent Cloudiness Operation and Extended Operation. In these 
modes, the EPGS shall operate on steam produced in the thermal storage 
steam generator at the steam conditions defined in paragraph 3. 7. 3. 2. 1. The 
condensate shall be preheated to 121 °C ( 250°F) with extracted steam before it 
is returned to the steam generator. At all times during these operational 
modes, the net electrical power delivered to the busbar shall be maintained in 
excess of 7 MWe. 

3. 7. 4. 2 Functional Interfaces. The EPGS shall interface directly with the 
receiver and TSS as well as the master control. 

3. 7. 4. 2. 1 Electrical Power Generation Subsystem/Master Control Interface. 
The EPGS shall respond to all control commands issued by the master control. 
The master control shall receive, store and/or process all information orig
inating from the EPGS. All interface connections shall be physically and 
electrically compatible. 

3, 7. 5 Master Control 

3. 7. 5. 1 Functional Modes. Master control shall monitor and control all 
plant subsystems in an integrated fashion in order to ensure stable, con
trolled system operation and proper procedures during emergency periods 
to maximize safety and minimize potential equipment damage. 

3~ 7. 5. 1. l System Mode Determination. The master control shall be 
capable of identifying the proper mode of system operation and generating 
the required commands to the appropriate control elements to properly 
execute the required functions. The master control shall be capable of 
anticipating required changes in operational modes in response to insolation 
or environment factors and initiating the appropriate transition. Operational 
modes shallinclude system startup, normal solar, low solar power, inter
mittent cloudiness, thermal storage charging, extended operation, fully 
charged thermal storage, normal shutdown, emergency shutdown, and sub
system conditioning. A self-check procedure, in which all subsystems are 
interrogated concerning their operational status, shall be performed after 
final shutdown. 

A-39 



3. 7. 5. 1. 2 Emergency Detection and Operation. At all times during the 

system operation, all subsystems shall be continuously monitored to verify 

operation in accordance with Pilot Plant system and subsystem requirements, 

In the event of a malfunction, the activation of redundant elements shall be 

initiated where possible or the operator notified of the action required, 

Where no redundancy exists, the impact of the malfunction shall be assessed, 

In the event the situation can lead to a safety problem or result in additional 

equipment damage, a system shutdown shall be initiated. The nature of the 

shutdown procedure shall depend on the nature of the malfunction, 

3. 7. 5. 1. 3 Operational Information. The master control shall be capable of 

displaying pertinent data required to completely determine the status of the 

Pilot Plant system, System performance projections shall be available based 

on current and past subsystem performance and on future system supply 

capabilities, including availability of stored thermal energy and solar 

isolation. 

3. 7. 5. 2 Functional Interfaces. The mast er control shall interface with the 

collector, receiver, thermal storage, and electrical power generation 

subsystems. 

3. 8 Environmental Impact 

The Pilot Plant system shall be designed so that the environment al impact 

associated with construction, installation, maintenance, and operation of the 

system conforms to that authorized for the selected site in accordance with 

applicable environmental control regulations. Environmental impact data 

required by the contract shall be developed for the specified site and submitted 

to ERDA. 

3. 9 Precedence 

Specific characteristics and requirement ·precedence shall be established 

based on system cost-effectiveness sensitivity analyses. This specification 

has precedence over documents referenced herein. The contractor shall 

notify the procuring activity of each instance of conflicting, or apparently con

flicting, requirements within this specification or between the specification and 

a referenced document. 
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4. 0 QUALITY ASSURANCE PROVISIONS 

4. 1 General 

4. 1. 1 Responsibility for Tests. All tests shall be performed by the 

contractor. These tests may be witnessed by ERDA or its representatives 

or the witnessing may be waived. In either case, substantive evidence of 

hardware compliance with all test requirements is required. 

4. 1. 2 General Test Requirements. Tests required for the subsystems and 

the master contr9l shall be as defined in the detail requirements specifica

tions. The test of a subsystem in conjunction with another subsystem or 

the master control (e.g., an integration test) is regarded as a sys tern test 

and shall be as required by this specification. The contractor shall prepare 

a test plan for ERDA approval. Tests shall be classified in the test plan as 

follows: 

(a) Compatibility tests - Must be performed on site to establish that 

Pilot Plant hardware is ready for hookup, or that interfaces can be com

pleted, or that subsystems and the master control are operable. C ompati

bility tests may include tests of components, subassemblies, assemblies, or 

subsystems. Such tests shall be as defined at the app-r_opriate specification 

level. 

(b) Operational tests - Tests of the integrated system. 

Compatibility tests and operational tests at the system level shall be defined 

for verifications as indicated in subsection 4. 3, Table 2. 

4. 1. 3 Previous Tests. Maximum use shall be made of test data available 

from the subsystem research experiments, from subsystem tests and other 

hardware tests already completed. Where conformance to this specification 

can be established at less cost by analysis of such data, tests shall not be 

repeated. 

A-41 



.4. 2 Specific System Test Requirements 

The following tests and examinations are defined herein specifically for 

verification of system requirements and shall be applied as necessary for 

the purposes of subsection 4. 3, Table z. 

4. z. 1 Examination of Installations. The contractor shall examine plant 

installations to verify before functional testing that subsystems, master con

trol, and interfaces conform to physical requirements. 

4. z. 2 Operational Tests (Integrated System). Functional demonstration of 

the Pilot Plant system shall be performed by the contractor to the extent 

specified in the negotiated Pilot Plant test plan. The test plan shall include, 

as a minimum, the opera.tional testing of the integrated system necessary to 

verify conformance to requirements identified for this method of verification 

in subsection 4. 3, Table z. 

4. 2. 3 Life Tests and Analysis. One set of each major subassembly of the 

system design shall be subjected to extended life testing in accordance with 

the applicable subsystem requirements specifications. 

4. 3 Verification of Conformance 

Verification that the requirements of Sections 3 and 5 of this specification 

are fulfilled shall be performed by the methods specified in Table z. The 

methods of verification are defined as follows: 

(a) Inspection - Examination and measurement of product. 

(b) Analysis - Examination of the design and associated data, which 

may include relevant test information. 

(c) Similarity - Demonstration or acceptable evidence of the perform

ance of a product which is sufficiently similar to permit conformance to be 

inferred. 

(d) Test - Functional operation or exposure under specified conditions 

to evaluate product performance. 

(e) Demonstration - Exhibition of the product or service in its intended 

modes. and conditions. 
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. 4. 3. 1 Hardware Acceptance. The contractor shall provide a method 

whereby conformance of hardware to the design and to the applicable detail 

specifications will be verified. This shall be accomplished progressively as 

system elements are manufactured. As the Pilot Plant system is integrated, 

conformance to design at that level shall be verified. For purposes of Pilot 

Plant acceptance, this verification of conformance includes proof-by-

as sembly and the examination of records as elements of inspection. Satis

factory system demonstration shall be accomplished. In addition, evidence 

shall be maintained of satisfactory accomplishment of inspections and tests 

required by codes and standards that apply for the system. 

4. 4 Formal Qualifications 

For the Pilot Plant system, formal design qualification shall require satis

factory completion of all contractually required tests, include those speci

fied for subsystems, and the completion of all other required verifications 

and the integrated system demonstration tests in the negotiated test plan. 

5. 0 PREPARATION FOR DELIVERY 

Pilot Plant equipment shall be prepared for delivery in accordance with 

Section 5. 0 of the appropriate detail Subsystem Requirements Specification. 
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Table 2 

REQUIREMENT VERIFICATION MATRIX 

Verification Methods 

1. Inspection 
2. Analysis 
3. Similarity 
4. Test 
5. Demonstration 

Requirement 
(paragraph) 

3. 1 
Central Receiver Pilot 
Plant Definition 

3. 1. 1 
General Description 

3. 1. l(a) 
Collector Subsystem 

3. 1. l(b) 
Receiver Subsystem 

3. 1. l(c) 
Thermal Storage 
Subsystem 

3. 1. l(d) 
Electrical Power 
Generation Subsystem 

3. 1. l(e) 
Master Control 

3. 1. 2 
Pilot Plant Application 

3. 1. 3 
System Diagrams 

3.1.3.1 
Central Receiver 
Solar Thermal Power 
System Diagram 

Test Categories 

A. Compatibility Test 

B. Operational Test (integrated 
system) 

NI A denotes "not applicable 11 

Verification Test 
Method Category Remarks 

NIA NIA 

NIA NIA 

1 NIA 

1 NIA 

1 NIA 

1 NIA 

1 N/A 

NIA NIA 

NIA NIA 

N/A NIA 
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Table 2 

REQUIREMENT VERIFICATION MATRIX (Continued) 

Verification Methods 

1. Inspection 
2. Analysis 
3. Similarity 
4. Test 
5. Demonstration 

Test Categories 

A. Compatibility Test 

B. Operational Test (integrated 
system) 

N/A denotes "not applicable" 

Requirement 
(paragraph) 

3.1.3.2 
Functional Block 
Diagram 

3.1.3.3 
Central Receiver 
Pilot Plant Layout 

3. 1. 4 
Interface Definition 

3.1.4.1 
Electrical Power 
Transmission Network/ 
Pilot Plant Interface 

3. 1. 4. 2 
Pilot Plant/Site Interface 

3. 1. 5 
Operational and 
Deployment Concepts 

3.1.5.1 
Power Production Mode 

3.1.5.2 
Research Testing Mode 

3.1.5.2.l 
Normal Startup 

3. 1. s. 2. 2 
Normal Solar Operation 

Verification 
Method 

NIA 

N/A 

1, 2, 4 

1, 2, 4, 5 

1, 2 

5 

5 

5 

2, 5 

2, 5 

A-45 

Test 
Category 

N/A 

NIA 

B 

B 

NIA 

B 

B 

B 

B 

B 

Remarks 

Included as test required 
by 3. 1. 5. 2 

Same 



Table 2 

REQUIREMENT VERIFICATION MATRIX (Continued) 

Verification Methods 

l. Inspection 
2. Analysis 
3. Similarity 
4. Test 
5. Demonstration 

Test Categories 

A. Compatibility Test 

B. Operational Test (integrated 
system) 

N/A denotes 11not applicable 11 

Requirement Verification Test 
(paragraph) Method Category Remarks 

3. l. 5. 2. 3 
Low Solar Power 2, 5 B Same 
Operation 

3.1.5.2.4 
Intermittent Cloudiness 2, 5 B Same 
Operation 

3.1.5.2.5 
Thermal Storage Charging 2, 5 B Same 

3. 1. s. 2. 6 
Extended Operation 2, 5 B Same 
(Stored Energy) 

3.1.5.2.7 
Fully Charged Thermal 2, 5 B Same 
Storage 

3.1.5.2.8 
Normal Shutdown 2, 5 B Same 

3. 1. 5. 2. 9 
Emergency Shutdown 2, 5 B Verified in part by tests 

in the Master Control 
Subsystem Specification. 

3. 1. 5. 2. 10 
Subsystem Conditioning 2, 5 B Turning of rotor to be 

demonstrated. 

3.1.5.3 
Deployment Concept 1, 2 N/A Rewrite for Barstow. 

3.2 
Characteristics N/A N/A 
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Table 2 

REQUIREMENT VERIFICATION MATRIX (Continued) 

Verification Methods 

1. Inspection 
2. Analysis 
3. Similarity 
4. Test 
S. Demonstration 

Requirement 
(paragraph) 

3. 2. 1 
Per£ ormance 

3.2.1.1 
Dynamic Performance 

3.2.1.1.1 
Startup 

3. 2. 1. 1. 2 
Emergency Shutdown 

3.2.1.1.3 
System Dynamic 
Variation 

3.2.1.2 
Endurance Capability 

3.2. 1.3 
Other Performance 
Requirements 

3.2.1.3.1 
Annual Power Output 

3.2.1.3.2 
Collector Operations 

Test Categories 

A. Compatibility Test 

B. Operational Test (integrated 
system) 

N/A denotes 11not applicable" 

Verification Test 
Method Category Remarks 

4, 5 B 

N/A N/A 

2, 4 B 

2, 4 A Water circulation failure 
may be simulated for 
test. 

2, 4 B Cloud effect may be 
simulated for test. 

2, 4 - See subsystem specifica-
tions for applicable life 
tests. 

N/A N/A 

2, 4 B 

2, 4 A, B 
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Table 2 

REQUIREMENT VERIFICATION MATRIX (Continued) 

Verification Methods 

1. Inspection 
2. Analysis 
3. Similarity 
4. Test 
5. Demonstration 

Test Categories 

A. Compatibility Test 

B. Operational Test (integrated 
system) 

N/A denotes "not applicableii 

Requirement Verification Test 
(paragraph) Method Category Remarks 

3. 2. 2 
Physical Characteristics N/A N/A 

3.2.2.1 
System Characteristics 1, NIA 

3.2.2.2 
Collector Subsystem 1, 2 N/A See collector subsystem 
Characteristics specification. 

3.2.2.3 
Receiver Subsystem 1, 2 A See receiver subsystem 
Characteristics specification. 

3.2.2.4 
Thermal Storage 1, 2, 5 A See receiver subsystem 
Subsystem specification. 
Characteristics 

3.2.2.S 
Electrical Power 1, 2, 5 A See electrical power 
Generation Subsystem generation subsystem 
Characteristics specification. 

3.2.2.6 
Master Control 1, 2 N/A See master control 

specification. 

3. 2. 3 
Reliability 1, 2, 5 B 

3. 2. 4 
Maintainability 1, 2, 5 B 
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Table 2 

REQUIREMENT VERIFICATION MATRIX (Continued) 

Verification Methods 

1. Inspection 
2. Analysis 
3. Similarity 
4. Test 
5. Demonstration 

Test Categories 

A. Compatibility Test 

B. Operational Test (integrated 
system) 

N/ A denotes "not applicable" 

Requirement Verification Test 
(paragraph) Method Category Remarks 

3. 2. 5 
Availability 2, 5 B 

3. 2. 6 
Enviroi1mental 2 N/A See applicable subsystem 
Conditions specification. 

3. 2. 7 
Transportability 2 N/A See applicable subsystem 

specification. 

3.3 
Design and Construction 2 N/A See applicable subsystem 

specification. 

3. 3. 1 
Materials, Processes, 1, 2 N/A See applicable subsystem 
and Parts specification. Inspection 

is to verify protective 
coating. 

3.3.2 
Electrical Transients 2, 4 A, B 

3. 3. 3 
Electromagnetic 2 N/A 
Radiation 

3.3.4 
Nameplate and Product l N/A 
Marking 
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Table Z 

REQUIREMENT VERIFICATION MATRIX (Continued) 

Verification Methods 

1. Inspection 
2. Analysis 
3. Similarity 
4. Test 
5. Demonstration 

Requirement 
(paragraph) 

3, 3. 5 
Workmanship 

3. 3. 6 
Inte re hang ea bility 

3. 3. 7 
Safety 

3,3.8 
Human Engineering 

3. 4 
Documentation 

3. 5 
Logistics 

3. s. 1 
Maintenance 

3. s. 2 
Supply 

3, 6 
Personnel and Training 

3. 6. 1 
Personnel 

3. 6. Z 
Training 

Test Categories 

A. Compatibility Test 

B. Operational Test (integrated 
system) 

NIA denotes "not applicable" 

Verification Test 
Method Category Remarks 

1 NIA 

1, Z NIA Verify by design check 
and approval system. 

1, 2 NIA 

1, z NIA Design review item. 

NIA NIA 

NIA NIA 

NIA NIA 

1, Z NIA 

NIA NIA 

NIA NIA 

NIA NIA 
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Table 2 

REQUIREMENT VERIFICATION MATRIX (Continued) 

Verification Methods 

1. Inspection 
2. Analysis 
3. Similarity 
4. Test 
5. Demonstration 

Test Categories 

A. Compatibility Test 

B. Operational Test (integrated 
system) 

NI A denotes "not applicable 11 

Requirement Verification Test 
(paragraph) Method Category Remarks 

3.7 
Pilot Plant System N/A NIA 
Functional 
Characteristics 

3. 7. l 
Collector Subsystem 

. 
N/A NIA 

3.7.1.l 
Functional Modes 2, 4 B 

3.7.1.1.1 
Normal Solar Operation 1, 4 B 

3. 7.1.1.2 
Synthetic Tracking 4 B 
Operation 

3.7. 1. 1.3 
Emergency Shutdown 1, 4 B 

3.7.1.1.4 
Nonoperational Modes 4 B 

3.7.1.2 
Functional Interfaces 1, 2 NIA 

3.7.1.2.1 
Collector Subsystem/ 2, 4 A 
Receiver Unit Interface 

3.7.1.2.2 
Collector Subsystem/ l N/A 
Electrical Power 
Generation Subsystem 
Interface 
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Table 2 

REQUIREMENT VERI.FICATION MATRIX (Continued) 

Verification Methods 

1. Inspection 
2. Analysis 
3. Similarity 
4. Test 
5. Demonstration 

Test Categories 

A. Compatibility Test 

B. Operational Test (integrated 
system) 

N/A denotes 11not applicable 11 

Requirement Verification Test 
(paragraph) Method Category Remarks 

3.7.1.2.3 
Collector Subsystem/ 1, 2, 4, 5 A, B 
Master Control Interface 

3. 7. 2 
Receiver Subsystem N/A N/A 

3.7.2.1 
Functional Modes 4 B 

3.7.2.1.1 
Normal Solar Operation 4 B 

3.7.2. 1.2 
Receiver Startup 4 B 

3.7.2.1.3 
Receiver Shutdown 4 B 

3.7.2.1.4 
Emergency Shutdown 4 A, B Receiver failure and 

overheating condition 
shall be simulated for 
test. 

3.7.2.1.5 
Transient Operation 4 A, B 

3.7.2.2 
Functional Interfaces 1 N/A 

3.7.2.2.1 
Receiver Subsystem/ 1, 4 A, B 
Thermal Storage Subsys-
tern Interface 

A-52 



Table 2 

REQUIREMENT VERIFICATION MATRIX (Continued) 

Verification Methods 

1. Inspection 
2. Analysis 
3. Similarity 
4. Test 
S. Demonstration 

Test Categories 

A. Compatibility Test 

B. Operational Test (integrated 
system) 

N/ A denotes 11not applicable 11 

Requirement Verification Test 
(paragraph) Method Category Remarks 

3.7.2.2.2 
Receiver Subsystem/ 1, 4 B 
Electrical Power Genera-
tion Subsystem Interface 

3.7.2.2,3 
Receiver Subsystem/ 1, 4 A, B 
Master Control Interface 

3. 7. 3 
Thermal Storage N/A N/A 
Subsystem 

3.7.3.l 
Functional Modes 4 B 

3.7.3.1.1 
Charging Operation 4 A, B 

3. 7. 3. 1. 2 4 A, B 
Steam Generation 
Operation 

3.7.3.2 
Functional Interfaces l N/A 

3.7.3.2.1 
Thermal Storage 1, 4 B 

Subsystem/Electrical 
\ 

I 

Power Generation 
Subsystem Interface 

3,7.3.2.2 
Thermal Storage 1, 4 A, B 

Subsystem/Master 
Control Interface 
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Table 2 

REQUIREMENT VERIFICATION MATRIX ( Continued) 

Verification Methods 

1. Inspection 
2. Analysis 
3. Similarity 
4. Test 
5. Demonstration 

Test Categories 

A. Compatibility Test 

B. Operational Test (integrated 
system) 

N/A denotes ::not applicable:! 

Requirement Verification Test 
(paragraph) Method Category Remarks 

3. 7. 4 
Electrical .Power N/A N/A 
Generation Subsystem 

3. 7. 4. 1 
Functional Modes 4 B 

3. 7.4. 1.1 
Normal Solar Operation 4 B 

3. 7. 4. 1. 2 
Intermittent Cloudiness 4 B 
Operation and Extended 

3.7.4.2 
Functional Interfaces 1 N/A 

3. 7. 4. 2. 1 
Electrical Power 1, 4 A, B 
Generation Subsystem/ 
Master Control Interface 

3. 7. 5 
Master Control N/A N/A 

3.7.5.1 
Functional Modes 4 A, B 

3.7.5.1.1 
System Mode 5 A, B 
Determination 

3.7.5.1.2 
Emergency Detection 5 A, B 
and Operation 
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Table 2 

REQUIREMENT VERIFICATION MATRIX (Continued) 

Verification Methods. 

1. Inspection 
2. Analysis 
3. Similarity 
4, Test 
5, Demonstration 

Test Categories 

A. Compatibility Test 

B. Operational Test (integrated 
system) 

N/A denotes "not applicable" 

Requirement Verification Test 
(paragraph) Method Category Remarks 

3,7.5.1.3 
Operational Information 5 A, B 

3.7.5.2 
Functional Interfaces 1 A 

3. 8 
Environmental Impact 1, 2 N/A 

3. 9 
Precedence N/A N/A 

s. 0 
Preparation for N/A N/A 
Delivery 
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APPENDIX B 

An Analytic Evaluation of the Flux Density due to Sunlight 

Reflected from a Flat Mirror having a Polygonal Boundary 

F. W. Lipps and M. D. Walzel 

Solar Energy Laboratory, University of Houston 

Houstons Texas 77004 

ABSTRACT 

Computer algorithms for the flux density of reflected sunlight from 

a heliostat become an essential part of the optical simulation problem 

for the solar central receiver system. An exact analytic result is 

available for heliost~ts having polygonal boundaries. An analytical 

method for round heliostats i·s given in Appendix A, which is extremely 

complex and requires quartic roots. A useful numerical method is given 

in Appendix B for helisotats of arbitrary shape. A comparison is made 

between the analytic method and the Hermite function method, which is 

much faster but less accurate. The analytic method provides a basis for 

evaluating all other flux density calculations. 
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Nomenclature 

A represents the area of the polygonal heliostat. 

b: represents the ; th vertex of the polygonal boundary. 1 

B represents the whole set of vertices and is called the boundary 
vector. 

is the flux density at point (x,y) of image plane. 

is the flux density of a heliostat. 

is the flux density due to a heliostat population having 
guidance errors. 

FT represents the total flux density on the receiver. 

G represents the guidance error distribution. 

H represents the reflective region of the heliostat surface 
(i.e., a polygonal region). 

iH is the angle of incidence at receiver for the optic axis 
coming from heliostat H. 

;0 is the angle of incidence on the heliostat for a central ray 
from the sun. 

is the ; th empirical coefficient of solar limb darkening. 

is the i th analytic flux density integral. 

is the ; th analytic flux density integral. 

is the parameter of the heliostat boundary. 

represents the flux density on the image plane of a heliostat 
due to a point sun having a solar constant of l W/m2. 

r represents a unit vector parallel to the reflected ray. 

r0 represents a unit vector parallel to the optic axis and 
towards the receiver. 

R0 is the slant distance from the center of the heliostat to the 
optical center. 
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R(x,y,r} is the irradiance/sterradian for reflected rays arriving at 

the point (x,y} along ray;_ 

S represents the solar brightness distribution in W/m2/sterradian. 

S represents the effective solar brightness distribution including 

guidance errors. 

s is the direction of the incoming sun ray. 

s
0 

is the direction of the center of the solar disc. 

t is the distance parameter for parametric ray tracing. 

n1 
represents the inward unit normal vector at the 1th receiver 

mode. 

(u,v} represents a point in the plane of the heliostat. 

(~,;,;) represents an orthonormal triple of vectors attached to the 
h 

heliostat, w is the upward unit normal vector. 

x represents the horizontal unit vector in the image plane. 

y 

(xl,Yl,zl) 

(xl'yl} 

(x,y) 

o'L 

(] = ± 1 

represents the nodding vertical unit vector in the image plane. 

are coordinates of node in surface of receiver. 

represents the projection of the receiver mode onto the image 

plane. 

represents a point in the image plane. 

is the polar angle measured from the center of the solar disc. 

is the solar limb angle (i.e. sun size parameter). 

for the orientation of an arc in the indicator function. 

p is the net coefficient of reflectivity for sunlight on the 

heliostat. 

~(u,v) = 0, 2n and is called the indicator function which tells us 

when (u,v} is inside of the closed polygon B. 

+ is an azimuthal angle. 

f = sin2a and is a convenient parameter for the polar angle. 

dwr represents an element of solid angle including the ray r. 
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a 

(a•b) 

axb 

anb 

a*b 

means that a is vector quantity. 

represents a unit vector in direction a. 

represents a scaler product of vectors a and b. 

represents the vector product of vectors a and b. 

represents the intersection of sets. 

implies that a belongs to set b. 

represents the convolution of functions a and b. 

Proj(H/I) represents the projection of heliostat H onto the image plane I. 

n = 3.14159. 
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1. Introduction 

The central receiver~concept for large scale solar power systems is 

based on the possibility of concentrating sunlight by deploying a large 

number of individually guided flat mirrors, i.e. heliostats. The field 

of heliostats can be regarded as a fresnel reflector which tracks the 

sun and generates a focus as though it were a very large movable parabolic 

dish. A heat transfer device called a receiver is placed at the focus, 

which must be high above the plane of the heliostats in order to avoid 

interference between neighboring heliostats. Hence, the system is also 

called a Tower Top Concentrator. 

The optical performance of the system is characterized by the flux 

density of reflected sunlight on the surface of the receiver. However, 

various receiver geometries must be dealt with and it is convenient to 

consider the flux density due to an individual heliostat on its own 

image plane. The image plane of a heliostat passes through the optical 

center of the system (i.e. focus) and is perpendicular to the optic 

axis, which is the line joining the optical center to the center of the 

heliostat. See Figure 1. The total flux density on the receiver, FT' 

can be obtained from the individual heliostat flux_ densities, FM' by 

projecting FH from its image plane onto the receiver and summing over 

the heliostats. Each projection is parallel to the appropriate optic 

axis. Se~ Nomenclature, but specifically, 

FT(x1,y1,z1) = r cosiHFH(x1,y1), 

H: cosiH > O 

where (x1,y1,z1) is a point in the surface of the receiver and (x1,y1) 

is the corresponding point in the image plane of the heliostat H. iH is 

the angle of incidence at the 1th point on the receiver for incoming 
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rays parallel to the optic axis. This formulation can be completed by 

introducing the following unit vectors. Let: 

and 

A 

1) n1 represent the inward unit normal to the receiver at I, 

2) x represent the horizontal unit vector in the image plane, 

3) y represent the nodding vertical unit vector in the image plane, 

4) r
0 

represent the unit vector parallel to the optic axis and 

towards the receiver. 
A A A 

By definition the vectors (x,y,r 
0

) are orthonormal. See Figure 1. It 

follows that 
A A 

cosiH = (r
0

-n 1), 

x1 = x1xx + y1xy + zix
2

, and 

YI= XIYx + Y1Yy + ZIYz· 

Of course, this construction depends on a paraxial ray assumption which 

is a very good approximation because the surface of the receiver is much 

closer to the image plane than to the heliostat and because the solar 

disc is relatively small. 

Hence, we see that an adequate method of calculating the flux 

density due to an individual heliostat can provide us with an optical 

simulation of the central receiver system. However, in order to be 

complete, we must include the effects of sun size, solar limb darkening, 

heliostat guidance errors, other heliostat imperfections, and the losses 

due to the interference of neighboring heliostats. The phenomenon of 

interference between neighboring helisotats is known as shading and 

blocking. These losses are included by introducing a boundary vector 

which defines the effective luminous region of the heliostat. If the 
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helisotats are polygonal, then the effective luminous regions will also 

be polygonal, and it will be sufficient to calculate the flux density 

due to arbitrary polygonal regions. 

The effects of sun size and solar limb darkening are included by 

introducing the solar brightness distribution, S{a), in Watts/meter2 

sterradian. This function is empirically determined, but it can be 

given the following polynomial approximation, which permits us to 

proceed with an analytic evaluation of the solar flux density due to a 

single heliostat. Let 

{ 

1
0 

+ 11 sin2a + 12 sin4a + 
S(a) = 

0 if a~al = .Q04660, 

I 
. 6 

3srn a , or 

where a is the angle measured from the apparent center of the solar disc 

to the direction of the incoming ray, and al is the solar limb angle. 

The heliostat guidance errors and other imperfections can be 

' represented by an error distribution function G, which allows us to form 

a statistical estimate, FH, of the flux density via the convolution, 

FH = G * FH . 

We have previously shown [1], that 

FH = S * MH, 

where MH is the flux density on the i~age plane due to heliostat H 

assuming a point sun having a solar constant of 1 W/m2. For a flat 

hel iostat 

= { cosi
0 

if {x,y)e Proj{H/1), or 
MH{x,y) 

0 otherwise. 

Consequently, 

rH, = G * S * FH = S * FH , 

where S = G * S, which can be given a polynomial approximation of the 
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same kind as shown above for S(a). Hence, the analytic results given in 

this paper enable us to evaluate the effect of the error distribution G, 

without having to perform the costly convolution integrals. 

2. The Flux Density Integral 

Let F(x,y) be the flux density at the point (x,y) in the image 

plane, and let R(x,y,r)dwr be the irradiance of the-reflected rays at 

the potnt (x,y) and in the solid angle dw, having direction specified r 
by the unit vector r. (See Figure 1.) Consequently, 

F(x,y) = J (ro•;)R(x,y·,r)dwr. 

(r .; , > o 
0 

-
R is determined by tracing the ray from the point (x,y) in the image 

plane to the point (u,v) in the plane of the heliostat. Let H denote 

the effective luminous region in the plane of the heliostat, and let p 

denote the coefficient of reflectivity of the heliostat for sunlight, 

then 

R(x,y,r) = {pS(a), if (u,V)£H 
0, otherwise. 

a is determined by the law of reflection and the heliostat guidance 
A 

requirement. Let s
0 

represent the direction towards the center of the 
A 

solar disc and lets represent the direction of the sun ray which reflects 
A A 

into r. The guidance requirement states that s
0 

must reflect into 
A 

r
0

, which is the direction tov,ards the optical center of the system. If 
A 

w represents the upward normal direction of the heliostat plane, then 
A A ,.. A. 

r
0 

= 2(s
0 

• w)w - s
0

, 

and 
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Shows the geomet~y of the image-forming process. (u,v,w) is the orthonormal triple associated 
with the plane of the heliostat. (x,y,r) is the orthonormal triple associated with the image 
plane. See Nomenclature for other vectors. 



so that 
A A A A 

(r
0

• r) = (s
0 

• s) = cosa, 

and 
1 ,. ,. 

a= cos- (r
0 

• r). 

,. 
Obviously, w is determined by the guidance requirement, and 

w = 1/2(; + ; )/cosi , 
0 0 0 

with ' 

-
In order to complete the explicit determination of R, it is necessary 

,. ,.. ,. 

to introduce coordinates in the plane of the heliostat. Let (u,v,w) 
,. 

be an orthonormal triple of vectors, such that w is normal to the plane 

of the heliostat as above, and, therefore, any vector of the form, 
,. ,. 

uu + vv, lies in the plane of the heliostat. Similarly, any vector of 
,. ,. 

the form xx+ yy lies in the image plane. According to Figure 1, the 
,. 

parametric equation of the ray from (x,y) to (u,v) along the direction -r, 

is given by 
~ A A A A 

x(t) = R r +xx+ yy - tr, 
0 0 

where R
0 

is the length of the optic axis, and tis the distance from the 
,. 

image point (x,y) measured along the ray -r. This ray pierces the plane 

of the heliostat, when 

w • ~(t) = 0, 

so that 
A A A A 

t = (w•R
0
r 

O 
+ xx + yy)/(w•r). 

Consequently, we can write 
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and 

where 

UR/(;.;)= ~.[;o_;(;.;o)/(;.;)] 

= [(~.; )(;.;) - (~·;)(~.; )]/(~·;) 
0 0 

A A A A A A 

= (u•wx(r
0
xr))/(w•r) 

= -(~·;ox;)/(;.;), 

In summary, we have 
A A A 

UR = -(vxr •r) 
0 

-+ 0 as r-+r 
0 

A A A ,. ,. ,. ,. 
u = 

X 
-(vxx•r) -+ (v•y) as r-+r 

0 .... ,. ,. ,. .. ,. 
u = -(vxy• r) -+ -(v•x) as r-+r 
y 0 

A A A A A 

V = R (uxr
0

•r) -+ 0 as r-+r 
0 

A A A A A A A 

V = (uxx•r) -+ -(u•y) as r-+r 
X 0 

,. ,. ,. A A 

V = y (uxy•r) -+ -{u•x) as r-+r 
0 

It is also easy to calculate the apparent center of the solar disc. 

Let D
0 

represent the apparent center as shown in Figure 2. If 

Do= {uo,vo), 

then 

and 

We must now construct an analytic representation for the statement 

{u,V)£H. For our purposes, His polygonal, and, therefore, His determined 

by its vertices. The set of u and v coordinates of the vertices is 
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3 

1. ________ 6. 

Figure 2. Shows the boundary of the heliostat in relation to the solar 
disc. The shaded overlapping region becomes split due to a 
shading event in the lower example. All essential points 
are dotted. 
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called the boundary vector of H. Specifically, 

B = {(ui,vi) I i = 1 ... N} = {bi I i = 1 ... N} , 

determines H. In the absence of shading and blocking, His the whole 

reflecting surface of the heliostat, and Bis a constant depending only 

on the design of the heliostat. But if shading and/or blocking occur, 

then B becomes very complicated and must be input to the flux density 

calcula:tion. For an illustration of the boundary vector concept, let 

61 = (u1-u, vi-v, 0), for i = l ... N, 

represent the location of the ; th vertex with respect to an origin at 
-+ -+ 

(u,v). If we also assume that bN+l = b1, then 
N -+ -+ 

A(u,v) = 1/2 .L (biXbi+l) 
1=1 w 

= J dudv = Area of H, for all (u,v). 
H 

Similarly, let 
,. -+ -+ 
b. = b-/lb-l , 1 1 1 

sin~;= b1xbi+l' 
,. ,. 

COS~;= {b;•b;+1) , and 

a;= sin~;/lsin$i I = ± 1 

so that 
N 

t(u,v) = I 
i=l 

N -1 ,. . ,. 
$- = La.cos {b.•b·+l) 

1 i=l 1 1 1 

= { 

0

2n if (u,v)£H, or 
otherwise. 

The indicator funct"ion ${u,v) tells us whether (u,v) is inside the 

region 11 or not. 
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3. The Reduction to Terms 

From our previous discussion, we see that 

F(x,y) = pf dwr cosa S(a), 

SnH 

where SnH is the intersection of the solar disc and the solid angle 

subtended by the reflecting region of the heliostat·as seen from (x,y). 

(See Figure 1.) a becomes the polar angle of an image oriented spherical 

polar coordinate system (a,t,R), having its polar axis parallel to the 

optic axis r
0

• Consequently, 

dwr cosa = d•dasinacosa, 

which can be rewritten as 

dwr cosa = 1/2 dtd$, 

if we let$= sin2a. 

We can now write 

or 

F(x,y) = l/2 pf d~fd$S(~}, 
SnH 

00 

F(x,y) = l/2 p I IiJi(x,y)/(i+l), 
i=O 

with 

Ji(x,y) = (i+l) fd~fd$$i, 
SnH 

The coefficients (1
0

,1 1,1 2, .. ) are empirical constants which depend on 

the sun, atmospheric effects and, possibly, also the guidance errors. 

The functions (J
0

,J1,J2, .. ) depend only on the region SnH and the index i. 

The region SnH depends on the solar limb angle al' the orientation 

of the heliostat, and the boundary of the reflecting surface. In 

general, SnH may contain several disconnected regions, even if His a 
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single connected region. Consequently, the boundary of SnH may contain 

several cycles {i.e. closed curves), and J. can be written 
1 

C . C 
Ji= I /d•dij, {i+l)ij,1 = .I Jij 

i-1 {SnH). J-1 
J 

C f ·+1 = .l dtJ.{d• /dtJ.)ij,J,( • ) 1 
, 

J=l 

where ij,j( •) = sin2a/•), and 

Boundary (SoH)j = {[aj{t),• (t), * R=l]IO<t<t.} --J 

The boundary of (SnH)j consists of circular sun segments and linear 

heliostat segments. For a sun segment, 

ij,j(+) = ij,L = sin2aL , 

and the corresponding term in Jij is inmediately integrable. For a 

linear segment, the corresponding term in Jij becomes a rational function 
oft, as we shall show later. However, it is important to reorganize Ji 
into a sum over segments. Let 

++ 
J. = r A+ ljli+1 + r f :,ljl <,>i+1, 1 dtD d L mtM •- m 

m 

where Dis the set of sun segments and Mis the set of linear segments. 

Let 

A• = { 21r, or 
d + -

•d .. dd 

so that 

and 
+ +tm if+; ~ • ~ +m· 

A glance at Figure 2 reveals that the set of end points {(+!,+;)lmtM} 
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contains the set of end points C(•~,•~)ldED} plus those vertices of H 

which happen to be inside the apparent solar disc. Consequently, all 

of the end points are determined by the equations 

~m(•) = sin2am(•) =•L' 

and therefore the functions {~m(•)lm£M} completely detemine Ji. 

In order to finish the formulation of the flux ·density integral, we 

must derive an expression for ~m(•) and solve for the azimuthal angles. 

This can be accomplished by projecting the appropriate linear boundary 

segment of H onto a unit sphere surrounding the point (x,y) on the image 

plane as shown in Figure 1. Let 
-+ ,._ A 

b. = u.u + v.v 
1 1 1 

represent the ; th vertex of H, so that 
_ . 2 2 1/2 

t. - ((u.+1-u.) + (v.+1-v.) ) 
1 1 1 1 1 

is the length of the ; th linear segment. Then let 

and 

• -+ -+ -+ -+ ,.. 

b(t) = b. + {t/t.){b.+l-b.) = b.+tc. 
1 1 1 1 1 1 

-+ 
R(t) = 

,. ,.. ,.. 

R r +xx+ yy 
0 0 

,.. -+ -+ 

r(t) = R(t)/IRI 

-+ 
b(t) 

so that both~- and ;(t) are unit vectors and ~(t) performs the desired 
1 

mapping. Finally, we can write 
A A ,._ A 

r(t) = cosa r
0 

+ sina(cos• x+sin• y), 

so that 

and 

~ = m 
sin2um = (;.;)2 + (i•;)2 

,. -+ 2 "'-+ 2 -+2 
= [{x-x•u) + (y-y•b) ]/R , 

-• ·• 
= (y-y•b}/(x-;•b). 
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Notice that 

but we also have 

+ A 2 2 2 
(R.-c.£} = p -2qt+i 

1 1 

where 
+ ~ A A + 
R1 = R0 r

0 
+xx+ yy - bi' 

p2 = i.2 = R 2 + x2 + y2 + ;,2 _ 2; .• (R; + x; + yy} 
1 0 1 1 00 

and 
+ A 

q = R;•C;. 

Both$ and tant can be developed in terms of i, and then i can m . 

be eliminated to give •m(t), Let 
A .... A + A A 

(x•R} = a+bi = x-(x•b;}-(x•ci}i 

and 
,,._-+ ,,_+ AA 

(y•R} = c+dt = y-(y•b.)-(y•c.)t 
1 1 

so that 

tant = (c+dt)/(a+bt) 

i = - {c-atant)/{d-btant) 

. •m = [(a+bt) 2 +(c+dt) 2]/(p2-2qt+i2) 

= {[a(d-btant) -b(c-atant)J2 

+ [c(d-btan•) -d(c-atant)]2} X 

{p2(d-btant) 2+2q(d-btan~)(c-atant)+(c-atant) 2}-l 

= n2(1+tan2t)/(T
0

-2T1tant+ T2tan2t) 

B-17 



where 

and 

T = p2d2 + 2qdc + c2 
0 

T1 = p2db + q(bc+ad) + ac 

T2 = p2b2 + 2qab + a2 

n = ad - be. 

Consequently, the end point equation gives 

n2(l+tan2~) = ~L(T
0
-2T1tan~+T2tan2~) 

A tan2~ + 2Btan~ + C = O 

and 

tan~±= (-B±v'B2-Ac)/A 

where 

A = rl- ~LT2 

B = ~LTl 

- 2 C - n -~LT0 • 

4. The Integration 

where 

and 

with 

The expression for Ji can be rewritten as 

·+1 J. = t ~, + l K. 
1 D L md4 1m 
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In a heliostat application the slant range R
0 

is usually so large that 
2 · 2 p » qt » R, 

and consequently it is useful to consider the approximation 

where 

and 

~m(¢) = (n/p} 2(l+tan2¢}/(d-btan¢} 2 

= (n/p) 2/(dcos~-bsin~) 2 

= (n/p}2/p2cos2($-$o} 

pCOS~
O 

= d , 

psin¢
0 

= - b , 

P = ✓b2+a2 ' 

tan~
0 

= -b/d. 

Consequently, we have 

It is easy to show that 

Jd¢/cos 2¢ = tan$ 

Jd,/cos4, = l/3{tan~(l+tan2¢)+2tan¢} 

Jd¢/cos6¢ = l/5{tan~(l+tan2$) 2 

+ (4/3}tan,(l+tan2¢)+(8/3}tan$} 

and in general 

Jd~/cos2(i+l}, = (l/2i+l)tan,/cos2i$ 

+ {2i/2i+l)fd,/cos2i¢ 

i 2 . 
= (1/2i+l) tanip I ciJ.(l+tan ,)J 

j=O 

where the Cij are given in the table below. 

B-19 



Table of Cij 

i / j 0 1 2 3 4 

0 1 

1 1 2 

2 1 4/3 8/3 

3 1 6/5 8/5 16/5 

4 l 8/7 48/35 64/35 128/35 

Consequently, we can write 

K; = (1/2i+l)(n2/p2
p
2)i+l Li , 

i 2 . + 
L1 = tan(t-t0 ) j~O Cij(l+tan (t-t0 ))JI:- , 

where 

tan(t±-t
0

) = (tant±+b/d~/(1-tant±(b/d)). 

Alternatively, we can return to the exact expression for ij,m{t), After 

multiplying numerator and denominator by cos2cp, we have 

where 

lj,m = n2/(T
0
cos2cp-2T1sinqicoscp+T2sin2cp) 

= n2/(U+Vcos2(cp-cp )) , 
0 

U = 1/2 (T
0

+T2) 

Vcos2cp
0 

= l/2{T
0

-T2) 

Vsin2qi
0 

= -T1 
V = [T 2 + {T -T )2/4}112 

l o 2 

tan24
0 

= -2T1/{T
0

-T2) 

Hence the required integrals can be evHluated as follows: 

K. = n2(i+l )L. 
l l 
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where 

Ic/>+ ;+ 1 J ·-n 
L; = 4>~<1>/(U+Vcos2(cp-cp

0
) = dcp/4>1 

· 

4>+ 
L0 

= (1/W) tan [Ztan(cp-cp
0

)Jlcp_ 

with 

and 

Z = [(U-V)/(U+V)J 112 . 

and for arbitrary i, we have 

. L = Vsin2{cp-cpo) + (2i-l)U J d4>/~i 

i 2(i-2)W2~i 2iW2 

(i-1) f d4>/~i-l 
- 2iw2 

Notice that all of the integrals except L
0 

depend on 2cp
0 

and L
0 

depends 

on tan(j> . We have determined cos24> and sin2cp which leaves 4>
0 

ambiguous 
0 0 0 

by±~ however the integrals will be uniquely determined. 
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5. Conclusions ------
A computer simulation of the optical behavior of the solar central 

receiver system requires a knowledge of the flux density reflected 

sunlight due to each heliostat in the collector field. The problem of 

calculating the flux density of light reflected by a single heliostat 

can be formulated in various ways (see Reference 2.). However, it 

usually leads to a slowly converging numerical problem. We find that an 

efficient analytic result exists for the flux density of a flat polygonal 

heliostat. This formulation has been implemented by a computer program 

called FLASH. This program includes the effects of shading and blocking 

on the images. It also includes the effect of solar limb darkening up 

to the sixth order in the polar angle. The coefficients {Ii} for the 

solar limb darkening can be generalized to include image broadening 

guidance errors. 

Table l shows the appearance of the relatively nearby octagonal 

heliostat with a large shadow effect such as will occur when the solar 

elevation is low. The FLASH program is able to cope with the complexities 

of the reflected image by virtue of having carefully considered the 

relationship between the heliostat boundary and the apparent position of 

the solar disc as seen from the flux point in the image plane. Figures (2) 

and (3) show the details for typical cases. 

Appendix A gives an analytic formulation of the flux density due to 

a round heliostat. However, in this c·ase the algebraic complexity 

becomes unappetizing and a relatively slow quartic root extraction is 

required. Appendix B shows how to reduce the flux density problem for 

a heliostat of arbitrary shape to an efficient numerical integration 
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Figure 3. 

ORD =+ 
INN I =O 
INN2=0 

ORD=
INN I =O 
INN2=0 

2 

Shows the boundary segment (1~2) in relation to the solar disc. 
All six cases correspond to a positive discriminant. Points 
1 and 2 are vertices of the reflecting region whereas points 
Mand Pare computed intersection points. The necessary computer 
control variables INNl, INN2 and ORD correspond to the various 
cases as shown. Mirror segments are designated by m and sun 
segments by s. 
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CJ 

"' -"" 

TABLE 1. Shows a sample heliostat image. At 5.33 hours before noon on the 162nd day after 

-3.27 
-2.86 
-2.45 
-2.05 
-1. 64 
-1 .23 
- .82 
- . l l 
a.co 

+ .41 
.82 

1. 23 
1.64 
2.05 
2.45 
2.86 
3.27 

vernal equinox, the sun is almost exactly due east at an elevation of 12.87° for a 
site at 35° of latitude. At this early morning hour we expect a considerable amount 
of shading. We have selected a heliostat location one-half a tower height north of 
the tower. The tower height is 110 meters, the slant distance to the heliostat 
is 123 ~eters, and the2heliostat is an octagon of width 6.5 meters. The tabular data 
is flux density in W/m versus x and y coordinates in meters. 

-3.27 -2.86 -2.45 -2.05 -1.64 -1.23 -.82 -.41 0.00 +.41 .82 1.23 1.64 
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.0 .o .0 83.2 322.7 506.6 546. 9 · 520. l 492.5 402.2 213.8 19.5 .o 
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over one variable. We have not implemented this approach. However, it 

may play a useful role in the future because of its intermediate speed. 

The speed of FLASH has been measured and compared to IICOEF, which 

impelments Walzel 1 s Hermite function method. See References (2-5). 

Table 2 shows that FLASH is much slower than HCOEF but is much more 

accurate. Consequently, we use FLASH as a standard- to test all other 

method~ for accuracy, but in practice we use HCOEF or some other method 

of intermediate speed and accuracy. The comparison shown in Table 2 

represents a field of octagonal heliostats with 3 mrad degrading and a 

sixth order approximation in both programs. The field contains 120 

representative heliostats so that FLASH requires 240 seconds of computer 

time to generate one output of total receiver flux. Similarly, HCOEF 

can output a total receiver flux estimate in 2.06 seconds. The accuracy 

quoted for FLASH represents closure errors in the FORTRAN trigonomic 

functions. However, we must mention several other sources of error 

which can be removed if necessary. 

l. If shading and blocking occur, an exact calculation requires a 

stereographic projection from each flux point. 

2. If the reflector is nearby, the exact form of the integrals 

may be used. This would be suitable-for a concentrating flat 

plate collector study. 

3. The analytic fit on the solar limb dar~.ening has some errors 

but for our purposes these can be ignored. 

We feel that HCOEF is currently suitable for central receiver 

studies because we can accept 2% errors in flux density as long as the 

interception factors can be determined to better than 1%. Flux density 
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TABLE 2. Comparison of FLASH* and HCOEFt for Octagonal Heliostats 
with Shading and Blocking Events 

HCOEF FLASli RATIO 

Speed 
(msec/image) 17.2 1995 1/116 

Maximum Error in Flux 
10-1 4xl05 (fraction of peak flux) .02 

Maximum Error in Interception 
10-1 2xlo4 (fractional value) .002 

Source Size 
(Fortran Lines) 279 118 2.36 

* FLASH is the computer subroutine which implements the analytic integration 
described in this paper. 

tHCOEF is the computer subroutine which implements the Hermite function 
method which is described in Reference (4). 
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becomes a problem only when it exceeds the maxi mum a 11 owab le 1 eve l , but 

the safety margin is much greater than 2%. 
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Appendix A) Images from Round Heliostats 

Although this paper is directed towards the problem of polygonal 

heliostats, it is also interesting to consider the images due to round 
A 

heliostats. Let w represent the unit normal vector for the plane of the 
A A 

heliostat and let uu + vv represent a vector in the plane of the heliostat 

as previously discussed. Consequently, the boundary of a round heliostat 

can be parameterized by the vector 
-• A A 

b(t) = rH(cost u + sint v), 
-+ 

where rH is the radius of the heliostat and tis azimuth of b. As 

previously, we can write 

~(t) = sin2a ~ [(x-;.;) 2 + (y-y.;) 2]/R~ 
,.-+ ,.-+ 

tan$(t) = (y-y•b)/(x-x•b) 

and 

In this case it is convenient to modify the orientations of (u,v), 

and (;,y) in their respective planes, so that y and v are normal to the 

plane of reflection. Specifically, let 
A A A A 

y = v - r
0
xw/sini

0 
A A A A A 

x = yxr - (w - cosi
0
r

0
)/sini

0 
~ A A A A 

u = vxw = (cosi
0
w - r

0
)/sini

0 
A A 

Consequently, x and u lie in the plane of reflection. It is easy to see 

that 
A A 

X•U = cos 10, 
A ,. 
X•V = o, 
,. ,. 
X•W = sin 10, 
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and 

,., ,. 

Y•U = 0 ·
y• v = 1, 
,., ,. 
y•w = O, 

r•u = -sini , 
,., ,. 0 
r•v = O, 
r•w = cosi

0
, 

,. + 

ro•b = -rHsini
0
cost, 

,., + 
X•b = rHcosi

0
cos1, 

,., + 
Y·b = rHsinL 

It is also convenient to introduce the dimensionless parameters 

E; = x/rH, 

n = y/rH, 

and 

n rH/R
0

, 

which simplify the expressions for ~(i) and t(t). 

~(t) = n2[(E;-cosi
0
cost) 2+(n-sini) 2], 

and 

Consequently, 

and 

dtant/dt = [-cos (E;-cosi
0
cosi)-cosi

0
sint(n-sint)] X (E;-cosi

0
cost)-2 

~(t) = n2(E;-cosi
0
cosi) 2(l+tan2t), 

dt/dt = o2[cosi -F. cost -n cosi sint]/~(t}. 
0 0 
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We now have 

Ki = n2 ( i + l ) pi 

where 

and 

Q{t) = (t-cosi
0
cost) 2 + {n-sint)2 

which can be evaluated in terms oft±. The end points 1± are determined 

by the equation, 

~{t) = ~L = sinaL' 

which becomes quartic in either cost or sint. Let 

{ 
a+bcos1+csin1+dcos21, or 

Q(t) = a'+bcos1+csin1-dsin21, where 

a= t2+n2+1 

b = -2tcosi
0 

C • • 2n 

d = cos2i -1 
0 

a• = r 2+ 2+cos2i ... n o 

so that 

-csint = a+bcost+dcos2
1 - ~L/n2 

c2{1-cos21) = (a+bcost+dcos~t-~L/n2)2 , 

and 

if 

A= d2 

B = 2bd 

C • b2+c2+2d(a-~'L/sl) 
Du 2ab 
E • {a-~L/n2)2-c2 • 
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Similarly 

where 

and 

b I • • 2 / 2 - cost= a +cs1n1-s1n 1-•L n 

b2(1-sin21) = (a 1 +csin1-dsin21-•LJn2)2 

Asin4t+Bsin3t+Csin2t+Dsint+E = 0 

A= d2 

B = -2cd 
C = b2+c2-2d(a 1 -t /n2) L 
D = 2a'c , 

These inevitable quartic root problems plus the complexities of eval

uating the P; make the round heliostat image unattractive for analytic 

calculations. 
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Appendix B) Images from Heliostats of Arbitrary Shape 

Looking back over these notes, we see that the flux density problem 

is formulated as a double integral over the polar coordinates (1ji,4,). 

The integration over~ is easy and can be performed for heliostats of 

arbitrary shape, but the integration over <I> is always difficult analyt

icallyi Consequently, it is also desirable to formulate the t integral 

as a numerical integration. 

and 

We have 
00 

F(x,y) = 1/2 p l IiJi(x,y)/(i+l), 
i=O 

·+1 
Jl.(x,y) = ~D ljJL 1 + l K. ' 

me:M 1m 

where lj!m(<I>) is a single valued branch of the boundary function. However, 

lj!m(<I>) will not be monotone, since 

lj!m( <I>~) = lj!n/ <1>;) = ljJL · 

The shape of the heliostat can be represented by the functions 

u{t) and v(t), so that the boundary vector 
-+ A A 

b(t) = u(t)u + v(t)v 

is known. Consequently, we can calculate ljJ(t) and 4>(1), and it is 

perfectly reasonable to integrate overt numerically. Let 

J
i+ ·+1 

Kim= 
1 

dt (d4>/d1) 1jJ(t) 1 

N-1 i+ l 
~ I 6tk•(1k) ' 

k=O 
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where 

and 

6~k = ~(tk+l) - ~(tk) fork= 0,1 , •.• N-1. 

The values of {u(tK), v(tk)lk=O ..• N-1} provide all of the necessary 

boundary information. This approach also requires a numerical solution 

of the end point equation lji{t) = 1/JL . However, it appears to be a 

useful numerical approach to the image problem. 

Assuming that the end point equation can be dealt with satisfac

torily, it may be desirable to integrate over 1/J numerically. Let 

where 

Kim= f''LdljJPm(l/J)l/J i+l ' 
1/10 

Pm(l/J) = lld~/dfml 
~ 

and in general, we have 

Ji(x,y) = fl/IL d1jiP{1ji), 
, 1/Jo 

where 

P(1/i) = I Pm(~)+ to d(l/J-1/JL) . 
m 

The interesting point about this formulation is that the dependence 

on sun size via the parameter 1/JL is explicit, since 1/JL occurs as its 

upper bound of the integral and nowhere else. Pm(1/i) is hard to calculate 

analytically and is complicated by the occurrence of singularities. 

However, one might want to consider several heliostats simultaneously, 

in order to smooth out the singularities. 
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APPENDIX C 

A Cellwise Method for the Optimization of 
Large Central Receiver Systems 

F. W. Lipps and L. L. Vant-Hull 
Solar Energy Laboratory 

University of Houston, Texas 77004 

Abstract 

The total number of heliostats in the collector field determines 
the approach to the optical simulation problem. For large central 
receiver systems it is desirable to introduce a cell model which estab
lishes an array of representative heliostats. See Reference [l] for 
central receiver systems. We now have an arsenal of computer programs 
which allows us to optimize the arrangement of heliostats in the collector 
field subject to the approximations of the cell model. Each cell contains 
an arbitrary regular two dimensional array of heliostats. For practical 
reasons we have limited our current study of the 100 MWe commercial 
nwdel to four categories of heliostats arrangement, (1) radial corn
fields, (2) radial staggers, (3) N-S cornfields and (4) N-S staggers. 

The most important results from the 100 MWe commercial model 

optimization study are: 
l) Staggers are better than cornfields. 
2) The increased cost of the tower and receiver subsystems 

has moved the solution to a larger cell size and a 
shorter tower. 

3) No panels should be deleted from the south side of the 
cylindrical receiver, and 

4) The collector field trims to a 360 degree configuration. 
However, the center of the collector field is north of 

the tower and some compromise must be made to 

!''.~event excessive panel power asymmetry. 
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Nomenclature 

a is the maximum ground coverage factor 
C 

A is the area of glass in cell in m2 
- C 

AH is the area of glass/heliostat in m2 

AL is the area of land in a cell in m2 

AT is the total area of glass in the collector in m2 

B is a wiring geometry parameter m-1 

CH is the cost of heliostats in $/m2. 

CL . is the cost of land in $/m2. 

C
0 

is fixed cost in the expression for total system cost 

Cs is the total system cost in$. 

Cw is the cost of wiring in $/m. 

C+ is the additional cost due to land and wiring. 

Dc is the width of a cell in the collector model in m. 

OM is the width of the heliostat in m. 

Dx is North-South heliostat spacing in m. 

DY is East-West heliostat spacing in m. 
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EA is the total annual energy loss in MWHt (due to convection and 
reradiation) 

Ec is the total energy directed towards the receiver by cell c in the 
collector field in MWHt 

EL is the lagrange parameter in MWH/m2 

EL (xcyc) is the lagrangian energy function for cell c in MWH/m2 

ET (xcyc) is the transverse energy function for cell c in MWH/m2 

E
0 

is the total receiver output energy in MWHt. 

ET is the total energy in MWHt before losses. 

f c· is the dimensionless ground coverage fraction in cell C 

* fc is the optimum value of fc 

,. 

fc is the alternative value of fc defined by the coefficient of o~c· 

F is the figure of merit in $/MWHt 

* $/MWHt for an ideal system having no F is the figure of merit in 
losses 

HT is the tower he ·a ghts in meters 

N is the total number of cells 

N
0 

is the number of heliostats/field controller 
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RH is the dimensionless heliostat geometry factor occuring in the 
expression for ground coverage 

tc 

• 

uf' 

w 
C 

X 
C 

Ye 

a 

a 

B 

is the total direct beam solar energy at normal incidence over the 
the given time period in MWHt/m2 

is a dimensionless parameter for the set of hyperbolae orthagonal 
to fc. 

(ut) is a unit vector normal to curves of constant f (or t) 

is length of wire required by cell c in m. 

is first spacing parameter for cell c in heliostat units 

is second spacing parameter for cell C in heliostat units 

is the dimensionelss fraction of glass in cell c 

is the dimensionless absorptivity of the 11 black 11 receiver 

is the dimensionless relative cost of land 

is the dimensionless relative cost of wiring 

is the dimensionless cell geometry factor for cell c occuring in 
the expression for ground coverage. 

Jf' ( lt) is the differential vector tangent to the curves of constant 
f (or t). 

ric is the receiver interception factor for energy coming from cell c. 

qcp is the interception fraction for receiver panel p i 11 umi nated by 
the reflected sunlight from cell c. 
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A is collector efficiency for cell c 
C 

AT is a dimensionless measure of total energy, or equivalently a net 
system efficiency. 

-

is net efficiency function for cell c (with land and wiring 
effects included). 

µ' ( \}) is the dimensionless langrange parameter (with land and wiring 
effects included). 

p is the net reflectivity of the heliostat 

PX is the North-South heliostat density 

ry is the East-West heliostat density 

a is the incident solar flux density in MW/m2 
0 

T is the time variable in hours 

<PC is the fraction of cell c which is covered by the heliostat array 

a is math symbol for partial derivative 

£ is math symbol denoting set membership 

1r is math symbol for 3. 14159 

V is math symbol for gradient operator 

-+ is math symbol for a vector quantity. 
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The main purpose of this memo in its present form is to present the 
mathematical background for the cellwise optimization procedure. Re
issues are expected to clarify details of 100 MWe study. 

1. Introduction 
Our current view of the optical simulation model and collector 

field optimization problem for the large central receiver system contains 
the following components:· 

1. The Astronomical Model* 

2. 

3. 

4. 

a) Diurnal motion of sun 
b) Insolation model for cloudless sky: 

c) 
The 
a) 

b) 

c) 
The 
a) 

b) 
c) 
The 
a) 
b) 
c) 
d) 
e) 

Air mass for round earth 
Water vapor, altitude, and turbity parameters 
Sample of times for daily and annual statistics 

Collector Field Models 
Cell model with uniformly spaced representative heliostats 
and variable numbers of heliostats per cell.* 
Cell model with fixed number of heliostats per cell and 
suitably located representatives. 
Individual heliostats each listed in computer storage. 

Heliostat Models 
Square with or without slotting and with or without 
canting to increase concentration.* 
Octagonal , ,etc. 
Othe_r,s 

Mounting System Models 
Alt-Azimuthal* 
Rad1dl-Pitch-Roll 
Azimuthal-Pitch-Roll 
Polar 
Receiver oriented 

*The assumptions made for the current 100 MWe study are indicated by 
asterisks and underlining. Details will be given later. 
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5. The Shading and Blocking Models* 
a) Optional inclusion of remote neighbors 
b) Test for sun sensor 
c) Each segment of whole heliostat 
d) Options for greater speed and less accuracy 

6. The Guidance Error Model* 
7. The Image Generators 

a) Analytic model and convolution processor for guidance 
errors. 

b) Walzel 's hermite polynomial approximation method* 
8. The Focusing Strategy and Abberation Model for Canted Heliostats 
9. The Receiver Models 

a) Cylindrical external* 
b) Flat panel 
c) Aperture for Cavity 

l O. The Aiming Strategy Models 
a) Aim at belt of cylinder 
b) Optimum two point high-low aim 
c) Three point high-low aim* 
d) Five point high-low aim 
e) Horizontal strategies 

11. The Cost Model 
a) Heliostats (including guidance, etc.)* 
b) Tower* 
c) Receiver* 
d) Plumbing in tower* 
e) Land for heliostat* 
f) Wir~~~ for heliostat* 
g) Turbine generators system, etc. 
h) Thermal storage 
i) Capacity credits 
j) Water costs 
k) Financial costs 
1) Operation and maintenance 
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12. The Energy Loss Model 

a) Reflection and absorption* 

b) Absorptivity versus angle of incidence* 

c) Reradiation and convection by receiver* 

d) Thermodynamic cycle efficiency 

e) Pump power and other parasitic losses 

13. The Figure of Merit and Optimization Procedure* 

a) Cost model 

b) Energy model with losses 

c) External constraints 

l. Policy related choice of base time period 

2. Definition of scale, i.e. Power at Equinox Noon, 

etc. 

3. Mechanical for heliostats and access 

4. Flux limits for receiver 

5. Flux gradient limits for receiver 

Two new programs play a role in our new optimization procedure. 

The LOSS program tells us how much ground space is required by a helio

stat at each of the representative locations. This programs calculates 

the MWH/m2 of lost energy due to a single neighbor as a function of 

displacement from the representative heliostat. The LOSS program provides 

a good sun sample for the whole year and utilizes a very efficient 

version of the shading and blocking processor which neglects overlapping 

events. Overlapping events are rare under optimized conditions. The 

LOSS prints provide a good starting point for the collector field 

optimization by estimating the heliostat spacing coordinates in each 

cell, for any desired type of array in that cell. See figure 1. We 

then proceed to the RCELL program which performs a set of variations on 

the geometry in each cell and outputs the optimum design. See figure 3. 

A summary of the optimization procedure is given below. 
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Figure 1. Contours of Percent Loss on Annual Basis. This is a LOSS print. 
Distance between dots is half of a heliostat width. Loss levels 
of 1% to 6% are shown. Displacement of the interfering helio
stat is measured from the cross. 
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DATA FLOW SCHEMATIC FOR CELL-WISE 
OPTIMIZATION PROCEDURE 

The dot precedes a program and follows a data file. DATA is also 

enclosed by parenthesis. 
The PANEL data file is generated by the scheme. 

(Input.) 

+ 
.YRN2 

! 
.HCOEF 

. CYLN 

i 
(PANEL.) 

Input program contains heliostat design, etc .. 

Main program includes insolation model, all basic 
unit vectors, cosine of incidence angle and 
shading and blocking. 

Image generator includes solar limb darkening 
and guidance error model. 

Receiver Program implements geometry of the 

receiver. 

Output data file contains panel interception 

factors. 
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The RCELL linkage can be iterated as often as is necessary to 
obtain the optimization. 

.LOSS 

(ACELLl.) 

+ 
.·FGRND 

~ 

Outputs contours of lost energy versus coordinates 
of a neighboring heliostat. 

Contains 4 optional choices for x and y spacing 
parameters in each cell. 

Outputs FGRND matrix for all 4 options and 
selects option maximizing FGRND in each cell. 

(ACELL2.) _____..TRIM-4-(PANEL.) 

+ ~ Figure of Merit) .RCELL / (F 

t 
(ACELL3.) Convergent Optimum 

' .FGRND Mechanical Limits 

• (FCELL.) Final Collector Field Geom. 

' • TRIM • (PANEL.) Trim Study Program 

+ 
(IGRND) Trim Data 

~~ 
.CYLN .PANPOW-(PANEL.) Panel Power Program 

~ j 
[Annual ] [Flux ] 

[Density] [Statistics] Final Trimmed Field Outputs. 
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2. System Performance Model and Figure of Merit 
The figure of merit Fis the ratio of the total system cost Cs, to 

the total energy ET' which is output by the receiver during a suitable 

period of time. Let 

where 
F* = C/S0 AT in ( $/MWHt), 

so fd-ra~-r) in 2 = ( MWHt/m ) , 

AT = l Ac in ( m2), 

and C 

"T = ET/S
0

AT = R*/F, 

which is the net system efficiency and is dimensionless. A is the total 
C 

area of glass in the cth cell and AT is the total area of glass in the 
whole system. S is the total direct beam solar energy/m2 at normal 

0 
incidence over the given time period. For the present purposes, this 
period will be the sunlight portion of a year for which the solar elevation 
exceeds 15°. F* represents the figure of merit for an ideal system with 

no losses and, therefore 

for real systems. The total energy ET can be expressed as a sum over 
cells and for this purpose, we write 

ET= l Ecnc' 
C 

where n is the receiver interception fraction for the cth cell and E 

is the ~otal energy which is redirected towards the receiver by the c
th 

cell. AT is a measure of the efficiency for collecting and transfering 
sunlight to the working fluid. We assume for simplicity that 11 is 

C 

time independent and that E can be adequately approximated by the 
C 

behaviour of a representative heliostat at the center of the cell. The 
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time independence of n is well verified for flat heliostats but is only 
C 

approximately valid for focusing or canted heliostats. Let 

and as previously 

so that 

"T = l "cllc2c' 
C 

where zc is the fraction of glass in the cth cell. Clearly, 

zc = A/Ar, and 

l = \. z l. C. 
C 

The computer programs NCELL and RCELL output the quantity 

which represents the MWH/m2 of redirected energy from each cell, versus 
parameters which represent various arrangements of heliostats in the 
cell. The CYLN program outputs the interception fraction n , for a 

C 
McDonnell-Douglas type of external panel receiver. Actually, the panel 
interception fractions are determined so that nc can be formulated for 
various choices of panels 

(p' - \ nc ' - t. ncp pe;P 

where Pis a set of panels and ncp is the interception fraction for 
panel p i 11 umi nated by the reflected energy from the the c th ce 11 . 

The parametrization of the cell is not the same in the NCELL and 
the RCELL programs. For NCELL we introduce the parameters 
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where DM is the heliostat width. D and D are the heliostat spacings 
X .y 

in an assumed north-south cornfield. In this approach we can not 

afford the CPU-time required to average over a whole year because we 

require 121 samples of (px' py) covering their entire range See Reference 

[2]. For RCELL we consider staggers as well as cornfields and we are 

prepared to deal with arbitrary orientations of the cell. For the 

current 100 MWe study we are only interested in north-south or radial 

orientations. However, in RCELL we get an average over the whole year 

at the expense of restricting our output sample to a fraction of the 

range of the parameters. In this case, the parameters are 

x = D /0 = l/p 
X M X 

and 

Typically, we will output gc and other quantities as 4 x 4 matrices. 

In reality, gc and hence Ac depend on the heliostat location 

coordinates for all of tl}e heliostats in cell c, however by assuming a 

cell model, we have reduced the number of independent parameters to 2N8, 

where NB is the relevant number of neighbors surrounding the repre

sentative heliostat. For the lOOMWe study, we further restrict the 

number of i ndepena~,,t parameters by 1 imi ting the arrangements of neighbors 

to the four options: 
1 Radial Oriented Cornfields, 

2 Radial Oriented Staggers, 

3 North-South Oriented Cornfi e 1 ds, and 

4 North-South Oriented Staggers. 

For each of these options there are two independent parameters X and 
C 
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ye which control the spacing between neighbors in the two independent 

directions for the cth cell. Consequently, the area of glass in the cth 

cell is given by 

A = A f 
C L C 

where 

is the ground coverage factor and AL is th~ area of the cell itself. AH 

is the area of the heliostat, and ycxcycDM is the area of land required 

by each heliostat. 

_< = { 1/2 for staggered cells, and 
c l for cornfield cells. 

A 11 standard uniform cell 11 array is defined by AL= D~ with 

However, using our current model we find a need of larger cells, which 

are defined by 

De = HT/ /2 

and are called "Large Ce 11 s. 11 In general, 

fc = a/xcyc 

where 

ac = AH/DM2Yc = RH/ye 
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It is convenient to introduce the dimensionless parameter RH= AH/DM
2 

which corrects f for the shape of the heliostat. For an ideal square 
C 

heliostat RH= 1.0. In the present case we have a square heliostat 
with a central slot and 6 segments, such that RH= .8972. We may also 
consider an octagonal heliostat for which RH= .8284. 

3. The Optimization 
We now have expressions for A· or equivalently g as functions of 

C C 
(xc,Yc). However, in order to proceed with the optimization we will 
need an alternative parameterization in terms fc and tc which form an 
orthogonal system of hyperbolas as shown in figure 2. Let 

and 

tc = 1/2 (x 2 - y 
2), 

C C 

so that 

We can prove that the curves of constant fc intersect the curves of 
constant tc perpendicularly by considering the variations of fc and tc. 

Let 
5t = 0 = X 5X - y 5y = rr ' t 

C C C C C t t' 

and 

where 6t is tangent to the 5tc = 

5fc = 0 curve. Clearly, 

-• O curve and 5f is tangent to the 
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Figure 2. Parameter Space for Cell. 
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U = ( X y ) ( X 2 + 2) -l2 
t c' - C C Ye ' 

and 

represent unit vectors perpendicular to 6t and 6f respectively. A 

direct calculation gives 

and consequently, 

which proves the orthogonality oft and f. We will soon use the direction 

derivatives. 

and 

in order to solve for the optimization. 

The optimization of the collector field is conveniently divided 

into two steps. First, we will find the conditions for an optimum 

having a given amount of glass AT' and then we will vary AT to determine 

its optimum value. 

Assuming that Cs is a function of AT only, then for a fixed amount 

of glass, oCs = O, and 
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which implies that 

cSET = O. 

A variation of ET, gives 

where 

and 

o = l afc, 
C 

because the total amount of glass is fixed. Each ate is an independent 
variation, so that the coefficient of at in the expression for aET 

C * * must vanish at the maximum total energy point {(fc,tc)}. Consequently, 
we have 

for all cells. We now see that 

and 

The set of afc variables has a constraint, which must be eliminated 
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before the corresponding optimum condition can be determined. We can 

solve for any ofN by writing 

N-1 
ofN = - l. ofc. 

C 

For simplicity we define 

so that 

After substituting for ofN, we have 

N-1 
o = I (µc - µN) ofc, 

C 

where the N-1 variables ofc are independent, so that 

for a 11 ce 11 s. 
Since part of the total system cost is independent of AT and the 

other part is dependent on AT' we expect to find an optimum value for AT 
by considering those variations which change AT without violating the 
previously established conditions for the optimum. We have 

and 
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A variation of the figure of merit gives 

Consequently, 

A variation of the total energy gives 

so that 

-
oET/oAT =µSo= (aACs)/F, 

and finally 

Assuming a linear cost model, we can write 

and 

As shown in the Data Flow Schematic, the optimum value of the figure of 
merit F, is output by the TRIM program. Consequently, we are able to 
calculate the quantity 

- -
EL= µS 0 /nc = CH/(Fnc), 
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which we call the Lagrangian parameter in MWH/m2 for cell c. Similarly, 
we can define the functions 

and 

which are output by the RCELL program for a 3 x 3 sample of the parameter 
space (xcyc). The optimum point satisfies the equatjons 

Each of these equations represents a curve in the (x ,y} planeL The 
C C 

intersection is determined by an interpolation procedure in RCELL. See 
figure 3. 

4. The Effect of Land and Wiring Costs 
Up to this point we have assumed that the system cost is a function 

of AT which is the total area of glass. However, the cost of land and 
the cost of control wiring for the heliostats are not directly related 
to AT. The following cost model is required 

Input Data 

CH= 66.0 $/m2 for cost of heliostats and guidance devices. 

CL= 1.08 $/m2 for cost of land and site preparation. 

CW= 3.30 $/m2 for cost of wiring. 

DM = 6.502 m for width of heliostats. 
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Table l: Lagrangian Parameters in MHH/m2. Used by RCELL program to match cells of collector field. 

l 2 3 4 5 6 7 8 9 10 11 

l l. 926 l. 849 l. 789 l.750 l. 728 l. 719 l. 728 l. 750 l. 789 1.849 1.926 

2 1. 813 l. 740 l .687 l. 651" l .630 l .624 l .630 l . 651 l .687 1.740 l .813 

3 l. 723 l. 655 1. 609 l. 577 l. 560 l. 555 l .560 l. 577 l. 609 l .655 l. 723 

4 1. 654 1. 594 1.553 1. 529 1. 516 1. 512 1. 516 l. 529 l. 553 1.594 1. 654 
,. 

1. 605 l. 552 1. 519 1. 501 1 .493 1.491 1.493 l. 501 l. 519 1. 552 l .605 :::> 

<;"> 6 1.572 l. 526 1. 500 l .489 l .485 l .484 1.485 l .489 1.500 1.526 l .5r N 
c., 

7 l. 554 1. 513 1.492 1.485 l .487 l. 507 l .487 l .485 l .492 1 . 513 1. 554 

8 1. 548 1. 508 1.489 1.484 1. 509 .000 1.509 l .484 l. 489 1 .508 1. 548 

9 1. 552 l . 511 1.490 1.484 l. 484 1. 497 l. 484 l. 484 l .490 1. 511 1.552 

10 l. 567 1 . 521 1.496 1 .486 1.482 l .480 l .482 l .486 l .496 1. 521 l. 567 

11 l. 597 l. 544 1. 512 l .495 1.488 1.485 1.488 1.495 l. 512 1.544 1.597 
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Figure 3. Locating the Optimu~. This is a RCELL print. The line of stars 

represents the µ = µ requirement. and the line of zeros represents 
C 

the atA = 0 requirement. The intersection locates the optimu~. 

Coordinates give ratio of output to input. 
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N = 25 = Number of Heliostats/Field Controller. 
0 

Output Requirements 

AH= DM2 = area of glass/heliostat. 

AL= Dc2_= area of land/cell. 

NF= NH/N
0 

= Number of Field Controllers/Cell. 

Dw = CwWc = Cost of Wiring/Cell, 

where W is the length of wiring required for the cell. Each field 
C 

con_trol1er serves N
0 

heliostats in a land area AF which is given by 

The mean radius of this area is given by 

and then W is give,, by 
C 

After substituting for NF and RF, we have 
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where 

I, 
= BA f -a 

L c ' 

Land costs and wiring costs both tend to increase the cost of 
heliostats in distant cells which must have a low density of glass 
because of shading and blocking requir~ments. Consequently, these costs 
can play an important role in determining the outer boundary of the 
collector field (i.e. the trim). Let cp be the fraction of the c

th 
cell 

C 

which is covered by the array of heliostats. The covered portion of the 
cell has the density of coverage given by f c' as previously. The area 

of glass in cell c is now given by 

and cpc becomes an additional parameter which must be determined by the 

optimization. The total system cost becomes 

where 

A variation of the cost gives 
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Consequently, oCs = o, implies that 

O = t [of~ (l+½f -½) + o~ (f +a+af ½)] 2 C C C C C C 

where 

and 

S = CwB/CH = .0145. 

A variation of the total energy gives 

where 

so that 

where 

as previously. We can immediately ignore the t.erm containing otc since 

this is the only term containing oi and therefore, atA = O, is a 
C C 

condition for the optimization as before. 
The firs~ step in the optimization requires oET = 0 and oCs = o. 

The oET equation can be simplified by introducingµ as before. 
C . 
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Consequently, after cancelling the factors ALS
0

, the oET = O equation 

can be written as 

which gives 

After substituting the above expression for µN•NofN into the oCs = 0 

equation, we have 

N-1 1 

- µc•c•N(l+ ½fN-½)] ofc 0 = l. [µN•N•c(l+½efc~) 
C 

N k _1, 

+ I [µN•N(fc+a+efc 2) - Acfcnc•N(l+½efN ~)] o•c· 
C 

Each of the variations of and 6$ which occur in the above equation 
C C 

are independent and consequently their coefficients must vanish. Let 

- ( -½)-1 v = µN l+½efN , and 

The coefficient of of gives 
C 

and the coefficient of o• gives 
C 

I,, 

A f fl = v( f +a+Sf ·2
), 

C C C C C 

At first sight these equations appear to represent conflicting 

requirements for the ground coverage factor fc. However, we realize 
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that$ ~ 1 for the interior cells so that the coefficient of 6$ does 
C C 

not occur for these ce 11 s. Hence for interior ce 11 s, the one optimum 

requirement can be written as 

where we have assumed that the Nth cell is interior, so that $N = 1. 
For an exterior cell $ = O and again the coefficient of 6$ does 

C C 
not occur. A true boundary ce 11 might have some intermediate va 1 ue of 

<l>c, however this would imply a conflicting requirement for fc, hence we 

conclude that cpc = 0 for boundary cells also. The remaining question is 

"What determines the boundary?" Let 

and let 

A A L A 

Acfcnc = \) ( a.+ $f '2 + fc), 
C 

or equivalently, 

A * a.f- 1 
A I 

Ac(fc,tc) n = v ( + $f -'2 + l ) . 
C C C 

Even though the solution of the variational equation gives 

<I> = 0, or l , 
C 

never-the-less we are allowed to subdivide the cells until the boundary 

between the interior and exterior cells becomes a smooth arc. As we 

go to the limit of infinitely many cells, an intermediate value of ~c 

must occur for some very small, appropriately located cell. For this * A "Is it f or f ?" The 
C c• cell, we can ask, "Which value off is valid?" 

C 

answer is, both are valid and hence 
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A * 
f = f 

C C ' 

for a boundary cell c. 
For a simplified illustration let a= 0 = 8, so that 

µc * * (fc, tc) = µ, 

and 

"c 
A * 

(f c' tc) TlC = µ, 

which implies that 

* * * "c (fc) + fcaf"c = A (fc) C 

~ * A * * "c ( f C) + ( f fc) af.>..c C 

and consequently, we must have either 

~ 2 * * '\, f f C, or af"c (fc) = O. 
C 

A * * '\, If we require f = f, then af.>.. (f) = 0, which implies a no shading or 
C C C C 

blocking condition. This is the expected result, however a more accurate 

discussion can be made using the monotone behavior of "c and µc. See 
figure 4. 

Proceeding to the final step of the optimization procedure, we 

again form oET and e1iminate at"c· 

Using the above solutions, we have 
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1 Ac and /Le /77c 

'p-/TJb 
p_;T/c 

Figure 4. 

I 
I 
I I 
I I 

0 I I 
I 

0 fo f fb* 1 fc C 

Cell performance versus the Ground Coverage Fraction. f is the 
0 

maximum ground coverage possible with zero shading and blocking. 
* f an optimum value for an interior cell. Decreasing n causes 
C ,. C 

f* to decrease. The boundary occurs when f* meets fb. Notice 
C ,. C 

that increasing costs a and B increase f b so that the boundary 
occurs for larger nb. For a given ground coverage f, the 

~ C 
collector efficiency A exceeds µ/n. 

C C 
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-k k 
= v I[cpc(l + 1:?$fc 2) ofc + (fc+a+$fc 2) ocpc] AL So 

~ l 
= v (CHAL)- 6CsALS

0
, 

so that 

A variation of the figure of merit gives 

so that 

~ 
6ET/6Cs =ET/Cs= vS

0
/CH = 1/F, 

and ther:efore, 

which is the same as the previous result withµ+ v. 

5. The Effect of Receiver Losses 

Up to this point we have ignored losses due to reflectivity, 

absorptivity, convection, and reradiation. These losses can be included 

by expressing the total receiver output energy E in terms of the 
0 

previously defined total energy ET. We can write 

where 

a= 0.95 
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for the absorptivity of the black receiver surface. McDonnell-Douglas 
currently assumes a commercial PYROMARK high temperature black. 

P = o. 91, 

for the net reflectivity of the current ivlcDonnell-Douglas heliostat, 

however a better operational value would be 10% less due to dust. 

EA= HAPL 

= 3376 (HRS/YR) x 36.89 (MW)= 124,536 (MWHt/YR), 

for the estimated annual losses due to convection and reradiation for a 

24 panel cylindrical receiver. The LOSS estimate depends on an assumed 
mean wind and the operating temperature. 

The figure of merit must be redefined as 

so that 

where 

Consequently, the t1rst step in the optimization procedure is unchanged. 

(i.e. oF = 0 = oCs implies oET =Oas previously). However in the 
second step of the optimization, oF = O now gives 
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and therefore 

where 

A 

S
0 

= CL p S
0

, 

is the effective annual insolation for the central receiver system in 

MWH/m2. S might also include factors for the expected percent of 
0 

possible insolation and percent of annual usage. 
-

It is also worth noticing that vis almost independent of ap. 

Substituting the definition of Finto the expression for v, gives 

AA 

= (ET - EA/CLp) CH/(S
0

Cs) 

which becomes independent of CLP as EA~ O. 

6. Conclusions 
The TRIM subroutine provides a preliminary estimate of the figure 

of merit which is based on a preliminary cell geometry and a sorting 

procedure which selects the brightest cells first. The cell sort allows 

us to build a collector field with an optimum selection of cells (assuming 

the preliminary cell geometry). The resulting value of the figure of 
- - -

merit F, allows us to calculateµ, or v, and EL which are required by 

the RCELL optimizat~~n program. RCELL is not very sensitive to errors 

in F. After converging the solution for {(x ,y )} or equivalently 
C C 

{(fc,tc)l we return to performance estimating programs as shown in the 

DATA FLOW SCHEMATIC. 

Figure 5 shows the optimum trim resulting from the cell sort. It 

also shows the occurance of mechanical constraints in the near tower 
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Figure 5. Optimum Trim for 100 MH Commercia'i Model. x marks cells deleted 

by TRIM. T marks the tower cell. M marks cells restricted by 

mechanical limits. Rows (l-8) contain a radial stagger. Rows (9~11) 

contain a N-S stagger. 
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regions. Notice the field is staggered throughout. We have N-S stagger 
in the southern field but a radial stagger can be used universally. 
This is a 360° field which is suited to cylindrical receiver. Figures 
6 and 7 give the heliostat spacing coordinates as a function of tower 
elevation angle. Figures 8 and 9 give the resulting diurnal power 
curves for the 100 MWe plant and the scale model pilot plant, respectively. 

A previous effort to achieve an optimum collector field by the cell 
method is given in Reference [2]. The optimum collector field was also 
discussed by J. D. Hankins, Reference [3], who used a continuum approach. 
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Figure 8. Diurnal Power Curves for 100 MWe Model showing power in MWt versus HRS 
and solar elevation in degrees. Based on nearest neighbors only. 
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Table 2 Cost of Thermal Energy for Three Different Heliostat Costs 

HELIOSTAT COST 

($/M2) 

F 

FEQ 

FAV 

HYR 

66 

83 

100 

CH 

= 

= 

= 

= 

= 

FIGURE OF MERIT 

($/MWH/YR) 

CS/PEQ = 

CS/PAV = 

44.6 

52.6 

60.7 

F 

(ET/PEQ)F 

(ET/PAV)F 

= 

= 

EQ. NOON 

( $/KWT} 

3.218F 

144 

169 

195 

3 (HYR/10 )F = 

3377 HRS/YR above 15° Elevation 

1630 MWH/506.5 MW = 3.218 
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3. 377F 

151 

178 

205 
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