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ABSTRACT 

This report describes the preliminary design for a solar energy brackish water 
desalination pilot plant on a site in Rankin, Texas. Key features of the 
plant are discussed and its design objectives, requirements, configuration, 
operation, perfonnance, and test plans are presented. 

The water treatment technology used in the plant is ion exchange pretreatment 
and single stage reverse osmosis desalination util~zing high-flux membranes. 
Electrical power needed for plant operation is produced by a solar energy 
system, which is based on the Brayton cycle with air as the working fluid. 
Primary solar system components are: heliostat field, central cavity-tube 
receiver, receiver support tower, thennal energy storage, and a commercial gas 
turbine generator set. The thennal energy storage subsystem is of the 
sensible heat type and provides a capability for power generation at night. 

The pilot plant simulates essential features and operations of a conmercial
size plant meeting the SOLERAS requirements for stand-alone solar powered 
operation. After a demonstration test period, the pilot plant can be operated 
as a municipal potable water supply. 
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1.0 SUMMARY 

The preliminary design is described for a solar energy brackish water 

desalination pilot plant on a site near Rankin, Texas. Key features of the 

plant are presented along with its design objectives, requirements, 

configuration, operation, perfonnance and test plans. 

artist's illustration of the pilot plant installation. 
Figure 1-1 is an 
The pilot plant 

simulates essential features and operations of a larger, stand-alone 

comnercial SOLERAS plant. After a demonstration test period, the pilot plant 

can be operated as a municipal potable water supply. 

The following design objectives guided the pilot plant preliminary design 

effort: 

1.1 

0 

0 

0 

0 

0 

Develop a pilot plant configuration to SERI size constraints. 

Demonstrate technical feasibility of commercial plant. 

Utilize existing hardware to minimize schedule time, cost and 

technical risk. 
Develop a pilot plant that will be suitable for Upton County to 

operate as a long-term source of desalinated water. 

Develop a plant that will provide relevant cost, and performance 

data for detailed design of the commercial plant. 

Ptlot Plant Design Concept 

The pilot plant's design concept is based on the commercial SOLERAS plant 

system described in Volume I of this report. The system concept is based on 

selecting the best combination of the two areas of technology involved -Solar 

and Desalination -leading to a practical integrated system. Reverse Osmosis 

(RO) desalination is selected over other brackish water desalting methods 

because of its acceptable capital cost, low power consumption, and mature 

technology. An open Brayton cycle solar-thermal electric power plant provides 

energy compatible with the RO requirements and is selected based on its 

economics, maturity of technology, and availability of equipment. 

Electrical power needed for plant operation is produced by a solar energy 

system, which is based on an open Brayton cycle having air as the working 

1 
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fluid. Primary solar system components are: heliostat field, central 

cavity-tube receiver, receiver support tower, thermal energy storage, and a 

commercial gas turbine generator set. The thermal energy storage subsystem is 

of the sensible heat type and provides a capability for power generation 

at night. 

Because of its planned near-term construction (constraining major features to 

available equipment) and its small size, the pilot plant efficiency and 

operating hours are reduced compared to the commercial plant design. The 

turbine-generator has the most influence on the design by limiting the power 

production and, since storage charging consumes power, the amount of thermal 

energy storage. As a consequence, the plant is designed to be connected to 

the electric power grid so that during solar operation, power requirements not 

directly in the solar power/water treatment path can be met. The grid also 

can provide power to extend operation times and total water production as 

necessary. 

The water treatment technology used in the plant is weak acid cation (WAC) 

exchange pretreatment and single stage reverse osmosis (RO) desalination 

utilizing high-flux membranes. These processes were selected for the 

commercial plant based on cost considerations and compatibility with the 

varying nature of power production. WAC ion exchange process is a simple 

on/off operation but its treated water output has relatively high 

concentration of percipitable ions; therefore, single stage RO is used 

resulting in a product water recovery of 72%. 

1.2 System Description 

The pilot plant system is configured as shown in Figures 1-2 and 1-3. 

Subsystems which comprise the selected system are listed below: 

Solar Energy Collection Subsystem -Solar thermal central receiver system has 

42 heliostats in a north field array. Energy is directed to a tower mounted 

air-cooled central cavity receiver with aperture at 23 m elevation. 

Energy Delivery Subsystem - Titan gas turbine generator set produces a peak 

power output of 78.8 kW at system design point conditions. Electric power 

3 
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distribution within the plant is at 480 volts. Plant air supply is provided 
for valve actuation. 

Energy Storage Subsystem - A single sensible heat thermal energy storage (TES) 
unit is used. Storage medium consists of packed alumina pebbles with a total 
mass of 94,190 kg. Air flow recirculation through TES and back to the 
receiver inlet during discharge is produced by a variable speed, positive 
displacement booster compressor. 

Backup Power Subsystem - Fossil fuel supply for starting and emergency 
operation of the main turbine. Standby power (non-emergency) provided by 
electrical power grid. Emergency standby power for control supplied by 
uninterruptable battery supplies. 

Feedwater Pretreatment Subsystem - Three WAC units operate in parallel. The 
units are periodically regenerated with acid flush regeneration equipment. A 
decarbonation/pH control unit, in parallel with the feed line to the RO, 
removes CO2 resulting from the reaction in the WAC units. 

Desalination Subsystem - Three parallel RO units contain non-cellulosic, high 
flux membranes. Positive displacement, high pressure pumps are mounted on 
each RO unit. Recovery in the RO units is 75%. 

Controls and Instrumentation Subsystem - Master control computer is linked to 
distributed digital controllers. These controllers provide control and data 
links to instrumentation for heliostats, power generation, and water 
processes. 

Data Acquisition Subsystem - This equipment stores plant operating parameters, 
computed data, and operator data. 

Water Storage and Delivery Subsystem - Existing feedwater and product water 
tanks of 397m3 and 1136m3 {one peak day supply) volume capacity respectively, 
are incorporated. The feedwater tank is located at a remote well field; 
feedwater will be delivered by an existing water line. Product water will be 
stored in the tank on-site and delivered by a new line to Rankin. 

5 



Waste Disposal Subsystem - Disposal of process and sanitary wastes to Rankin 
sewer system is via a new sewer line. 

Site and Facilities - The site is reasonably level, rectangular, with an area 

of 4.05 x 104 m2. Industrial type of building, with 297m2 floor area, 
contains office, control room, water processing equipment, 
electrical/mechanical/equipment, laboratory and maintenance areas. 

1.3 Plant Operations 

The plant is designed to simulate operation of the commercial plant within the 

limits of scaled down solar collector and power conversion equipment. 
Typically, the plant will operate throughout the day on solar power; water 
production will be reduced while TES is being charged. After sunset, power 

will be produced using energy withdrawn from TES. After a succession of clear 

days, the plant could be operated 24 hours with reduced water production (as 
during commercial plant simulation testing). After starting, operation will 
be computer controlled with minimal operator intervention. Electrical grid 

power can be used to increase water production; maximum electrical power 

consumption would be 911,000 kW/h annually. 

Based on a preliminary analysis of the mean time between failures and the mean 
time to repair for all the major elements in the plant, the overall plant 
availability is at least 0.85. 

Analysis of the plant operations shows that a total of 6 employees would be 
required to operate, administer, and maintain the plant. Some of the 

personnel would not be needed full time and could be shared with other 

utilities. Annual costs of operation and maintenance amount to $271,900 (1981 
$) with the grid power used to increase water production and 0.85 plant 

availability. Water production can vary from 327,000 m3 to 394,000 m3 

depending on grid power usage strategy. The corresponding range of product 
water cost, assuming free feedwater, is $0.74 to 1.29/rn3. 
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1.4 Plant Performance 

Annual plant performance has been analyzed using a system operations model 
based on quasi-steady state simulation of the various components in the plant. 
The model utilizes ambient temperature and direct normal insolation 
measurements obtained at Midland-Odessa, Texas, in 1978 and 1979. The model 
operating strategy maximizes the turbine inlet temperature at all times to 
produce the most electricity. A more sophisticated strategy, including 
anticipatory logic might improve plant performance. 

. Results of the performance analysis provide confidence that the plant will 
operate as intended. Annual performance of the plant at 100% availability is 
summarized in Table 1-1. The annual water production shown for solar only 
operation is equivalent to 287 m3/d (244 m3/d at .85 availability). With grid 
additional power, total ideal water production can be from 1055 m3/d 
(corresponding to Table 1-1 data) to 1262 m3/d, depending on grid power usage 
strategy. The predicted water production, with grid subsidy, meets the annual 
demand in Rankin for potable water. 

Annual plant efficiency data for solar operations are presented in Figure 1-4. 
The losses due to various mechanisms and the net power available at each 
component, starting with the direct insolation, are charted. The current 
plant design allows good simulation of the commercial plant performance. 
Overall pilot plant efficiency is relatively low because of the previously 
mentioned turbine-generator limitations, and the preliminary status of the 
design. Further optimization and refinements of the pilot plant components, 
specifically the thermal energy storage subsystem, during detailed design will 
provide increased pilot plant performance. 

1.5 Pilot Plant Design Assessment 

The design analyses show that the pilot plant will satisfy the design 
objectives. The results of the analyses are summarized as follows: 

0 

0 

Pilot plant design is feasible and is supported by related 
development programs. 
Good simulation is provided of commercial plant features and 
operations. 

7 



Table 1-1. DESAL Pilot Plant Annual Performance Data - Factored 1978 Midla(ld Data 

Solar only operation Grid connection 

Month Water Water Power Hours of Houri of 
pr?Jtuction operation pr~uction operation requirement 
(m) (m ) (kWe-hr) 

Jan 8,256 217 27,931 527 36,890 

Feb 10,270 270 21,306 402 28,140 

Mar 9,564 308 2~.108 436 30,520 

Apr 11,348 402 16,854 318 22,260 

May a,41& 283 24,433 461 32,270 

Jun 6,748 225 26,235 495 34,650 

Jul 10,141 393 18,603 351 24,570 

Aug 6,721 236 26,924 508 35,560 
Sep 5,764 286 23,002 434 30,380 
Oct 10,094 348 20,988 396 27,720 
Nov 6,388 195 27,825 525 36,750 
Osc 11,030 311 22,949 433 30;310 

Vear 104,740 3,474 280,158 5,286 370,020 
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Figure 1-4. DESAL Pilot Plant Efficiency Train 
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0 

0 

0 

0 

0 

0 

Pilot plant operation will provide a data base for commercial plant 

design. 
Solar subsystems performance will demonstrate the potential of 

commercial plant. 
Pilot plant performance is limited by available turbine and program 

cost constraints. 
The baseline TES mass is too large and should be reduced during 

detailed design. 
Pilot plant will satisfy Rankin's water demands with grid power 

subsidy. 
Operating and maintenance costs will be attractive to Upton County 

Water District. 
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2.0 INTRODUCTION 

Boeing Engineering and Construction (BEC} under subcontract from the Solar 
Energy Research Institute (SERI} is preparing a design for a solar energy 
water desalination system that would transform brackish well water into 
potable water for a community in southwest Texas. BEC is performing overall 
project management, system engineering, and solar subsyst~n design. Resources 
Conservation Company, a partly-owned subsidiary of BEC, is providing designs 
for the water-related subsystems. 

The 10 month contract which began in October, 1980, covers Phase 1 of a 
3-phase program that is sponsored jointly by the governments of Saudi Arabia 
and the United States as part of the SOLERAS agreement and administered by the 
Solar Energy Research Institute (SERI}. A primary objective of the SOLERAS 
agreement is to advance the development of solar energy technology in the two 
countries. In Tasks 2 and 3 of Phase 1, a commercial plant system 
requirements and design concept were defined in accordance with SOLERAS 
requirements[!]. The commercial plant study is reported in Volume I; systen 
requirements are contained in a separate document, System Performance 
Specification, Commercial Plant. Task 4 is concerned with preliminary design 
of a pilot plant as reported in Volume II (this volume}. Task 5 covers pilot 
plant program plans (Volume III} and commercial plant cost trades (Volume IV}. 
Phase 2A will involve detail design of a pilot plant and, Phase 28 will cover 
pilot plant construction, and Phase 3 operation and training of personnel. 
Operation of the pilot plant will provide a data base for the design of the 
large-scale commercial plant. 

This volume documents the work done in Phase 1 under Task 4, Preliminary 
Design of Pilot Plant, dealing with the preliminary design of a pilot plant 
that simulates the commercial SOLERAS plant. The pilot plant preliminary 
design is presented along with results of performance, operations and 
maintenance analyses. Preliminary test plans for the subsequent detail 
design, construction and operational phases are also defined. System 
requirements for the pilot plant are documented in a separate System 
Specification[2]. 

11 
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3.0 SYSTEM REQUIREMENTS 

3.1 GENERAL 

The pilot plant is primarily intended to demonstrate the technical feasibility 
of reliably producing potable water by the reverse osmosis process when 
powered by a storage-coupled, open-Brayton-cycle solar-electric power system. 
It is also to be used to provide detailed data, such as evaluation of the 
interac;ion between the power subsystems and the water desalination 
subsystems. The data and operating experience from the pilot plant will 
provide the basis for the commercial plant design. 

3.2 DETAILED SYSTEM REQUIREMENTS 

The performance, design and quality assurance requirements for the pilot plant 
are contained in BEC specification S277-10243-1. A copy of the specification 
is provided separately. 

13 
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4.0 PILOT PLANT SYSTEM DESIGN 

A pilot plant system design that satisfies the design objectives and 
requirements is shown in Figure 4-1. The syst~n simulates all subsystem 
functions found in the commercial plant except for the absence of an 
evaporation pond and the connection to the electrical power grid. The pilot 
plant system design is governed by three factors: 

1. Selection of the Solar Titan Turbine (the only suitable machine I available}; 

I 
I 

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

2. Selection, based on costs of a solar multiple of 2.0 (see definition 
below}; 

3. Stand-alone water production rate of 100 to 400 m3/day. 

Like the commercial plant, the pilot plant system design is based on open 
Brayton cycle power generation, weak acid cation feed water pretreatment and 
reverse osmosis water desalination. 

The design basis for the pilot plant water system was estabished during the 
Task 3 System Analysis effort. During this evaluation, two critical factors, 
the turbine selection and solar multiple ratio, were determined as appropriate 
for the pilot plant design. The turbine characteristics essentially 
establish component sizes and capacities in the plant including overall 
plant production. The size of the pilot plant as measured by the annual 
average daily water production depends primarily on the solar multiple (S/M), 
the ratio of the peak thermal power of the solar collection subsystem to the 
peak thermal power to the turbine. The design at S/M = 2.0 is considered 
capable of providing a satisfactory simulation of the critical features of the 
commercial plant design required for the pilot plant including the application 
of reverse osmosis (RO units with high flux membranes), a pretreatment system 
for RO feed, and an equivalent control system to that expected for the 
commercial plant. 

The design requirements for the pilot plant water system were established by 
BEC Specification No. S277-10243-l, "Performance, Design, and Quality 
Assurance Requirements for a Solar Powered Reverse Osmosis Water Desalination 
Pilot Plant, 11 a separate document accompanying this report. Additional 

15 
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requirements were incorporated subsequent to the preliminary design review for 
the pilot plant held at Boeing on the 9th and 10th of June, 1981. 

4.1 Solar Subsystems 

Power needed for plant operation is generated by a modified commercial gas 
turbine/generator set. System components related to energy collection storage 
are: heliostat field, central cavity receiver, tower, thermal energy storage 
(TES) unit, booster compressor and controllers. Air is used as a solar system 
working fluid in order to (1) simplify design of the receiver, thermal storage 
units, fluid lines, and interfaces; (2) allow use of commercial 
turbomachinery; and (3) simplify interfaces with these components because of 
the common working fluid. With this type of system, fossil fuel can be burned 
in a modified turbine combustor to provide starting capability and emergency 
standby power. 

Typical operations of the solar subsystems are: 

Start in morning on fossil fuel. 
Begin power generation by discharging TES for a short period. 
Switch over to receiver operation and cease TES discharging when solar 

insolation is available. 
Phase in TES charging in mid-morning 
Terminate TES charging in mid-afternoon 
Terminate receiver operation and phase in TES discharging at end of 

solar insolation 
Generate power by discharging TES until nearly depleted but with reserve 

storage for morning start. 

These operating modes are accomplished by controlling air flow through the 
receiver, storage and turbine using pneumatically-actuated valves. No high 
temperature air valves are required in this system design. Five air flow 
routes are provided: 

17 
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A booster compressor is required to overcome the pressure drop in the TES 
charging loop. This compressor pulls air through the TES and injects it into 
the receiver inlet line. 

Bottoming-cycle power generation using reject turbine heat is not included in 
the pilot plant because packaged equipment is not available for the Solar 
Titan. If available, bottom cycling would significantly improve plant 
efficiency. 

The plant can operate in any of three electrical modes: Solar power only, 
solar plus grid power and grid power only. In the combined solar plus grid 
mode, the solar power is allocated to the booster compressor, electrical power 
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generation control computer, heliostat controls and drives, and water 
treatment; all of these loads represent the significant transient loads (i.e., 
control problem) found in the commercial plant. Solar only operation will be 
possible with lower water production for demonstration purposes. Normally the 
grid will be used to supply power to the master computer and low level 
building loads. 

Based on the selection of the Solar Titan turbine and solar multiple of 2.0, 
the solar subsystems are sized for a noon winter solstice condition with the 
receiver operating at full flow and thermal energy input and the thermal 
energy storage unit at full charging flow. Because of the power demands of 
the booster compressor, the water production rate is reduced during storage 
charging. 

4.2 Water Subsystems 

The system requirements that govern design of the water subsystems are: 

Feedwater Supply 
Source 

Potable Water 
Rate 
Quality 

- well field near Rankin, Texas 

- 100 to 400 m3/d average from solar power 
- per State of Texas, code "Drinking Water Standard", 

Revised 11-1-80 
Recovery Rate - minimum 0.72 
Production - Will vary to match the available power 
Waste Disposal - to Rankin, Texas sewer system 

A process flow schematic of the pilot plant water system is shown in Figure 
4-2. It incorporates those features necessary to demonstrate the technical 
feasibility of producing potable water for the reverse osmosis desalination 
process. Two water subsystems are illustrated; the feedwater pretreatment and 
the desalination subsystems. The feedwater pretreatment reacts with compounds 
which could precipitate and cause fouling of the RO membranes. 
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Figure 4-2. Solar Energy Water Desalination Pilot Plant Simplified Flow Schematic 
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Feedwater is obtained from the existing well supply of the Rankin, Texas 
municipal supply and is pressurized by the feed pump in the pilot plant 
pretreatment subsystem. A manual bypass prior to the feed pump is provided to 
permit blending of permeate water and feedwater prior to distribution to the 
Rankin system. Water pretreatment consists of two full flow anthrafilt 
filters, three weak acid cation exchange beds and a decarbonator unit. The 
filters are required to remove any silt or suspended solids that would reduce 
the capacity of the ion exchange beds and affect RO membrane perfonnance. 
Calcium cation concentration of the raw feedwater is reduced by the WAC beds 
and all the bicarbonate anion is converted to carbonic acid which is 
subsequently removed as carbon dioxide via the decarbonator unit. A bypass 
loop is provided around the decarbonator to control pH of the RO feed by 
blending WAC effluent with decarbonator product. Following pretreatment, the 
RO feed is pressurized to 2758 kPa (400 psig) and pumped to the three single 
stage reverse osmosis (RO) units. 

The RO units are arranged in parallel with appropriate valving and piping to 
permit operation of any combination of the units. Motor speed controls are 
provided on the pump units to vary the water production rate with available 
power. An RO clean and flush loop is required for the periodic removal of 
foulants from the membranes. The permeate (RO product water) is overly pure 
so is blended with feedwater to increase production of water having the 
required quality. After blending, the product water is directed to the 
existing storage tank on the site. Waste effluents of the water system 
including filter backwash, spent regenerant and RO reject are gravity fed to 
the Rankin sewer system via a new sewer line. 

The pilot plant water system has a water recovery rate of .72 with a design 
capacity of 2~2 gpm of product water equivalent to 1262 m3/day. In addition 
to meeting the pilot plant performance specifications, the designated system 
is configured to simulate the full scale commercial plant and will provide 
performance and test data needed for its development. The plant's water 
system is suitable for Upton County, Texas, to acquire and operate as a long 
term primary source of desalinated water for the City of Rankin. 
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The water subsystems are sized for a 70 kW design point which is the condition 
of maximum generated power at noon winter solstice (78.8 kW) less power (8.8 
kW) for electric power generation computer, heliostat computer and 
controllers, heliostat drives, and miscellaneous loads. If 70kW power is 
supplied continuously by the grid, the water production is rated at 1262 m3/d 
which can satisfy Rankin 1 s peak demand. Variable flow pumps are provided to 
allow smooth following of power production levels (an advantage in testing 
since both variable and discrete step flows can be simulated). 
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5.0 PILOT PLANT DESIGN CONFIGURATION 

This section summarizes the pilot plant configuration with respect to general 
arrangement and design features. The configuration is comprised of subsystems 
that simulate respective subsystems in the commercial plant system design: 

o Energy Collection 
o Energy Storage 
o Energy Delivery 
o Back-Up Power Generation 
o Feedwater Pretreatment 
o Water Desalination 
o Water Storage and Delivery 
o Waste Disposal 
o Controls and Instrumentation 
o Data Acquisition 
o Site and Facilities 

5.1 General Plant Layout 

The general pilot plant layout appears in Figure 5-1 (BEC Drawing 277-10350). 
Because of nearly level topography and property boundary locations, the plant 
fits the site well and is compatible with the existing water storage tank and 
adjacent properties. The heliostat field, utilizing a BEC heliostat design, 
just fits the site confines; additional land is available south of the site 
should a longer field be desired. 

The plant building is located where (1) it is safe from reflected sunlight, 
(2) plant observation and control can be easily done, (3) connections to 
subsystems are reasonably short, and (4) it is close to the highway. Plant 
water and sewer lines will conveniently connect to an existing water line 
trench easement leading to Rankin and the storage tank. Figure 5-2 (a portion 
of BEC Drawing 277-10360) is a building floor plan showing the arrangement of 
water treatment equipment, control room, and other building spaces. 
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Figure 5-3 (BEC Drawing 277-10351) illustrates the general arrangement of the 
solar subsystem components. Power generation and energy storage components 
are mounted at the base of the tower in close proximity. As discussed later 
in Section 6.4, a late design change in the thermal energy storage unit 
prevented optimization of the air piping, booster compressor and turbine 
arrangement. During detail design, the turbine and booster compressor will be 
relocated for a more optimum piping layout. The thermal energy storage unit 
is located on the south side of the tower and will be positioned to minimize 
shadowing. Control and power lines between the heliostat field, tower and 
building are located in trenches {refer to the installation drawings in the 
appendix for specific lines and locations). 

5.2 Plant Design Features 

Site 
Location 0.8 km north of Rankin, Texas, on State 

Site Dimensions 
Area 

Facilities 
Industrial warehouse/office building 

Type 
Size 
Area 

Electric power interconnect to grid 

Solar Energy Collection Subsystem 
Heliostats: 

Type 
Mirror Area 
Heliostat Surfaces 

Highway 349, Upton County (Section 23, 
Block B, HE & WT RR Co. survey) 

Longitude 101.93°W 
Altitude 579 m (1900 ft) 
Latitude 31.93°N 
125m x 323m 
4.05 x 104 m2 (10 acres) 

Pre-engineered insulated metal 
12 X 24 m (40 X 80 ft) 
297 m2 {3200 sq ft) 

BEC 2nd Generation heliostat prototype 
42.6 m2 (net) 44.6 m2 (gross) 
Cylindrical focus glass/foamglass 

sandwich 
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Heliostat Field: 
Number of heliostats 
Field shape 
Reflective surface 

Receiver: 
Receiver cavity dimensions 
Aperture area 
Aperture height 
Aperture inclination 
Insulation thickness 
Heat exchanger panels 
Total number of tubes 
Tube material 
Tube Dimensions 

Length 
Outside diameter 
Wall thickness 

Panel width 
Header material, diameter 
Manifold material, diameter 

Tower 
Tower type 
Tower height 
Tower plan dimensions 
Foundation 

Tower materials 
Air Piping 

Riser material 
Riser diameter 
Downcomer material 
Downcomer diameter 
Insulation material 
Insulation thickness 

42 

.--90°-.sector x 114m radius north of tower ,,,..,,-· ···-----~ 

(- 1781 1112 { net) 
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5.2 m wide x 5.4 m high 
7.13 m2 
23 m 
40° from vertical 
0.20 m 
8 

236 
Inconel 617 

5.67 m 
12.7/14.7 mm 
.89 mm 
1.42 m 
Inconel 617, 100 mm diameter 
CRES, 250 mm diameter 

Structural steel 
21.8 m 

3 m x 3 m 
7.62 m square x .9 m deep 
Concrete mat 
ASTM A-36 steel 

Carbon steel 
254 mm diameter 
Stainless steel 
305 mm diameter 
Jacketed Kaowool external insulation 
50 mm 
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I 
I Energj'. Storage Subsxstem 

Number of storage tanks 

I Tank configuration 

I 

I Tank material 
Insulation material 

I 
Insulation thickness 
Storage material material 

I Storage material weight 
Storage materi a 1 dimensions 

I Cross section area 
Diameter 

I 
Length 
Installed density 

I 
Booster compressor 

. Type 

I Variable speed drive 

I Inlet air pre-cooler type 

I 
Coolant flow rate 

Energx Deliverx Subsxstem 
Gas Turbine Generator Set 

I Turbine 

I Fuel 
Rated electric power 

I 
Generator 
Starter motor 

I 

Switchgear 

I 

I 

I 
I 
I 

1 

Single pass vertical cylinder 
Welded steel construction 

ASTM A515 Grade 70 steel 
Insulating firebrick 
1 m 

Tabular Alumina (pebbles) 
Nominal diameter 1.6 cm (0.625 in) 
94,190 kg {209,000 lb) 

3.6 m2 (38.5 sq ft) 
2.1 m (7.0 ft) 
10.4 (34 ft) 
2563 kg/m3 (160 pcf) 

M-D Pneumatics Model 557-5511 
Positive displacement, rotary blower with 

water-cooled inlet air 
Reeves Vari-Drive 
ITT Bell and Gossett Model QGC85-102 

shell and tube heat exchanger 
71.9 1/m (19 gpm) 

Alturdyne (modified) 
Solar Titan Model T62T.32 with external 

combustor start 
JP-4 (used for starting) 
90 W (15.6°C, sea level) 
480V, 60HZ, 3 phase, 4 wire 
12 volt DC motor 
Power switching options: 
solar only 
solar and grid 
grid only 
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Backup Power Generation 
JP-4 fuel supply for turbine 
Grid electric power 
Uninterruptable power supplies 

Feedwater Pretreatment Subsystem 
Filters 
Weak acid cation exchange 

Capacity each unit 
Regeneration frequency 
Tank size 
Exchange material 
Regeneration 

Decarbonator 
Tank size 
Blower capacity 

Desalination Subsystem 
Reverse Osmosis Units 

Capacity each unit 
Design flow, total 
Membrane elements 
Pumps 

Waste Disposal Subsystem 
Method of brine disposal 

Water Storage and Delivery Subsystem 
Interconnect to existing water supply 

Feedwater storage at well field 
Product water storage on site 

30 

10 KVA, 3 Phase, 120/208 VAC 
Elgar UPS 103-3A, BPlOA-0109 

6.5 KVA, 1 Phase, 120/240 VAC 
Elgar UPS 652-lA, BP05A-050G 

2 units 
3 units 
1/2 the peak flow 
24 hours or more 
1.5 m diameter x 1.5 m high 
Acrylic divinyl benzene 
Dilute HCl Wash 
1 unit 
Less than 1.5 m diameter 
0.6 m3/s 

3 trains 
1/3 the peak flow 
1270 m3/day 
High flux polymeric 
Variable speed, positive displacement 

Disposal in Rankin sewer system via new 
1493 m (4900 ft) 15.2 cm (6 in) sewer 
1 ine from site 

379 m3 
1136 m3 
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Product water will be delivered to Rankin via new 1036 m {3400 ft) 25.4 cm (10 
in) water 1 i ne. 

Controls and Instrumentation Subsystem 
Main Components: 

Peripheral controllers: 

Data Acquisition Subsystem 
Main Components: 

31 

Master control computer 
2 color master video displays 
Heliostat video display 

Power generation 
Heliostat field (5 units)+ controllers 

on each heliostat 
Process computer 

Printer 
Magnetic tape data storage . 
Interface with master control computer 
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6.0 SOLAR ENERGY COLLECTION SUBSYSTEM 

The Solar Energy Collection Subsystem includes all the components for 
collecting solar energy. transforming it to thermal energy. and transferring 
it to the Energy Delivery Subsystem. Major components in this subsystem are 
the solar receiver, the receiver tower, air distribution piping, and the 
collector field consisting of an array of heliostats. These components are 
arranged as shown in Figure 5-3. 

6.1 HELIOSTAT FIELD 

Performance requirements for the heliostat field are: 

1. Provide 1263 kW into the receiver aperture at the design point 
condition; 

2. Have less than 15% spillage on an annually averaged basis, 

3. Operate when solar elevation is more than or equal to 10°; 

4. Provide a design point field efficiency greater than 70%. 

The heliostat field design is required to comply with Sandia Specification 
Al0772, Revision D, 12/11/79, and the System Specification [2] including 
Sections 3.2.l.5a (Concentration Requirements) and 3.2.5 (Environment). 

The heliostat field design developed to satisfy these requirements consists of 
42 BEC Second Generation pre-production heliostats arranged in a 90° radially 
staggered pattern (refer to BEC drawings 277-10365 and 277-10115) and a 
receiver aperture height of 23 m. 

A photograph of a BEC heliostat tested at Sandia 1 s Central Receiver Test 
Facility in Albuquerque appears in Figure 6-1. Each mirror panel is nominally 
1.2 m by 3.0 m and will be cylindrically curved in the short direction, the 
panels are canted to achieve good focus in the receiver 1 s oblong aperture 
(1.75 m by 4.45 m). The mirror panels have a glass/foamglass/glass sandwich 
construction so that thermally induced distortions are minimal. The net 
heliostat area (active reflective area) is 42.6 m2. 
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Figure 6-1. BEC Second Generation He/iostat I 
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The field was sized by an iterative procedure that varied tower height, 
aperture configuration and number of heliostats. Sizing was performed for an 
estimated average mirror reflectivity of 0.88 with rain washing only [l]. A 
complicating factor was the small field size which precluded the use of 
automatic computer aided field optimization as is done for large fields where 
the heliostats are smeared in zones. For the pilot plant, various field 
designs were input to a newly developed code called DELSOL II [4] which 
computed field performance for the design day. Comparison of results led to a 
field/tower/aperture combination that appears to have reasonable proportions 
·and good performance. 

Heliostat Field Performance 

The selected heliostat field design was analyzed using the Sandia DELSOL 
generalized computer code. Losses due to reflection, cosine, shadowing, 
b 1 ocki ng, _atmospher~~ ~tte'!_u_a~"~on;t~~d aper'fure=splJTagif~were;carWtqterl 0a9J 

\runctfoncof tbe-t'imtta£ d;y for a day for'"·eactL_ll}Qnth of the-~ The 
resulting data were used as input to the solar desalination system analysis 
model, DESAL (see Section 17.1}. Design point data are presented in Figure 
6-2. As is shown,. 1680·kW is potentially available to the heliostat mirrors 
if they were all pointed normal to the in sol at ion. Seventy-tw~· percent of 1S-~ 
that amount, 1263 kWt, is delivered into the receiver aperture. The fraction 
of available energy delivered to the receiver aperture, i.e, the field 
efficiency, can be averaged over the day. The variation of the daily averaged 
field efficiency with day of the year is depicted in Figure 6-3. The field 
efficiency is highest in December and lowest in June. The available solar 
resource variation is nearly the reverse, being highest on the longest solar 
days of summer and lowest on the shorter winter days. The resulting total 
solar power input to the receiver is relatively constant over the year. 

6 .2 TOWER 

The tower's primary function is to support the receiver and air lines (riser 
and downcomer}. Other functions are to provide a work platform under the 
receiver and stairway to the work platform. Design requirements for the tower 
are low cost, good appearance, and modular assembly for ease of shipping and 
erection. Performance requirements are given in the Uniform Building Code 
(also ANSI A58.l) and the System Specification. 
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The tower design basically consists of a welded tubular steel framework with 
11 K11 wind bracing (refer to BEC drawing 277-10397). This configuration was 
selected in a study of various structural bracing arrangements, the 11 K11 

bracing approach is most effective for the tower's proportions and design 
conditions and is commonly used. Welded and tubular steel construction offers 
light weight and pleasing appearance. Field joints are provided at the 11 K11 

bracing center points and interior bracing is arranged so that the tower can 
be conveniently shipped in four corner modules. Open steel grating is used 
for the field-installed stairway and work platform in order to minimize 
gravity and wind loads. A reinforced concrete mat foundation is provided in 
this preliminary design. During the detailed design, results from a planned 
soil boring investigation should allow use of a more economical uplift pile 
foundation concept. 

The governing tower design condition is wind loading as specified by the 
Uniform Building Code: 1197 Pa (25 psf) at 9.1 m (30 ft) which is 
equivalent to 40.2 m/s (90 mph) wind speed plus 10% for gust. The resulting 
wind loads on each of the two loaded tower faces are listed in Table 6-1. 
These loads produce a total overturning moment of 1773000 Nm (1308000 ft-lb). 

Elevation Pressure Line Load Point Load Loaded Parts 

m ft Pa gsf N/M lb/ft N lb 

24 77 1532 32 22241 5000 Receiver 

15-22 50-72 1436 30 1700 117 Tower 

9-15 30-50 1197 25 1416 97 Tower 

0-9 0-30 958 20 1131 77.5 Tower 

Table 6-1. Wind Loads on Each Exposed Tower Face 
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The reinforced concrete mat (7.6 m square by 0.91 m thick (25 ft square by 3 
ft)] develops a resisting moment, neglecting friction, of 4767000 Nm (3516000 
ft/lb). The resulting factor of safety against overturning is 2.69 which 
exceeds the required factor of 1.5. The structural steel tower parts were 
conservatively designed assuming a 38 m (125 ft) tower height (an early 
configuration in the collector field analyses). Four 3.8 cm (1.5 in) diameter 
anchor bolts are specified at each column which gives an ample factor of 
safety of 3.9 on bolt yielding. 

Material quantities for the tower design are as follows: 

WEIGHTS 

Structural steel 
Shapes and plates 
Connections 

Pipe handrail 

Concrete reinforcement bars 

AREAS 

Steel grating 

PARTS 

Stair treads 

Anchor bolts - A307 steel 
3.8 an dia x 1 m long 
(1.5 in dia x 40 in long) 

Reinforced concrete foundation 

38 

19100 
909 

1045 

2045 

21 
1 . 

1.15 

2.25 

46.5 m2 (500 sq ft) 

QUANTITY 

90 

16 

53 m3 (70 cu yd) 
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6.3 RECEIVER 

The receiver's function is to capture solar energy reflected from the 
heliostats and transfer it to the air flowing through heat exchanger tubes. 

Specific perfonnance requirements are: 

1. Accept up to 1300 kW of solar input; 
2. Accept massflow from 0.45 to 1.84 kg/s with a pressure drop 

of less than 36 kPa; 
3. Have collection efficiency of greater than 83% at design point 

conditions; 
4. Operate at outlet temperatures up to 816°C {1500°F). 

Design requirements for the receiver are: 

1. Provide design life of 20 years; 
2. Accept up to 170 kW/m2 on untubed cavity insulation walls 

while local insulation temperature is less than 1300°C {2372°F) for 
5 calendar years; 

3. Accept 60 kW/m2 on aperture rim shield while local 
temperature is less than 740°C (1365°F) for 5 calendar years; 

4. Accept 300 kW/m2 during "lock and drift" of heliostat field 
while local temperature is less than 1370°C (2498°F); 

5. Pipe design allowables for pressure-temperature-stress per ANSI 
B31.3; 

6. Pipe welding, inspecting & testing per ANSI B31.1 or 31.3; 
7. Structural welding per AWS D1.1; 
8. Structural components per AISC steel construction manual; 
9. Expansion joints per Expansion Joint Manufacturers Association 

standards; 
10. Structural loads per system specification; 
11. Interior components must be accessible for inspection and 

servicing; 
12. Aperture rim shield shall have a simple configuration and be easily 

replaced. 
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Receiver Design 

A vertical cylindrical receiver design having a low aperture was developed to 
satisfy the pilot plant's requirements; the design appears on BEC Drawing 
277-10390 included in the Appendix. Receiver components and their respective 
weights are listed in Table 6-2. 

Part 

Structural Steel Shell 

Inlet and Outlet Manifolds 
25.4 cm dia. (10 in) Schedule 10 

Headers 
10.2 cm dia. (4in.) Schedule 10 

Heat Exchanger Tubes 
12.7 mm O.D. x 0.89 mm wall 

(0.5 in O.D. x 0.035 in wall) 
14.68 mm ) ••• x 0.89 mm wall 

(0.578 in O.D. x 0.035 in wall) 

Cavity Insulation 
Typical wall 
Cavity lower rear area 

Ceiling and Floor 

Aperture in Shield 
38.1 mm (1.5 in) 

Material Weight 

ll lb 
ASTM A-36 Carbon Steel 6540 14350 

304 Stainless Steel 13.8 2900 

Inconel 617 405 890 

Inconel 617 240 528 

Inconel 617 160 352 

Kaowool blanket 4940 
Kaowool bl~nket, 740 
2600 ST board 
composite 

Kaowool blanket 2212 

3000 board 43 95 

Table 6-2. Receiver Weight Distribution 
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External dimensions of the receiver are 5.6m (18.3 ft} diameter by 5.44m (17.8 
ft) high. A flat, canted oblong aperture has a length in the horizontal 
direction of 4.45m (14.6 ft} and a slant height of 1.75m (5.7 ft}. This 
aperture geometry is a result of both the heliostats' reflected image sizes on 
the aperture plane and the positioning of heliostats (collector field shape). 
The aperture dimensions are detennined interactively with the collector field 
sizing described in Section 6.1. Overall receiver dimensions are governed by 
several factors, including limiting solar flux on interior walls to acceptable 
levels, reducing reradiation out the aperture to an acceptable level, and 
providing the required heat exchanger area. 

Cutaways of the receiver shown in BEC Drawing 277-10390 show its major 
features. Eight panels of heat exchanger tubing are located around the 
interior walls. Incoming air is provided to the heat exchangers via the 
riser, inlet manifold located in the cavity, and headers. After passing 
through the heat exchangers, the air exits through to the outlet. manifold 
mounted in the interior of the receiver, and then is ducted to the downcomer 
leading down the tower. Nineteen percent (19%) of the first incident solar 
power impinges directly on three southern most panels directly opposite the 
aperture. The remaining 81% of the first incident flux impinges on untubed 
insulated cav.ity wa 11 s. Energy is reflected and rerad i ated to the heat 
exchanger surfaces. However, since three panels receive a direct solar 
component in addition to an indirect solar/thennal component, the available 
power is not unifonn circumferentially around the receiver. Tubing dimensions 
and tube number per panel differ slightly among the panels to provide the 
required mass flow for different heating rates with an acceptable pressure 
loss. Pressure losses can be balanced with panel-to-panel orifice plates at 
the manifold/ header connections during system checkout to provide the 
required mass flow distribution. Use of interior manifolds results in minimum 
manifold length weight and pressure drops and eliminates heat loss compared to 
a location outside of the receiver. 

Inconel 617 alloy, produced by Huntington Alloys, is selected for the heat 
exchanger tubing and headers. This material has demonstrated capability for 
871°C service and is one of the best available commercial alloys in terms of 
strength, creep resistance, corrosion resistance, fonnahility and weldability. 
Inconel 617 was successfully used in the BEC/EPRI Bench Model Receiver and is 
currently specified for the BEC/EPRI Full System Experiment receiver. The 
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manifolds are shielded with insulation and therefore will not be hotter than 
the peak exit air temperature of 816°C (1500°F); this temperature limit allows 
use of standard 304 stainless steel tubing and fittings for the manifolds. 

The heat exchanger tubes have a simple loop configuration and are hung in a 
vertical position. This arrangement is advantageous because (1) the tubes are 
structurally independent (thermally-induced bending deflections can occur 
freely) and (2) gravity will not produce high stresses and creep bending 
deflections. 

Cavity insulation consists of two types: a Kaowool blanket/board c~nposite in 
the 1 ower rear area of the cavity which is directly radiated and a Kaowool 
multilayer blanket in all other areas. The composite insulation in the 11 hot11 

areas has the following components: 

Layer Loeation Product 

Cavity Surface Kaowool 3000 board 

Middle Kaowool 2600 board 

Middle Kaowool 2.7 Kg (6 lb) blanket 
2 layers 5.1 cm each 

Next to She 11 Kaowool 2.7 Kg (6 lb) blanket 

Th.ickness 
cm in 

3.8 

3.8 

10.2 

2.5 
20.36 

1.5 

1.5 

4.0 

1.0 
8.0 

The multilayer insulation in the cooler areas (behind the panels, roof and 
ceiling) is made up as follows: 

Layer Location Product Thickness 

£!!! in 

Cavity Surface Kaowool 3.6 Kg (8 lb) blanket 2.5 1.0 
10.2 cm (4 in) overlap 

Middle Kaowool 2.7 Kg (6 lb) blanket 2.5 1.0 
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Middle 

Next to Shell 

Kaowool 2.7 Kg {6 lb) blanket 10.2 
2 layers 2.5 cm each 

Kaowool 2.7 Kg (6 lb) blanket 5.1 

4.0 

2.0 
20.3 8.0 

The insulation design is based on recent high temperature experiments 
conducted by BEC for EPRI and recommendations from the insulation supplier, 
Babcock & Wilcox. All of the cavity insulation will be attached to the steel 
shell by ceramic spikes and retaining washers, a method that has been 
previously proven and permits insulation replacement. 

The aperture rim shield is a single layer of Kaowool 3000 board with 3.8 cm 
(1.5 in) thickness. The shield would be fabricated in flat sections from 45.7 
cm {18 in) square stock panels. As discussed later, the flux levels on the 
aperture rim are low, so insulation temperatures will be within allowable 
limits. Of concern is the durability of the insulation in the presence of 
moisture. This issue will be addressed during detailed design by testing and 
coordination with the supplier. Attachment details using clips and mortar 
will be designed that allow easy replacement of the aperture rim insulation 
during maintenance periods. 

A structural steel shell supports the piping components, insulation, lightning 
protection, and an aircraft warning light. The shell is designed to 
efficiently support the loads and have good access for inspection and 
maintenance. Access to the cavity is through the large aperture opening; all 
components can be removed through the aperture. An access door could also be 
provided in the receiver floor if found to be necessary during detailed 
design. 

The receiver shell is welded 10 gage ASTM A-36 carbon steel with a thickness 
of 3.4 mm (0.1345 in). The body is cylindrical for maximum buckling strength 

I 

and stiffness. Rolled angle stiffening is provided at the ceiling and floor 
connections to control circularity prior to field assembly and for strength. 
The only concentrated loads supported by the cylindrical shell are at the 
manifold brackets which are designed to maintain precise concentric manifold 
positioning during heating and cooling. Channel stiffening is welded locally 
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at the manifold brackets to distribute the manifold loads. The receiver roof 
is dished slightly upward for drainage. Both the roof and floor sheets are 
stiffened with tubular steel sections to react wind, snow, and gravity loads. 

Assembly of the receiver could be done at a shop in the Midland-Odessa area or 
at the site (to be determined during detailed design). If field assembled, 
the receiver parts would be shop fabricated and shipped in major assemblies. 
During erection, the receiver will be rigidly welded to the tower columns and 
bracing at numerous points. 

Receiver Performance Analysis 

The selected receiver design was analyzed with a number of analytical tools as 
displayed in Table 6-3. The tool, its source, and main use are presented. 
The receiver design was also developed using an experimental data base 
depicted in Table 6-4. The various design consideration interactions using 
these analytical tools and data base are represented in Figure 6-4. The basic 
receiver cavity geometry interacts with the heat removal system in the heat 
exchanger design and heat delivery system in the aperture. By far the most 
complex interaction is the radiative interchange within the cavity and from 
tube-to-tube. The solar input distribution for the selected aperture/field 
configuration is obtained from the DELSOL II analysis. The analysis of 
re-reflection, absorption, and re-emission of the input energy is accomplished 
with detailed radiative interchange modeling of the cavity and tube geometry 
and radiative properties. Once the heat exchanger tube heat is defined, the 
forced convective heat transfer inside the tube is calculated, yielding the 
gas temperatures, pressure drop, and tubing wall temperatures. These data 
support the performance predictions and the stress analysis. 

The first incident solar flux on the receiver cavity walls is displayed in 
Figure 6-5. Nineteen percent of the incoming solar flux is incident on panels 
2, 3, 4. The remaining 81% of the solar flux is incident on untubed cavity 
walls and is reflected and reradiated to the heat exchanger panels indirectly. 
The peak insulation flux of 166 W/rril- occurs on panel 3 approximately 1.0 
meters above the aperture centerline. Detailed flux maps of this peak flux 
region indicate the 166 kW/m2 value is a broad maximum with no localized hot 
spots. Preliminary calculations of the maximum insulation temperature in this 
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Analysis tool Source Uses 

DELSOL II Sandia Labs Hellostat field analyses 
solar flux maps 

RADSIM Boeing Aerospace Generalized radiative interchange 

BETA Boeing Generalized thermal analysis 

EASY Boeing Computer Services Generalized dynamic system analysis 

ANSYS Swanson Analysis Systems Generalized stress analysis 

TESSIZ BEC lhennal energy storage sizing 

DESAL BEC System performance analysis 

Simplified models BEC Engineering oriented simple programs, 
e.g. for programable hand held calculators 

GGP Boeing Computer Services Graohics disulav of performance data 

Table 6-3. Receiver Design and Performance Analytical Tools 

Type of data Source Function 

Heat exchanger tubing 
• Materials data • Vendor, e.g. • Stress analysis 

Huntington Alloys 
• Boeing materials ·1ab 

• Fabrication data • BMSR program • Fabrication methods 

• Heat transfer • BMSR program • Thermal analysis 
• Published llteratu~ • Pressure loss 

Insulation 
• Materials data • Vendor. e.g. • Thermal analysis 

Babcock & Wilcox 
• Boeing materials lab. 

• Solar radiation • BMSR program • Temperature and flux limits 
exposure • BECIEPRI insulation 

test. program 
• Sandia labs testing program 

Controls • BMSR program • Setpoint control methods 
• BMSR air supply • Interface with CRTF 

Test methodology • BMSR program • Test planning instrumentation 
• Data reduction 

Table 6-4. Receiver Design and Performance - Experimental Data Base 
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Figure 6-4. Receiver Design Consideration Interactions 
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E 

50 too 150 2 o 
Flux level, kWtJm2 

Aperture 

P 1 • Majority of solar flux indirectly 
n:=ber irradiating H/X tubes 

• 19% first incident flux on panels 
2,3,4 

• Peak flux on insulation walls = 
166kWtfm2 

• Expected maximum insulation 
temperature= 1,292°C (2,3570f) 

Figure 6-5. Receiver Wall Flux Map 
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peak flux region is 1292°C (2357°F). This temperature level is within the 
thennal capabilities of the insulation design. Figure 6-6 presents a similar 
solar flux map for the aperture plane. The peak flux of about 60 kW/m2 is 
also within the aperture insulation materials capability. 

Figure 6-7 illustrates the simplified receiver perfonnance model. The return 
bend heat exchanger tube is divided into 24 nodal lengths. Solar plus thermal 
input are determined from the cavity radiative analysis. Reradiation losses 
to the aperture.are calculated. Convective heat transfer correlations 
appropriate for the flow regime experienced are included. Sample results from 
the analysis are presented in Figure 6-8. Air enters the tube at 292°C and 
exit.s at 816°C. The average tube wal 1 temperature basically fol lows air 
temperature but also responds to the local incident heat input. The peak wall 
temperature is about 871°C and occurs near the exit. Figure 6-9 shows the 
effect of massflow reductions on the tube wall temperature. As the solar 
input is reduced from the design value, the massflow is reduced to maintain a 
constant 816°C outlet air temperature. The peak tube wall temperature 
corresponding to the condition is seen to rise slightly as receiver massflow 
is reduced, however the wall temperature remains less than 910°C even at 20% 
of design flow. 

The previously described receiver perfonnance model was exercised over a wide 
variety of operating conditions to develop the receiver map presented in 
Figure 6-10. The receiver perfonnance map depicts the effect on receiver 
outlet temperature and Reynolds number caused by changing solar input values. 
The input air pressure and temperature are maintained at a constant 376 kPa 
and 292°C. Lines of constant massflow and pressure drop are also added. 
Lowering of solar input requires a reduction of massflow to maintain the 
desired outlet gas and tube wall temperatures. However, the pressure drop and 
the Reynolds number are also reduced. A Reynolds number of 4000 represents 
the minimum massflow condition. Further reductions in massflow could result 
in the airflow transitioning from turbul_ent to laminar flow with a resulting 
potential loss of control on the .tube wall temperature. Increases in massflow 
above the design value are accomplished by a reduction in the outlet gas 
temperature or an increase in solar input. However, the 7% pressure loss line 
represents the maximum mass flow allowable before significant effects on the 
turbogenerator are experienced. As described in Section 17.3, the total 
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0 -~----
0-

1.5 1-------
Units: kWt/m2 

• Normal operating maximum flux 
on aperture rim = 60 kWtfm2 

• Rim temperature range = 
443° -740°c 
(830° - 1,3650F) 

•"lock and drift" max flux .,::: 300 kW/ni2 
Temperature= 1,2430C (2,2700F) 

2.0 ... 
1 -----------------! 

Maten! 

I 
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I 
I 
1 
I 
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Figure 6-6. Aperture Plane Flux Map 

• Inlet temperature, pressure and mass flow fixed 

• Solar + thermal input determined from cavity 
radiative analysis 

• Loss by reradiation to aperture 

1.11 Solar+ 
: \J thermal Input 

• Low pressure operation produces low Reynolds 
numbers 

• large tube-to-gas temperature differences I 
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• Wall modes 
• Fluid modes 

• Significant variation in fluid properties, esp. 
air viscosity 

• Reynolds number, Nusselt number, friction 
factor modified per experimental data 

• Same methodology utilized on FSE receiver 

Figure 6-7. Receiver Performance Model 
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Figure 6-8. DESAL Pilot Plant Receiver Panel Heat Transfer 
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Figure 6-9. Effect of Mass Flow on Tube Wall Temperature 
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Figure 6-10. Receiver Performance Map 
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pressure loss budget from compressor outlet to turbine inlet is 10% of the 
compressor outlet pressure. If this 10% loss is exceeded, the compressor 
could be pushed into a "surge" condition, potentially damaging the unit. 
Seven percent of this 10% budget is allocated for the heat exchanger tubing, 
the remainder for supply piping, headers, manifolds, valves, etc. The data 
from Figure 6-10 indicate the receiver can maintain design outlet temperatures 
from full massflow down to about 25% of full flow. 

The data of Figure 6-10 were for an inlet gas temperature of 292°C (559°F) 
which corresponds to a fully charged TES. If TES is not fully charged, the 
inlet temperature can be substantially less: as low as about 204°C (400°F). 
The effect of this change on the data of Figure 6-10 is to lower the constant 
solar input power ratio lines. Physically, this indicates for the same 
massflow more solar input can be accepted. More importantly, the pressure 
loss is also reduced. The lower average gas temperature reduces the viscosity 
thus reducing friction losses and consequently pressure losses •. The massflow 
can, therefore, be increased above the design point while still being within 
the compressor surge limit. Although the receiver is designed for 1300 kW at 
the design point (TES nearly fully charged), on cool, clear mornings before 
TES is fully charged, the receiver heat exchanger system can accept greater 
than 1300 kWt inputs. In the annual performance analysis {see Section 17.6), 
occasionally the receiver accepted 1500 kW without exceeding the pressure loss 
criteria. 

Figure 6-11 presents the effect of inlet temperature and massflow on 
receiver efficiency. As is shown, both parameters have relatively little 
effect on the total receiver efficiency. These data indicate an almost 
constant receiver efficiency of 0.833. Table 6-5 presents the receiver 
energy loss breakdown for the design point conditions. 

Table 6-5. Receiver Energy Losses 

Loss % 
Reflection 3.1 
Conduction 0.4 
Convection 9.2 
Reradiation ..i& 

16.7 
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Figure 6-11. Effect of Massi/ow and Inlet Temperature on Receiver Performance 
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Receiver Heat Exchanger Tubing Stress Analysis 

An analysis was perfonned of the receiver's heat exchanger tubing stresses and 
deflections. The heat exchanger tubing was selected for analysis because it 
is the most critical structural component in the receiver with respect to long 
life and cost. Specific concerns are initial heating stresses and 
deflections, long tenn stresses, and material durability for 20 year life. 

The structural analysis was perfonned using an ANSYS finite element computer 
model. ANSYS is a general purpose finite element computer code that is widely 
used in the power industry for analyzing similar components. The model was 
developed for a typical heat exchanger tube located at the rear of the cavity 
where incident flux is maximum. 

Key features of the model are shown in Figure 6-12. Conditions that were 
modeled are: 

Manifold thennal deflection boundary conditions; 
Pressure and gravity loads; 
Temperature dependent material properties; 
Time dependent material properties. 

Temperatures given previously from a thermal model at the receiver design 
point were used to define linear temperature gradients at each element section 
along the tube length as shown in Figure 6-13. 

Initial heating stresses and deflection results are shown in Figure 6-14. The 
deflections are within allowable limits; ample clearance remains to the cavity 
insulation. Maximum stresses occur at the header connections where 
deflections were assumed to be the same as the manifolds. The header/manifold 
assembly was assumed to be rigid in torsion and bending in this analysis so 
actual stresses would be less than shown. The computed stresses are 
substantially less than the 1000 hour allowable stress of 35 MPa {5100 psi) 
for Inconel 617 alloy as computed per ASME Section I Power Boiler Code. 

Long tenn stresses were computed by using an incremental time dependent 
response analysis procedure in the ANSYS code. Huntington Alloys, the 
supplier of Inconel 617, furnished creep strain data at 871°C (1600°F) which 
was converted to a fonn used by ANSYS. 
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Figure 6-12. · ANSYS Model of Receiver Heat Exchanger Tube 
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Figure 6-13. Element Temperatures Used in ANSYS Model of 
Receiver Heat Exchanger Tube 
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.. Initial shape 

: = =------------- - - _.,,_ -------:·- .. 6~ - ... ""' 

- ·===----------------~~ (3.37in) 

Maximum Stress lntensitY \ Deflected position 
~ lb/in2 MPa 

1 3,371 23.2 
2 3,052 21.0 
3 4732 1as 
4 2.413 16.6 
5 2,093 14.4 
6 1,774 12.2 
7 1,502 10.4 
8 1,374 9.5 
9 1,337 9.2 

10 1,450 10.0 
11 1,731 11.9 
12 2,058 14.2 
13 2,386 16.5 
14 2,713 18.7 
15 3,040 21.0 
16 3,386 23.2 
17 3,695 25.7 

Figure 6-14. ANSYS Model Elastic Analysis Results 
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Figure 6-15. Receiver Heat Exchanger Tube ANSYS Stress Relaxation Analysis Results 
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Strain rate • c2 
£= C1 a 

where Cf= effective uniaxial stress 
C1= 1.139 X l0-32 

c2= 7.236 

This creep law was assumed for computing secondary (long tenn) stress 
relaxation. Primary stress relaxation (short tenn, less than 40 hours) was 
neglected, a very conservative assumption considering that shop stress 
relieving of welds is typically done by heating 2 hours at 1650°F. 

Figure 6-15 displays the computed stress time history. The maximum stress 
intensity begins at the initial heating condition, as discussed previously, 
and reduces with time to levels approaching the primary pressure induced hoop 
stress. At 51000 hours, the estimated hot time for 20 year service, the 
maximum tube stress intensity is well below the allowable stress as defined in 
the ASME Power Boiler Code as the lowest value of: 

o 100% of the average stress for creep rate of 0.01% per 1000 hours; 
o 67% of the average stress for rupture at the end of 100000 hours; 
o 80% of the minimum stress for rupture at the end of 100000 hours 

(governing condition). 

Because of the thennally induced time dependent deflections are self limiting 
(the manifolds always deflect a limited amount), the heat exchanger tubing 
will not have a shake-down type of failure mode in cyclic service. 

One area of concern in heat exchanger analysis is low cycle fatigue. The 
maximum residual stress 51000th hour cool down (room temperature) condition is 
23 MPa (3400 psi) based on the ANSYS solutions. Assuming 100000 cycles of 
heating/cooling (very conservative for 20 year service), the actual cyclic 
stresses will be well below the material's rotating beam fatigue strength of 
276 MPa (40000 psi). 

Based on these results, the preliminary heat exchanger tubing design is 
structurally adequate and should show lower stresses in a detailed analysis 
when all structural flexibilities and short term stress relief are accounted 
for. 
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6.4 Air Piping 

A layout that illustrates the air distribution piping concept is shown in BEC 
Drawing 277-10400. The drawing details are obsolete because of changes in the 
design and relocation of the thennal energy storage unit. During the detail 
design phase, the air piping will be redesigned and optimized for minimum 
pressure drop and heat loss. The drawing does illustrate the major components 
of the air piping: 

Riser 
Downcomer 
Connections to: 

Turbine/Generator Set 
Thennal Energy Storage Unit 
Booster Compressor 

Pneumatically-actuated control valves 
Universal expansion joints 
Pressure-balanced elbow expansion joints 
Field connection flanged joints 

The primary perfonnance requirements of the· air piping are: 

1. Distribute and control air from the turbine compressor through the 
receiver, thennal energy storage unit, and booster compressor, and 
to the turbine; 

2. Overall pressure drop associated with the air piping components 
shall be less than 21. 

The air piping is designed to satisfy applicable codes: 

1. Pipe design allowables for pressure-temperature stress per ANSI 
B31.3; 

2. Pipe welding, inspection and testing per ANSI B31.1 or 31.3; 
3. Expansion joints per EJMA standards; 
4. Piping components per applicable ANSI or ASME code. 
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Those sections of the air piping that handle low temperature air are 
fabricated from carbon steel. The high temperature sections, up to 871°C 
(1500°F), are 304 stainless steel. Expansion joints are strategically located 
to acconvnodate thennal expansions during operation. Pipe anchors and spring 
hangers are located along the riser and downcomer on the tower to react 
pressure, expansion and gravity loads. All piping is jacketed with 5.1cm (2 
in) of weather proof thermal insulation. A summary of air piping weight, 
including fittings and expansion components, is presented in Table 6-6. 

Pneumatically-actuated flow control valves are specified to be 10.2cm {4 in} 
Posiseal Butterfly Valves. These valves provide continuous control of air 
flow to the receiver and through the thennal energy storage unit and are 
located in 11 cool 11 lines so commercially available steel valves can be used. 
Similar valves were used previously in the BEC/EPRI Bench Model Receiver test 
program. 

Pressure drops through the air piping are itemized later in Section 17.3. At 
the system design point, the overall pressure drop is 4.48 kPa (0.65 psi) 
which is 1.19% of the turbine compressor outlet pressure at 376.5 kPa absolute 
(54.6 psia). This pressure drop is relatively low due to use of large 
diameter piping. In the detailed design phase, the pressure drop should be 
reduced by rerouting pipe runs (shorter length, fewer elbows). 
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Run Material 

Turbine compressor to riser flange Carbon steel 

Riser Carbon steel 

Downcomer to turbine Stainless steel 

Downcomer to thermal storage Stainless steel 

Thermal storage to booster Carbon steel 
compressor 

Booster compressor piping Carbon steel 

Table. 6-6. Air Piping Weight Distribution 
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Kg Lb 

198 435 

1,518 3,339 

3,209 7,059 

95 209 

187 412 

147 324 
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7.0 ENERGY STORAGE SUBSYSTEM 

The Energy Storage Subsystem consists of a single thermal energy storage (TES) 
unit and a booster compressor (blower). The main operating modes involving 
the thermal energy storage subsystem are shown in Figure 7-1. Solar energy 
received in excess of that required to operate the turbine is circulated 
through TES in the charging mode, Figure 7-l(a). After starting the 
booster compressor, the TES charge flow is started by opening the valves 
downstream of the unit. A thermocline in the heated storage medium advances 
along the length of the storage unit (from right to left in the schematic) as 
the unit is charged. The TES unit is fully charged when the bulk of the 
storage medium is at or near 816°C. However, a portion of the medium near the 
valve end remains downstream of the thermocline and serves as a buffer at 
reduced temperature to limit the valve temperatures during charging. At the 
fully charged condition, the air leaving the TES and flowing through the valve 
and entering the booster compressor is at a maximum temperature of 357°C. 

Flow through the TES is reversed for discharge as shown in Figure 7-l(b) and 
(c). The TES may be operated in parallel with the receiver to supplement the 
available solar energy, or the TES can supply all the thermal energy to the 
turbine. The flows through the receiver and TES are adjusted for these modes 
by the valves between Titan's compressor and these components. 

7.1 Thermal Energy Storage Unit 

The TES unit is designed to satisfy the following performance requirements: 

1. Thermal capacity shall be 7280 kW-hr when plant is operating normally; 
2. Mass flow range shall be up to 1.01 kg/s with a maximum pressure loss of 

25 kPa; 
3. Heat loss shall be less than 4% of capacity in 24 hour on a hot, windless 

day; 
4. Full receiver output shall be accepted during emergency conditions for 2 

minutes; 
5. Charging rates shall be accepted up to 700 kW; 
6. Discharge rates shall be accepted up to 600 kW; 
7. Inlet temperature shall be accepted up to 816°C {1500°F). 
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Solar 

(a) TES charging 

-®-,--..~ .... ..__ _ _.. TES 

--0-----~--

(b) Parallel receiver and TES discharge 

TES 

--0-----~---

RC 

(c) TES discharge 

-0-----~--

Figure 7-1. Altemate Thermal Energy Storage Operating Modes 
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Design requirements for the TES unit are: 

1. Maximum design pressure is 243 kPa (35.2 ps1g); 
2. Inspection access ports at vessel ends; 
3. Maximum shell temperature: 260°C (500°F). 
4. Environmental design criteria per System Specification Section 3.2.5; 
5. Unit shall be self supporting; 
6. Field installation of storage material and insulation. 

Major interfaces of the TES unit are: 

1. Smooth bearing surface on reinforced concrete foundation; 
2. Piping connection flanges - Hot side: 200 mm (8 in) diameter, 136.4 kg, 

(300 lb) stainless steel flange; Cold side: 150 mm (6 in) diameter, 
136.4. 

3. Thennocouple instrumentation. 

TES Baseline Design 

The TES unit design shown in Figure 7-2 uses tabular alumina pebbles for 
sensible heat storage. A free standi.ng cylindrical pressure shell will be 
fabricated from ASTM A515 Grade 70 steel; shop connections will be welded with 
10~ radiographic inspection and field connections will be bolted. The 
storage material chamber is surrounded by insulating fire brick (Babcock & 
Wilcox type K23). Differential expansion between the steel shell and fire 
brick is accommodated with a thin filling of bulk Kaowool insulation. Flow 
diffusers are provided at each end of the storage chamber. At the lower end, 
the alumina pebbles are supported by a steel grill. 

The TES loads are supported by a reinforced concrete foundation. An analysis 
of overturning due to wind and seismic loads, neglecting soil friction and 
foundation weight, shows the TES unit has an ample factor-of-safety of 11.1. 
Reinforced concrete caissons are provided as protection against differential 
settlement and may be deleted during detailed design when a soil investigation 
is perfonned. 
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12.2m 
(40-ft) 

• 

0.76m 
(2.5ft) 

10.4m 
(34,ft) 

Air line 

~ 

Steel grill pebble support -'__/ 

Drain 

1.07m 
(3.5-ft) 

Radial steel support 
plate (12 places) 

Flow deflector 

Bulk kaowool insulation 

0.91m 
(3-ft) 

1.6cm (0.625-in) alumina 
pebbles 

a---12. 7mm ((0.5-in I cylindrical 
steer pressure shell 

,--..~ .... ---Airline 

...._ 0.81 m (24-in) dla x 2.4m (8-ft) 
Reinforced concrete 
cass1on (4 places) 

Figure 7-2. Thermal Energy Storage Unit 
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Charging air at 816°C (1500°F) enters the top of the TES unit. This vertical 
arrangement has several advantages: 

o The base of the storage chamber and the pebble support grill is in the 
11 cool 11 zone so common materials can be used where load transfer occurs. 

o Hot air from the receiver enters the TES unit via the shortest air line 
route. 

o The vertical storage cavity can be filled easily with good pebble 
placement control. 

Tabular alumina pebbles are selected as a heat storage medium because of 
previous Boeing experience (see following discussion), current low price 
(compared to magnesia brick), and ease of construction. Thennal properties of 
alumina are similar to alternate materials such as magnesia, and alumina has 
excellent life in the pilot plant application. Tabular alumina .is available 
from Kaiser Aluminum and Chemical (Baton Rouge Plant) and is mass produc-ed in 
rotary ki 1 ns. 

The TES design utilizes the product fonn called "converter discharge" which 1s 
obtain.ed directly from the kilns and, therefore has lowest cost, compared to 
finer grades that are subject to further processing. The Select Converter 
Discharge grade is specified; this grade is inspected and screened to remove 
fines and spalls and has a nominal diameter of 1.59 cm (0.625 in). Current 
cost of this grade is $0.69/kg ($625/ton) FOB Baton Rouge. 

Weight of the TES is distributed as follows: 

!9. lb 
Pressure shell and fittings 17700 39000 
Tabular alumina 95000 209000 
I nsul at i ng fire brick 250000 561000 

Total 367700 809000 
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Baseline TES Perfonnance (Brick Medium) 

The TES unit thennal analysis capacity requirement chosen for the solar 
desalination pilot plant is 7280 kW-hr. As discussed in Section 4.0, the 
pilot plant system design was based upon a solar multiple of 2.0 as compared 
to the 4.0 for the commercial plant design. By using the commercial plant TES 
design as a base and scaling to the pilot plant operating conditions, the 7280 

kWt-hr capacity was obtained. The commercial plant annual performance 
calculations indicated an annually averaged temperature delta across the TES 
medium of 244°C. Assuming a refractory storage medium heat capacity of 1143 
J/kg, a baseline storage medium mass of 9.4 x 104 kg is specified. 

The majority of the pilot plant performance calculations were made using a 
easier baseline TES medium/blower configuration having an off-the-shelf 
commercial unit with an assumed peak adiabatic efficiency of 65% and 
Freyn-type bricks for the storage medium. Figure 7-3 shows the storage medium 
temperature profile or thennocli ne as a function of nondi.mensional medium 
length. As can be seen, the effective TES capacity is only about 3300 kW-hr 
which allows a 7-8 hour discharge time. As described in the following 
subsections, more efficient medium design (packed bed) and blowers have been 
identified and will be pursued in the Phase II effort. 

Another perfonnance requirement on the TES unit is a massflow range capability 
of up to 1.01 kg/s with less than 25 kPa pressure loss. The selected TES 
blower has a 40% turndown yielding a 0.40 -1.0 kg/s flow range. Pressure drop 
calculations on the earlier baseline TES unit having a brick medium and 
baseline mass show a pressure loss of 22 kPa at 1.01 kg/s. 

Insulation sizing was chosen such that the tank would lose 291 kW/h (4% of 
7280) in 24 hours if the TES medium were held at 816°C with an ambient 
temperature of 38°C. At 0°C, the loss would be 4.5% of capacity. 

The piping design allows venting of the TES cold end. Since the TES cold 
fluid temperature is equal to or less than 357°C during operation, a reserve 
capacity always exists to accept the full receiver output for short intervals. 
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Temp, 
oC 

400 

300 

200 

16i, 

Reserve 
maintained 
to start plant 
next day and 
cover thermal 
losses~ 60 kWt-h 

0.1 0.3 0.5 

TES fuHy charged: 
Blo~r,. inlet temperature 
111:s357"C 

I 
TES empty: 

Max TES 
thermocline 
on d8$ign day 

Electrical output requirements 
1 RO module at ¼ power 

0.7 0.9 
Nondimensional TES medium length, ~/L 

Figure 7-3. TES Performance - Thermocline Data 
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I 
Also for maximum massflow conditions, the TES can accept 704 kW charging and I 
provide 625 kW discharging, thereby meeting those perfonnance requirements. 
Finally, the temperature capability of the TES medium and insulation exceeds 
1000°C which is a significant margin above the 816°C requirements. 

Roundtrip Efficiency 

The TES roundtrip efficiency is defined as the ratio of electrical output 
during TES discharge to the potential additional electrical output during TES 
charging. If Pc= TES charge rate over a given time increment .6.t, andnc is 
the turbogenerator cycle efficiency over the same.6.t, the potential additional 

· electrical output is Pc x Tl~• Simi 1 arly, the actual electrical output 
during TES discharge can be summed. The round trip efficiency then becomes 

L E0 .6.t 

L Pc Tl c .6.t 

The results from the system analysis model indicate the round trip efficiency 
for the cl ear w1 nter sol st ice day is Tl RT = 0.65. The yearly averaged value 
is TlRT = 0.54. As indicated before, this round trip efficiency can be 
increased with a more efficient TES blower. 

Packed Bed TES Performance 

Because the baseline brick medium mass of 94,000 kg does not become fully 
charged, it was apparent that an equal mass of packed pebbles would also be 
too heavy. Lighter mass packed bed TES units were consequently studied using 

•7 
the heat transfer and pressure drop analyses presented in References 7 and 8. 
Two pebble masses were evaluated: 26,590 and 42,500 kg. The plant 
performance model was used to develop packed bed TES perfonnance for a 
selected booster compressor efficiency of 72%. Figures 7-4 and 7-5 show 
resulting thermocline data for the respective pebble masses. The pebble bed 
TES units display more effective capacity utilization than the heavier brick 
TES configuration (characterized in Figure 7-3). Additional performance 
comparisons are presented in Section 17.7; the mo~~ effective medium appears 
to be packed alumina pebbles with a mass af 42,5__~9 kg~ During detailed 
design, the packed bed TES design will be optimized based on performance and 
cost. 
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Figure 7-4. Packed Bed TES Thermoc/ine Data (42,500 kg) 
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Figure 7-5. 26, 690 kg Packed Bed TES Thermocline Data 
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Packed Bed TES Related Experience 

Boeing successfully operated a refractory/pressure vessel as an air preheating 
system for wind tunnel testing from 1964 to 1979 (the unit was dismantled 
because of remodeling). The system consisted of a packed bed of alumina 
spheres contained in a 1.5 m ID x 4.6 m (5 ft ID x 15 ft) steel tank lined 
with layers of insulating firebrick. Figure 7-6 shows a schematic of the 
heater. The tank shell was ASME code rated for 10342 kPa (1500 psi) gage and 
344°C (650°F). The heater operated at maximum gage pressures of 8963 kPa 
(1300 psi) and over a temperature range of 816°-1372°C (1500°-2500°F). 

The alumina was contained in a 0.7 m x 2.9 m (28 in x 114 in) central core. 
The bed was comprised of 0.95 cm (0.375 in) diameter pebbles with a layer of 
2.54 cm (1 in) diameter pebbles on•top and bottom to serve as diffusers for 
the gas flow and to restrain pebble movement. A superalloy grate supported 
the pebble bed. 

A vertical flow arrangement was used. During the firing cycle, combustion 
products from a natural gas burner entered the top of the bed charging the 
storage medium. The lower temperature combustion gases exhausted to the 
atmosphere at the base. A water spray was used to cool the Hastelloy grate 
during charging of the bed. Figure 7-7 shows thennocline development in the 
packed bed during a typical charging cycle. 

During discharge of the bed, high pressure air entered the bottom of the bed, 
flowed upward and exited a side port into the wind tunnel plenum. Figure 7-8 
shows the variation between pebble surface temperature and wind tunnel plenum 
stagnation temperature during a typical test. The test cycle was only a few 
minutes in duration and the two temperatures remain very nearly constant 
during this period. Losses due to water cooled plenum and by-pass of air 
through the refractory brick insulation account for the difference between the 
pebble bed surface temperature and the plenum stagnation temperature. During 
the discharge time, the pebble bed transferred heat to the air at a rate of 
approximately 8 MW. The pebble bed contained approximatey 3% of the volume 
of storage material contained in the sensible heat TES design for the pilot 
plant. 

70 

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



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

Operational 1964 to 1979 
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Figure 7-6. Pebble Bed f!eater_Schematic 
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Figure 7-7. Thermocline Development in Packed Bed Heater During Charging Cycle 
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Figure 7-8. Typical Packed Bed Heater Performance Data During Discharge Cycle 
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Considerable experience has been gained on perfonnance, heat transfer and 
refractory erosion as a function of temperature, mass flowrate, and time 
through operation of this system. Although this pebble bed heater has 
different design parameters than those for the pilot plant, the technology is 
directly applicable in the development of the pilot plant TES design. The 
successful lOAg tenn operation of the wind tunnel's pebble bed heater is 
evidence that refractory TES is state-of-the-art. 

7.3 BOOSTER COMPRESSOR 

The booster compressor perfonnance requirements are as follows: 

1. Mass flow range shall be up to 1.01 kg/s of air at 579 m 
elevation; 

2. Adiabatic compressor efficiency shall be l 0.65 at design point 
conditions; 

3. Motor efficiency shall be l 0.90 at design point conditions; 
4. Maximum inlet temperature to blower shall be 357°C (675°F); 
5. 56.5 kPa compressor differential pressure at design mass flow and 

317.2 kPa absolute inlet pressure; 
6. Maximum case pressure 375 kPa absolute at design inlet 

temperature. 

Specific design requirements are: 

1. Variable speed electric motor drive 460V, 3 phase, 60 Hz; 
2. 20 year design life; 
3. Outdoor concrete slab mounting; 
4. Inlet and outlet connections: 20 cm (8.0 in), 57 kg {125 lb) 

bo 1 ted flange. 

A survey of suppliers revealed three models for booster compressors that will 
satisfy these requirements: 
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o M-D Pneumatics Model S57-5511 
- Single stage, rotary lobe, positive displacement 
- "Zero leakage" face type mechanical seals 
- Inlet air is cooled to 121°C (250°F) using an ITT Bell & Gossett 

Model QGC85-102 shell and tube water cooled heat exchanger 
- Required coolant flow: 71.9 1/m (19 gpm) at or below 32.2°C (90°F) 
- Water cooled oil cooler 
- Re_eve~~ri-Drive:_~2-~-~-~~W (30 hp) rating (17.9 kW required by 

compressor, 7.6 kW required for precooler and line pressure drop) 
- 2500 rpm at design fl ow 
- At least 20% turndown (could be less depending on inlet air 

temperature and duration) 
- 72% peak aerodynamic efficiency 
~ 90% electrical efficiency 

o Spencer Model 6050-H (modified) 
- Four stage centrifugal compressor 
- 91.4 cm (36 in) casing 
- Variable speed electric drive: 37.3 kW (50 hp) rating 
- 40% turndown 
- 62% peak aerodynamic efficiency 
- 90% electrical efficiency 

o Mechanical Technology Inc. (MTI) Custom Design 
- Single stage centrifugal compressor 
- High speed gearbox 
- Variable speed electrical drive: 28.9 kW (39 hp) 
- 50% turndown capability 
- 80% peak aerodynamic efficiency 
- 90% electrical efficiency 

The M-D compressor is selected for the pilot plant because (1) all hardware is 
off-the-shelf and therefore, lowest cost; (2) high efficiency; (3) excellent 
turndown range; and (4) good flow control via positive displacement. A slight 
disadvantage with positive displacement compressors is their commercial 
limitations on inlet temperature due to problems with clearances and seals. A 
water cooled air precooler is specified that will limit inlet air tenperature 
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to·121°c (250°F) using a peak coolant flow rate that is only 8% of the peak 
wate.r production rate. Air pressure drop through the precool er is only 2%. 
During detailed design, a study wi 11 be conducted with the supplier to 

.-1 

increase allowable inlet temperature of the M-D compressor for our unique, 
intennittent conditions. An increase in allowable inlet temperature will 
lessen or eliminate the need for precooling. This compressor design approach 
appears to be best compared to the centrifugal compressor options: a modified 
Spencer compressor having low efficiency and the MTI compressor having high 
efficiency via high speed but high development cost. 
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8.0 ENERGY DELIVERY SUBSYSTEM 

8.1 Gas Turbine Generator Set 

The gas turbine generator set is comprised of a skid-mounted generator, 
combustor, compressor, and integral_ gas turbine engine, with an air inlet 
silencer, exhaust bellows, oil cooler, and local control with protective 
circuits. The turbine generator set, illustrated in Figure 8-1, is· 
manufactured by the Alturdyne Company in San Diego, California, and has a sea 
level rating of 90 kW. Sblar Turbines International (STI), also in San Diego, 
manufactured the turbine unit, a Solar Titan Model T62T-32, that is furnished 
with the set. General features of the turbine are shown in Figure 8-2. 

The standard Titan is equipped with an annular combustor, located to the right 
of the air inlet in Figure 8-2 and shown schematically in Figure 8-3. This 
combustor would be modified by STI to an external combustor confjguration ~1th 
air inlet/outlets needed for the pilot plant system; these modifications 
appear in Figure 8-4. The modified turbine generator set will be identical to 
a set currently being prepared by STI for the BEC/EPRI Full System Experiment 
program. 

Sea level perfonnance of the turbine is given in Figure 8-5. The turbine 
generator set is rated at 90 kilowatts, lagging power factor 0.8 to 1.0 (0.8 
continuous), 416-480 volts, 60 hertz, 3 phase, 4 wire, ABC phase rotation 
under all of the following conditions: Sea level, compressor inlet 
temperature of 80°F, and total turbine exhaust restrictions of 611 water gauge. 
The turbine generator set is controlled by an electric power generation 
controller that is located in an adjacent cabinet. This controller will have 
hardware and software common to a unit also being furnished to the Full System 
Experiment by STI. Section 13.4 describes the controller in detail. 

8.2 Electric Power Distribution 

To provide flexibility in routine plant operations and commercial plant 
simulations tests, design for dual power sources was incorporated. A 
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Figure 8-1. Alturdyne Turbine/Generator Set 

• Gas Turbine manufacturer - Solar Turbines. International 
• Power plant packager - Alturdyne 

• Titan used on EPRI/FSE program 
• External combustor.constructed 

and tested 
• EJectrlcaJ output range compatible 

with pilot plant water production 
capacity 

2&.817 -- .• 

Figure 8-2. Turbine Subsystem 
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Exhaust 
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Figure 8-3. Trim Combustor/Flow Ducting Mods - Standard Annular 

Igniter I:"" Bleed/dump valve 

-+- From n,ceiver 

Control valve 

~ To receiver 

Figure 8-4. Trim Combustor/F/ow Ducting Mods - Modified System 
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Figurs 8-6. Power Distribution·- Simplified One Line Diagram 
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simplified one line diagram of this power distribution system is given in 
Figure 8-6. There are three basic modes of electric power distribution: solar 
only; utility only; and split bus operation, i.e., a combination of solar and 
utility operating in parallel but not in a co-generation mode. 

During dual mode operation, everything in Figure 8-6 to the left of the 
switchgear is dedicated to the utility source and to the right of the 
switchgear is solar generation dedicated. Items to the left of the switchgear 
include the facility and building requirements and master computer, and to the 
right of the switchgear include the heliostat and water treatment systems. 
During transition from one operational mode to another, there is a requirement 
to synchronize the electric power sources for up to 30 seconds. 

The switchgear will be designed to manage the following power sources rated at 
480V, 3 phase, 4 wire, 60Hz, a.a power factor: ,,;.t J1vA y -~ :1 9o }fW 

Turbine Generator Set: 112.SKVA with high resistance grounding 
Electric Power Grid 260 KVA 

The required switchgear design is shown in Figure 8-7. This design 
incorporates two circuit breakers (152 and 252) for overcurrent protection and 
source isolation. Bus isolation is accomplished with the tie breaker (24) and 
source synchronization with the synchronizer (25). Other protection devices 
are the generator ground fault (64) and generator loss of excitation (40). 
The rest of the devices are used for system monitoring of both sources, i.e., 
voltages, current, frequency, etc. The buses shown in the figure are 
dedicated as given here, bus 1 has the facility and building requirements and 
the master computer, bus 2 has the heliostat field and the water treatment 
subsystems. 

A power consumption estimate was generated as a function of the pilot plant 
requirements. Table 8-1 gives this power consumption estimate as a 
minimum/maximum range that covers the needs of the pilot plant. Some of these 
loads, notably the booster compressor and the desalination feed pumps, have 
variable power demands and intermittern:-~operation. Starting transients for 
the electric motors, if conventional starters were used, would be difficult to 
handle in stand-alone solar operation. Using 11 soft start" motors is a 
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Figure 8-7. Switchgear Functional Diagram 
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Load 

Plant 
Building 

Site lighting and 

Tower 

Minimum 
(kW) 

25 

security 1 

1 

Master Computer and Instrumentation 2 

Heliostat and Electric Power 
Generation Computers 1 

Heliostat Drive Power 2 

Booster Compressor 0 

Feedwater Pre-Treatment Equipment 7 

Desalination Equipment 11 

Miscellaneous Loads 4 

Power Consumption 

Maximum 
(kW) 

50 

5 

2 

5 

1. 

6 

40 

7 

63 

4 

'I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Table 8-1: Estimated Power Consumption 
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practical and effective way to alleviate the problem. The "soft start" 
capability is easily incorporated into the variable speed drives of the pump 

motors and of the booster compressor with minimum added cost and is available 

as a standard feature from a few vendors. Transients associated with tripping 

motors off-line will be handled by venting excess energy from the receiver. 

Feasibility of adding a flywheel to the turbo generator set shaft to dampen 
the generator frequency transients will be investigated in the early stages of 

the Phase II design. 
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9.0 BACKUP POWER GENERATION SUBSYSTEM 

Backup power w111 be supplied to the pilot plant from several sources: Fossil 
fuel, batteries and electric power grid. Both fossil fuel and batteries are 
options that directly relate to the backup power needs of the commercial 
plant. Fossil fuel and grid power are convenient power sources for pilot 
plant testing. Grid is the likely backup power source when the pilot plant is 
eventually operated by the Upton County Water District. Use of grid power is 
discussed in the preceding section. 

Uninterruptable power supplies (UPS) using batteries are provided in the pilot 
plant design in two circuits: Heliostats and master computer. The UPS for 
emergency heliostat power is sized at lOKVA, 3 phase, 120/208 VAC, 60Hz. 
Equipment specified for this application are Elgar Corporation's Model UPS 
103-3A and BPlOA-0109 battery pack. The 10 KVA power rating is based on the 
estimated time needed to move all heliostat images off the receiver aperture 
which is 30 seconds with a slew rate of 12°/minute. Emergency power for the 
master computer will be provided by Elgar's UPS 652-lA with BP05A-050g battery 
pack rated at 6.5 KVA, 1 phase, 120/240 VAC, 60 Hz; 5 KVA is required. 

For the fossil fuel option, JP-4 can be used to power the turbine generator 
set for extended periods. JP-4 will normally be used in starting the Titan. 
A 1.14m3 (300 gallon) JP-4 storage tank will be located on the site which will 
provide an ample fuel supply for normal starting and intennittent operation. 
Natural gas was considered as an alternate fossil fuel for the Solar 
Titan because of its potential benefits: easier starting, lower fuel cost, 
local availablity, safety. The design currently does not have this option 
because of the added cost. 
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10.0 FEEDWATER PRETREATMENT SUBSYSTEM 

The function of the feedwater pretreatment subsystem is to provide water of 
required quality to the reverse osmosis units. The most common membrane 
fouling in any reverse osmosis system is due to the precipitation of calcium 
carbonate and calcium sulfate on the membrane. Because the Rankin, Texas raw 
water source has a relatively high hardness content and the potential for 
scaling, two potential pretreatment schemes, acid injection and weak acid 
cation (WAC), are candidates for application in the pilot plant. The 
alternate pretreatment schemes, including approximate costs, are shown in 
Table 10 ... 1. The acid injection and WAC ion exchange methods have similar 
costs. For example, the estimated average water pretreatment cost for a 
twenty year plant life is 0.058 $/m3 for WAC and 0.0604 $/m3 for HCl-acid 
injection. Sulfuric acid injection has the disadvantage that at the 75% 
recovery specified for the reverse osmosis system, the solubility limit of 
calcium sulfate would be exceeded, and the addition of a scale inhibitor such 
as sodium hexametaphosphate would be required. 

The WAC ion exchange pretreatment method is selected for the pilot plant (and 
also the commercial plant). This pretreatment process is capable of 
essentially single step reduction of calcium and bicarbonate with effluent pH 
control, utilizing less acid than would have been required for bicarbonate 
destruction alone. In addition, the WAC pretreatment satisfies a Task 4 
objective of demonstrating the technical f~asibility of the commercial plant. 
An important factor is the control system features and operational procedures 
will be similar in the pilot and commercial plants. 

WAC pretreatment is essential, technically speaking, as a pretreatment method 
for the commercial plant design. In the commercial plant, recovery rates 
greater than 80% could cause the dissolved salts to exceed their solubility 
limits. Salt precipitation would then occur, causing membrane fouling. In 
the commercial plant, the possibility of calcium sulfate and calcium carbonate 
precipitation is also eliminated by use of WAC ion exchange. 

I 
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As previously shown in Figure 4-1, the feedwater pretreatment subsystem 
consists of two full flow anthrafilt filters in parallel, three weak acid 
cation units in parallel, a regeneration system with acid storage for these 
units, and a decarbonation/pH control unit. This pretreatment system was 
selected because of its on-line high reliability, flexibility, and 
compatibility with pilot plant intennittent operation, particularly important 
to integration in a solar dependent power system, its relatively simple 
control and operation, and minimum energy requirements. 

Description 

WAC {baseline} 

Table 10-1. Alternate Pretreatment Schemes 

Estimated 
Reliability .;;.Co __ s __ t __ 

$167,000 Maximum water 
capacity. 
Lowest chemical 
cost. 

Acid Injection - HCl equal to 
baseline 

$30,000 Lower capital 
cost than 
baseline. 

Acid Injection - H2S04 less than $30,000 
with inhibitor baseline 
injection 

No Pretreatment less than 0 
baseline 
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Lower capita 1 

cost than 
baseline 

Lower capita 1 

cost than 
baseline. 

Higher capital 
cost. 

Lower water 
capacity, 
higher HCl 
cost than 
baseline. 

Lower water 
capacity, 1 ess 
reliable than 
baseline. 

Lower water 
capacity, 1 ess 
reliable than 
baseline, 
cannot get 72% 
RO recovery. 
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10.1 Feedwater Supply 

The feedwater supply to the pilot plant is provided by a connection to the 
existing Upton County Water District water line coming to the site. A 
centrifugal booster feed pump provides the required hydraulic head for flow 
through the pretreatment subsystem. The pump is rated at 1642m3/d at 10.7m 
(300 gpm at 35 ft) total dynamic head and provides 241 kPa (35 psig) discharge 
flow to the anthrafilt filters. A bypass control loop around the feed pump 
controls the flowrates to the RO desalination subsystem. A hydraulic profile 
for the pilot plant water systems is shown in Figure 10-1. 

The two feedwater filters are required to remove suspended solids, silt, and 
turbidity that is typical of well water. The filter units are arranged in 
parallel with each unit rated at half of system capacity. Each unit is 2.4m 
{8 ft) diameter by 0.9m {3 ft) straight section and has a 0.9m {~ ft) bed 
height of anthrafilt filter media. Backwash frequency is estimated at once 
per week. This is initiated when the pressure drop across the filter bed 
exceeds the manufacturers specification, nonnally 68.9-103.4 kPa (10-15 psig). 
Backwash sequence nonnally will be scheduled for the night shift operation or 
other periods of minimum water production. Product water will be used in this 
operation. 

10.2 Ion Exchange Units 

The weak acid cation exchange units are required to reduce the hardness and 
concentration of the RO feedwater. This softening reaction eliminates the 
potential for calcium scale fonnation in the RO membrane ensuring system 
reliability and production capability. In the softening reaction, the calcium 
ion is absorbed on the WAC resin and displaces a hydrogen ion. This hydrogen 
ion combines with the bicarbonate ion in the feedwater to form carbonic acid 
which is subsequently removed downstream in the decarbonator unit. The 
chemical reactions are identified in Figure 10-2. This reaction continues 
until no further calcium can be absorbed and regeneration of the bed is 
required. Regeneration of the resin in the WAC exchange unit is accommplished 
by flushing the resin bed with hydrochloric acid, which removes calcium ions 
and replaces the hydrogen needed in the softening reaction. 
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Figure 10-1. Hydraulic Profile, Solar Energy Desalination Plant, Rankin, Texas 

SoFTENING REACTION 

CA++ CHCOjl2 + 2 RCrlOH ~. 
CA++ <RC00->2 + 2H2C03 

DECARBONATION REACTION 

REGENERATION REACTION 

CA++ . CRC00->2 + 2 HCL 

~ ~ 
CA++CL2 + 2 RCOOH 

NOTE: RCIJIJ IS THE RESIN BACKBONE AND - SIGNIFIES RESIN PHASE, 

Figure 10-2. Weak Acid Cation Ion Exchange 
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A schematic of one of the WAC exchange units and the regeneration system is 
shown in Figure 10-3. Normally one of the three WAC units is kept in a 
standby or regeneration status with the other two beds in production 
operation. In normal operation, the feedwater is distributed over the resin 
bed and flows down to the underdrain headers where it is collected and 
directed to the decarbonation system. The softening reaction occurs as soon 
as fresh resin is encountered; thus, the reacton front moves uniformly down 
through the bed, and the amount of softening remains constant as long 
as the reaction front remains above the drain headers. After a predetermined 
quantity of feedwater has flowed through the unit, it is replaced on-line by a 
fresh unit and is then regenerated. The regeneration cycle is automatically 
controlled through precalibrated timer instrumentation and is accomplished by 
isolating the unit, backflushing the bed contents, regenerant contact for a 
specified time period with dilute hydrochloric acid and final rinse with 
product water. The regeneration of each WAC bed will occur daily at system 
specification production capacity and will require an estimated two hours to 
complete. 

Figure 10-4 illustrates the construction features of the WAC units. Each WAC 
unit is 1.5 m (5 ft) diameter by 1.5 m (5 ft) straight section with a 0.9 (3 
ft) resin bed height. The ion exchange resin is a divinyl benzene type. The 
three WAC units are skid mounted with all piping, valves, and controls 
assembled. The regeneration components include an acid storage tank, feed 
pump and in-line mixer. The acid tank has a 3.79 m3 (1000 gallon) capacity 
and is constructed of corrosion resistant materials. The acid feed pump is a 
positive displacement reciprocating type, rated at 0.32 1/s (5 gpm) at 21.3 m 
(70 ft) head. 

10.3 Decarbonator Unit 

The decarbonator unit function is to precondition the RO feed by removing 
excess acidity in the WAC product effluent. The acidity is in the form of 
carbonic acid; the result of the ion exchange reactions shown in Figure 10-2. 

The decarbonator unit removes the dissolved carbon dioxide by desorption 
within a packed bed column. The WAC product effluent ts distributed downward 
through the relatively large surface area of the packing media. A counterflow 
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Figure 10.3. Weak Acid Cation Exchange System 
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Figure 10-4~ Weak Acid Exchan!}EI Resin Bed 
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Flgu,.e 10-5. Decarbonatlon/pH Conuol System 
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of air from an external blower then sweeps the released carbon dioxide to the 
vent system. The decarbonator product is collected in the lower section of 
the unit which serves as surge and feed supply to the RO units. Final pH 
adjustment is accomplished with untreated WAC effluent via a bypass loop. The 
specified 5.9 pH feedwater to the RO units 1s obtained by varying the ratio of 
the WAC product effluent through the decarbonator and bypass. The bypass flow 
ratio is estimated at 10% of system capacity. It is automatically controlled 
by a pH indicating controller downstream of the unit. The unit and control 
systems are illustrated in Figure 10-5. 

The decarbonator is a counter-current packed absorption tower, 1.07 m (3.5 ft) 
diameter by 3.66 m (12 ft} high overall, with an internal packing height of 
2.13 m (7 ft}. Packing media is 2.54 cm (1 in} Super Intalox polypropylene 
material. The decarbonator blower is rated at 0.64 m3/s at 15.24 cm water 
pressure. The unit is provided with inlet air filter, differential pressure 
(across filter) sensors, 1.49 kW (2 hp), 3500 rpm motor and accessories. 
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11.0 DESALINATION SUBSYSTEM 

Desalination for the pilot plant is accomplished by three parallel trains of 
reverse osmosis units providing a water recovery rate of 75%. The process of 
reverse osmosis is the rejection of dissolved materials taking place under 
pressure when the feed solution passes through a semi-penneable membrane. The 
product flow through the membrane in the reverse osmosis unit is proportional 
to the applied pressure differential across the membrane. The nominal 
pressure for this process is 2.76-3.1 MPa (400 -450 psig). The passage of 
dissolved salts through the membrane is proportional to the concentration 
differential across the membrane. 

Five basic criteria for the selection of the reverse osmosis units were 
applied against the pilot plant system requirements. They were as follows: 
capacity in terms of system flow; performance in terms of product composition; 
stability in terms of operating life, i.e., membrane replacement; economics in 
the procurement of multitrain RO systems; and operational flexibility and 
efficiency for utilization of varying solar energy. 

11.1 Reverse Osmosis Units 

Feedwater from the pretreatment subsystem enters the RO system through an 
automatically controlled shut-off valve and flows to variable speed positive 
displacement pump. From the high pressure pump the feedwater flows to the 
feed inlet connection of the RO module. Each module has been specified to 
provide a recovery water rate of 0.75. Each RO train includes three RO 
modules (pressure vessels), each containing six 8600 PA elements in series. 
The modules are arranged in a 2:1 array. Two liquid streams discharge from 
each module. The product (permeate) stream is at essentially atmospheric 
pressure since any back pressure would reduce the net feed pressure which is 
the driving force controlling module productivity. The discharge pressure is 
estimated at less than 1.5 atmospheres but is sufficient to direct product to 
storage or the Rankin municipal system without additional pumping 
requirements. Reject water leaves the reject outlet at an estimated 2.34 MPa 
( 340 psig) due to an overall pressure drop through the module. Reject water 
(concentrate) flow rate is controlled by a reject flow control value which 
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maintains sufficient pressure for the module operation and limits the 
concentration of the feed to minimize precipitation of salts. Each RO train 
is protected by pressure and flow instrumentation which will shutdown the high 
pressure pump and isolate the system to protect equipment and insure product 
water quality •• 

Specific protection for each RO train that would schedule the shutdown of the 
RO high pressure pump include: 

Location 

Pressure pump suction 
RO module feed 
RO module reject 

RO module reject 

Sensing 

Low pressure 
High pressure 
High differential pressure across 
membrane 
Low flow 

The membrane type selected for the RO units is Fluid System's Model 8600 PA, 
TFC® Spiral Wound Reverse Osmosis Element; the supplier's data for this 
non-cellulosic element are shown in Figures 11-1 and 11-2. The element 
operates at high flux (flow) levels and is proven in commercial applications. 
The expected normal membrane life is three years. This is the same membrane 
that is specified for the commercial plant. 

Performance of the elements in the 2:1 train configuration is shown in Figure 
11-3. Each train can be operated down to 60% of its maximum flow rate. 
The predicted TDS of the permeate water with no blending is 122 ppm which is 
well within the 500 ppm potable water requirement. 

Three parallel RO trains were specified to permit utilization of varying solar 
power. By·combining the variable capability of each train, it is possible to 
provide a variable production rate that "follows 11 the available power supplyo 
Figure 11-4 presents the RO production (unblended) for single and multiple 
train operation. 
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Fluid Systems 
Product 
Specification 

TFC® Spiral Wound Reverse Osmosis Element 
Model 8600 PA 
lndlvldual elements are tested under the following conditions: 

• 2,000 mg/I NaCl solution 
• 420 psi applied preaure 
• Solutlon temperature 25-C (77°F) 
• 100/o water recovery 
• Solution pH S.O to 6.0 
• 30 minutes of operaUon prior to data collection 

Operating at the aaave conditions, the fotlowing Initial performance can be expected: 

DesJgn Minimum Maximum 
1) NaCl Refection • • . • • • • • • • • . • • • • • • • 98% 97o/. Not AD1111a111e 
2) Permeate Flow. • • • • • • . • • • • • • • • • • • 7500 GPO 6350 GPO 8850 QPD 

ADcmONAL 0&SIGN INFORMATION (1) ~ 
7!COGPO 
420 psi (2) 

83 GPM 

• Oeslon Permeate Flow •••••••••••.••••••• 
• Recommended Ope,atlng Pressure •••••••• 
• Recommended Feed Flow to any element •.• 
• Oeslgn Ratio of Permeate to CCncentrate 

Flew for any Element •••.•.•••••••.•••••• 
• Allowable Pressure drop per Element •.••••• 
• Allowable Preuure drop per 6 element 

1:t 
s psld 

pressure tu!le • • . • . • • • • • • • • • • • . . • • • • • • • • 30 plid 
• FeeawaterTwtllalty........... . • • . • • • . • • <Q.2 NTU 
• Feedwatel'Cl1lorlne COncentratlon. • • • . • • • • o.o ffl9II 
• FeedwaterTarnaeratuta • • • • • • • . • • • • • • • • • a•c !77"Fl 
• Ftedwater pH... • • . • . • • • • • • • . • • • • • . • • • . . U 
• lnterconnector- Part Numt>et~ • • • • • 1 Supptted 
• 0-Rlngs- Part NumDer 10-0244.... . • • • • • • 2 Supplied 
• Antitelescopingl CenterlnQ 0evice . • . . . • • . Bonded to Element 

Not~ 
'D GPM 

1:S 
NGI AllllliOaOle 

NotAaOlteallle 

0 
0.0 mg/I 
0 (32"t=) 

4.0 

-~ 12 csld 

ao csld 
1 NTU 

0.0 mg/I 
46"C (113-,:) 

6.S 

(f)ln-----~-lllcanftlGI.U.fflGf9llfflltlll9 ____ 1tteG811mlO--
-Of--.......arlf-!n'-iS--CllftlllCIPluic1Sytllll!S0lorislon. 

t21TIIS_a,___,,.OIIIS$111a111Z!"Cl77"1'1.Alft!QIW-U.01l«dll9-ffl11Y-I0118 
---llleaeslglt-flowtSftOI-

Figure 11-1. TFC Spiral Wound Reverse Osmosis Element Model 8600 PA - Product Specir,cation 
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Figure 11-2. TFC Spiral Wound Reverse Osmosis Element - Model 8600 PA 
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Figure 11-3. Reverse Osmosis Train Performance 
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Figure 11-4. Power Consumption Venus Combined Product Water from Combined 
RO Trains. 
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The three train design has several features that make it attractive for the 
pilot plant: 

1. The control system will be required to manage two changes in number 
of operating RO trains (good simulation of the three changes that 
occur in the commercial plant). 

2. All RO trains can be close to or at peak flow during switching of 
TES unit {similar to the commercial plant). 

3. The combined RO peak power requirement is slightly in excess of peak 
available power {80 kW). 

4. Maintenace can be done on an individual RO train with two trains 
operating. 

5. The train design is a good fit with commercially available RO 
equipment. 

Several variations of the train architecture were studied with the results 
supporting the selected three train design. Water production data for these 
variations are shown in Figures 11-5 to 11-8. This production data is based 
on available power computed using the plant performance model and assuming a 
packed bed TES with 42,500 kg {see Figure 17-32); of the power available for 
water treatment, 90% is allocated to the RO process and 10% is allocated to 
feedwater pretreatment. 

Figure 11-5 compares the water production from discrete trains {Figure 11-4) 
to production computed by the plant performance model which analyzes water 
production as a "smooth" function of available power. The plant performance 
model offers a reasonably close simulation of integrated water production from 
discrete trains. 

A comparison of two train versus three train is shown in Figure 11-6. The 
extra train produces a significant amount of water under solar-only 
conditions; with grid subsidy, the additional production will be substantial. 
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In Figure 11-7~ the performance of a smaller sized element {UOP 4600 PA) is 
compared to the selected designs. While the smallest element (10 cm diameter) 
offers some performance advantage, its syst~ cost is significantly higher 
because of the numerous modules required (the smaller elements would be 
arranged in 3 parallel trains of 2:1 arrays with a total of 45 modules). Each 
module would contain six elements tn series. 

Figure 11-8 shows a comparison between variable and constant speed pumps. The 
on-off nature of the constant speed pump option results in significantly lower 
water production. Variable speed operation was not considered in the 
commercial plant design. However, these comparisons indicate that the power 
matching capability and additional efficiency would be highly desirable in the 
commercial plant, and that no significant drawbacks exist. 

11.2 Reverse Osmosis Cleaning Systems 

Under most operating systems, some degree of membrane fouling will occur 
requiring a scheduled maintenance cleanout and flush of each permeater. The 
requirement to initiate the cleanout is the significant increase in pressure 
drop across the module with resulting decline in productivity and decreased 
salt rejection. The specific RO train is isolated from the water system and 
cleanout initiated via a connection in accordance to membrane manufactures 
specification for chemicals, concentrations flow rates and pressure. 
Permeators are cleaned in parallel requiring a manual valving change of 
penneators. A valved crossover connection is provided from the permeate line 
to direct any contaminated product to waste disposal during the cleanout. 
Normally the cleanout is specified at a low pressure to minimize product flow. 
The RO cleaning system for the pilot plant consists of a 13251 { 350 gallon) 
open top tank with chemical mixer, and a distribution pump. The pump has a 
381.6 m3/day {70 gpm) capacity at 10.7m (35 ft) total dynamic head and meets 
UOP-Fluid Systems requirements. All reject cleanout flows are flushed to the 
waste sewer. 

Each manufacturer of RO systems has its own method of cleaning for the type of 
membrane and contaminate. The Fluid Systems membranes specified for the pilot 
plant, TFC Spiral Wound - Model 8600 PA, will require a two step procedure if 
both acid soluble, acid insoluble and microbiologic.al slimes require removal. 
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The initial flush is normally computed for acid soluble materials. The 
chemical used is a 2% citric acid solution adjusted to a pH of 3. The 
solution is heated to 50°C and circulated for 45 minutes at a flowrate of 
190.8m3/day (35 gpm). The system pressure should be the minimum required to 
achieve specified flow but in no case should exceed 413.7 kPa (60 psig). Acid 
insoluble foulants are flushed with a~ trisodium phosphate - EOTA solution. 
A 1% formaldehyde solution is used for micro-organisms. Its application is 
equivalent to the citric acid solution. Following treatment and the discharge 
of the spent cleaning solution. the cleaning tank will be filled with product 
water and circulated for 30 minutes to remove all cleaning solutions. 
Sampling connections are provided ahead of and downstream of the module to 
permit comparative analysis for foulant constituents and chemical content. 
The pilot plant RO cleanout system will be used to circulate and fill the 
permeate units with preservative solution in the event the pilot plant is down 
for any extended period. The actual interval is subject to the bacteria and 
mold content of the supply. Since chlorine or chlorine dioxide cannot be used 
with the PA type of membrane a dilute solution. 1%, formaldehyde will be 
required for membrane sterilization. This flush will be required under the 
following conditions: 

0 

0 

RO plant out of service for 5 days or longer (period to be 
determined by bacteria analysis). 

RO plant out of service for a day or more after treatment with 
citric acid. 

o Product or brine contaminated with micro-organisms. 

In the event the RO modules are taken out of service, the formaldehyde 
solution will be left in the permeators. A thorough flushing of the module 
bank and piping is received when the plant is returned to service. For a 2.76 
MPa (400 psi) flush 1.5 to 2.0 hours is required at 109 m3/day (20 gpm) with 
the RP product and reject going to waste. 

104 

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



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

II 
II 

11 
I 
I 
I 
I 

12.0 WATER STORAGE AND DELIVERY-AND WASTE DISPOSAL SUBSYSTEMS 

12.1 Water Storage and Delivery Subsystems 

Product water from the plant building will be piped to a piping vault that is 
adjacent to the existing water storage tank. The product water will then be 
piped into the tank via an existing pipe. this pipe will also be connected in 
the piping vault to a new water delivery to be installed to Rankin alongside 
an existing feedwater delivery line. Flow control valves and meters will also 
be located in the existing piping vault. A new water level sensor will be 
installed in the tank that will be wired to the master control computer. 

12.2 Waste Disposal Subsystem 

Brine wastes from the feedwater pretreatment and desalination processes and 
sanitary wastes from the building facilities will be piped to a new sewer 
to be installed to Rankin. This sewer line will be laid alongside the 
existing feedwater and new product water delivery lines. connection of the 
new sewer and plant lines will be made in the piping vault. 

In preliminary discussions with Upton County officials and Esmond-Haner, 
consulting engineers retained by BEC. it was determined that plant wastes 
could be disposed to the Rankin sewer system. Esmond-Haner. who also provides 
engineering services to the Upton County Water District, will be retained to 
perform an environmental assessment during the detail design phase. 
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13.0 INSTRUMENTATION AND CONTROLS SUBSYSTEM 

The Instrumentation and Controls Subsystem is illustrated in the control room 
layout, Figure 13-1, and the block diagram shown in Figure 13-2. Plant 
control functions are distributed among the electric power controls, the 
heliostat controls, the water treatment process controls, and the master 
computer. This configuration (1) allows use of commercially available 
control hardware, (2) minimizes development and procurement costs, and (3) 
provides independent control and data acquisition capabilities needed during 
testing and normal services. Each of the distributed control systems will be 
discussed in detail in the following paragraphs. 

13.1 Master Computer System 

The master computer system is built around a Digital Equipment Corporation 
PDP 11/44 computer and interfaces with three multicolor video displays 
(Cathode Ray Tubes or CRT's), the operator control panel, a printer, data 
storage devices (dual hard disks and a tape drive), and a system dedicated 
black and white CRT. 

Real-time heliostat field status will be displayed on one of the CRT's, 
dedicated to this function, in the form of alphanumerics and color graphics. 
The other two CRT's are utilized for master display of the overall pilot plant 
operation. Graphical displays will include system overview, particular 
component information (i.e., receiver, generator, etc.) power production 
levels, water production rates and inventory, alarm status, etc. Examples of 
displays are shown in Figures 13-3 and 13-4. 

Cormnunication between the operator and the ~ontrol system is accomplished 
through the operator control panel shown in Figure 13-5. This panel provides 
the operator with independent control of either the left or the right video 
display. Operational mode control is selected by pushbutton and is 
acknowledged via pushbutton illumination and response of the CRT display. 
Power source selection is by pushbutton, and can be either total utility, or 
total solar generation or split bus operation from both the utility and solar 
sources. Other operator control inputs include heliostats status, turbine 
start-stop, and emergency heliostat SCRAM. 

107 



N 

I 
Desk 

File cabinet -

Storage------

Master control 
system printer 

Master display 
no.1 

Master display 
nc:t~2 

___ Water treatment 

• 
display 

----- Water treatment 
computer 

-+---1- Master control 
system computer 

Fi!J':'re 13-1. Control Room Lcfyout 

Hellostat display CRT 

Master display CRT 1 

Master display CRT 2 

Receiver 

Thermal energy storage 

Combustor 

Turbine/ generator 

Power distribution 

Power 
..,.__+----i generation 

Halloatat 
controllers 

(42) 

controller 

Master 
computer 

Hellostat 
fialdcon
trollars(5) 

Process 
controller 

Figure 13-2. Plant Control Syrtem Block Diagram 

108 

Printer 

Data storage devices 

Systam B&W CRT 

Desalination 

Process display 

Printer 

Control panel 

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



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

PRIMARY STATOS 

MOD&l OPIRATI 30-S&PT-81 tOa&h&a 

l'OWERGENERATED• 701CW 

PARAMITER UNITS MEASURED 

COMPTIMP DEG-F 400.S 
COMPPRIS ,. PSI 41.0 
COMP FLOW LB/SEC 4.1 
RCVRTEMP DEO•P 1600 
RCVRPlllS PSI 40.0 
RCVRFLOW LB/SEC 1.0 . . . . ! . . . : 
TURB ·ax TEMP DEG-P 387~ 
TUR8EXPRU PSI 12.0 

Example from FSE Program 

Figure 13-3. Master Control System Color Status Display 

TEMPjxxj 

GINERATO' 

VOLTS~l!E)JmPP 
AMPS 

1. RICIIVER OUTPUT TIMPIRATURE- HIGH• tc,oaOF 
Z. COMBUSTOR OUTPUT TEMPERATURE- HIGH• 28DII 
3. COMPRESSOR OUTPUT PRUSURE-. I.Ow- 41 PSI 

i 

Figure 13-4. Master Control System Color Graphic Display 

109 



LEfT 
DISPI.AY 

OVaRVIEW 

RECEIVER 

STORAGE 

TURSINII 

DETAIL 
STATUS 1 

DETAIL 
ITATUS2 

Hl!LIOSTATS 

91'AND8Y 

TARGET 

TURBINE 

~ 
ON NORMAL 

OPP-cb Ot=fl-cb-=-
POWER PROGRAM 

STORAGII 

~ 
UTILITY 

EJ 

RIGHT 
DISPLAY 

OVl!RVIEW 

RIICl!IVl!R 

STORAGE 

COlltBUSTOA 

TURBINE 

IGIN&AATOR 

DETAIL 
STA'fUS 1 

DETAIi:. 
STATUS2 

Figure 13-5. Power Generation Operator Control Panel - SEC Configuration 

110 

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



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

The master control system operation is separated into three functional groups: 
coordinate subsystem activity, predict plant performance, and provide operator 
interface for power generation: 

Coordination of system activity for water treatment involves production 
management, by adjustment of the water production rate proportional to 
the solar power available. Also, equipment maintenance ~cheduling is 
required and must be brought to the attention of the operator. 

Power generation is coordinated by setpoint control to the electric power 
generation system controller for the various operating points as a function of 
plant status. Heliostat coordination activities include performing the 
ephemeris calculations and heliostat mode control. 

Prediction of plant performance is based on the knowledge of current weather 
inputs and insolation levels along with the expected water demand and water 
reserves. Based on these inputs a best estimate for time of power source 
switchover can be determined and automatically transferred. Further, based on 
current solar day knowledge and expected weather a best estimate of startup 
time for the next period of operation can be made. 

The operator will obtain displays of operating status and data of the 
heliostat field and power generation systems. Requests for displays on the 
three multicolor CRT's will be input through the operator control panel. 

The PDP 11/44 master control system baseline computer has a dual hard disk 
memory of 28 megabytes. Included with this system is a VTlOO black and white 
CRT terminal for system programming and monitoring. The master control 
computer will be interfaced to data acquisition subsystem hardware: Magnetic 
tape drive and a DEC LA120 keyboard/printer. 

Selection of this system was based on the high reliability experienced in 
BEC's previous usage of DEC's equipment, the low cost to performance ratio, 
and the flexible realtime operating system software developed by DEC. SEC has 
considerable experience with similar DEC systems, which provides confidence in 
a successful control system development. 
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13.2 Water Treatment Process Control System 

The water treatment process control system components are the process 

controllers, the process display CRT, the dedicated water treatment process 

printer and the operator control panel. This process control system was 
developed by Rosemount, a large manufacturer of process system, and is the 
Rosemount Diogenes• system. Components of this system are the Model 25 video 

display station, analog input/output modules, process backup units, and the 

discrete input/output modules, .shown in Figure 13-6. 

This system was selected because it is fully developed and because it has 

manual operation backup capability. The Diogenes system is tested and proven 

and has been utilized extensively in industry for various commercial 
operations. This system has the capability that, if the process controller 

fails, the backup units hold the present operating setpoints and can be 

switched over to run as a manually operated station. Thus, water production 

will continue even in the event of a failure of the process controller. 

System interface with the operator is through the video display, with three 

levels or pages of alphanumeric and graphical display being presented. The 

highest level of display is the system operational overview, the second level 
of display is the group page which can be considered a subset of the previous 

level and the third is the component level where individual parameters can be 

monitored. Selection of a display level is made by the operator though the 

operation control panel by simple push-button selection. All operator inputs 
for process control, such as valves open/close and pumps on/off, and control 

loop tuning while the water treatment system is operational are made through 

the operator control console. 

13.3 Heliostat Control System 

The heliostat control system is a three-tier heirarchy control system. The 
three tiers of control are the heliostat array control, the heliostat field 
control, and the heliostat control, as shown in Figure 13-7. 
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The heliostat array control detennines the field controller assignments based 

on the time of day, which field is operational, and which group of heliostats 

will give the highest performance. In addition, the array controller must 

generate the graphical field display and perfonn the operator interface 

functions for requests such as addition or deletion of heliostats. Solar 

position calculations and the required communications to the field controllers 

are other functions of the array controller. The heliostat array control 

functions will be implemented as software within the master control computer 

due to the limited size of the heliostat field and associated computation. 

The field controller functions include heliostat priority assignments, based 

on energy requirements, position calculations, and generation of pointing 

commands, for each heliostat to be at standby or on target as well as the 

required communications ta each heliostat. The field controller 

configuration was selected to be of a segmented fail-safe design arrangement 

as compared to a redundant backup fail-operational configuration,. This 

configuration was chosen because it is the most cost effective. 

The heliostat controller provides directional control and motor on/off 

commands. The contro.ller al so perfonns gimbal 1 imit interlock functions and 

the required closed loop communication for closed loop positional control. 

The heliostat controller has been designed for fail-safe operation which 

includes automatic shutdown positioning in the event of loss of communication. 

The heliostat field controller and heliostat controller configurations are 

based on a Texas Instruments TMS 9995 microprocessor chip, as shown in Figures 

13-8 and 13-9. The heliostat controller is a second generation design which 

is currently being operationally tested. These tests will prove the design 

concept and life cycle perfonnance. 

13.4 Electric Power Generation Control 

The electric power generation (EPGS) control system interfaces with the 

receiver, the thennal energy storage unit, the combustor, the turbine 

generator set, and the switch gear for power distribution. The power 

generation controller is purchased as part of the turbine generator package 

from Solar Turbines International (STI). Development of this system is being 

done under an EPRI contract for the Full System Experiment (FSE). 

114 

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



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

I te pt2 n rru 

Interrupt 1 

CAU In 

CRU out 

J CAU elk 
~ ' , I 

ACOR 
TMS9996 Data t µ processor I I 256t,ytesram 

'I, i, ' 
,., • • 

41( bytes 32Kbvtes 
ram memory eprom 

memory 

II 
I I I 
111 

' . 
CRU 
ACOR 
decode 

l ,,. p• 

TMS9902 
asynchronous 
communications 
controller 

.A ff 
. 

. Partv line 
1/F to 
hellostats 

. 

I 
111 

,, 
CRU 
ADOR 
decode 

l .. . . 
TMS9902 
asynchronous 
communications 
controller 

L 
~ fl . 

Partv line 
1/F to HAC 

Figure 13-8. Field Control/er SEC Configuration 

115 

' , 
CAU 
ADOR 
decode 

l ,., . 
TMS9901 
programmable . systems UF 

T 
HFC address 
switches 



CRU in 

CRU out 

CRU elk 

.. I 
TMS9995 

ADDA 
µ. processor 

-256 bytes ram ,.... 3 • Q 

' .. '. 
2 bytes 
eprom 
memory 

I 

II 
I 

CRU 
ADDR 
decode 

1 .,. '. 
TMS9902 
asynchronous 
communication 
controller 

Watch 
DOG 
timer 

• 
i ..,_ w 

Serial 
communications 

I 

11 

CRU 
ADDR 
decode 

l •. p Ir 

TMS9901 
programmable 
systems 1/F 

." .. {) 
52 lnterruPt I+-- -
~ latches 
Q 

-('} r ··~)• 

Motor control 
logic . (existing design) 

Figure 13-9. Heliostat Con'troller SEC Configuration 

116 

! 
CRU 
ADDA 
decode 

1 "ii''" 
TMS9901 
programmable 
systems 1/F 

,,..,~ 

-

Heliostat 
address 
switches 

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



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

A functional diagram of the EPGS controller is given in Figure 13-10. 
Component functions will be controlled throughout all the operational modes 
listed in Table 13-1. A detailed description of operation for each 
operational mode, including flow diagrams, will be generated during the 
detailed design phase. 

The EPGS controller shown in Figure 13-11 is a multiple microprocessor based 
design, based on the INTELL 8085 microprocessor chip, and is a single board 
computer. As shown in the figure, the primary microprocessor controls and 
monitors the power generation elements of the EPGS and the secondary 
microprocessor is utilized for serial transmission control with the master 
control computer. 

In addition to the electric power generation control, the EPGS controller will 
control the switchgear equipment, as required for electric' power 
distribution. 

13.5 Instrumentation 

The preliminary instrumentation requirements are shown for the Electric Power 
Generation System and the Water Treatment systems in Figures 13-12 and 13-13, 
respectively. Further, a preliminary instrumentation list is given in Table 
13-2 which shows the item and its intended use. Refer to RCC drawing 171-M4-l 
in the Appendix for instrumentation associated with the water treatment 
subsystems. 
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Figure 13-13. Water Treatment Process Control Functional Diagram 
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Table 13-2. Measured, Controlled and Alanned Process Parameters I 

Power Generation Display Control Alarm I 
Compressor I Measurements 

Inlet fl ow M 

I Inlet pressure M 

Inlet temperature M 
Outlet pressure M I 
Outlet temperature M 
D1scretes I Speed high D 
Speed low D 

I Vibration high (3) D L 

Overchank D H 

Charger failure F I 
Combustor I Measurements 

Inlet pressure M I Outlet pressure M 
Outlet pressure M 

Fuel flow M/T I 
Fuel temperature M H 

Fuel pressure M L I 
Thennal Energy Storage I Measurements 

Inlet temperature M C L 

I Outlet temperature M C L/H 
Outlet pressure M/R 

Receiver 
I 

Measurements I Inlet flow M/R 
Inlet pressure M/R 

I Outlet temperature M/R C H 

122 I 



I 
I Table 13-2 continued 

I Display Control Alarm 

I Turbine 
Measurements 

I 
Inlet pressure M/R 
Inlet temperature M/R C L/H 
Outlet flow M 

I Outlet temperature M/R H 
Bypass valve position C 

I Shaft speed M C L/H 

I 
Generator 

Measurements 
Output voltage (3) M C L/H 

I Output current (3) M C H 
Output frequency M 

I Water Treatment 

I Feed Pump 
Measurements 

I Outlet pressure M L 

I Filters (2) 
Measurements 

I 
Inlet/outlet diff. pressure M 

I 
WACS (3) 

Measurements 
Inlet temperature M C 

I Outlet flow M C 

I Acid System 
Measurements 

I 
Acid tank 1 eve 1 M 
Dilution water flow M/T C 

I 
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I 
Table 13-2 continued I 

Display Control Alann I 
Carbonator I Measurements 

Outlet fl ow M L/H 

I Outlet pH M C L/H 

RO Pumps I 
Measurements 
Inlet pressure M L I Outlet pressure M 
Outlet conductivity M/R H 

I Motor current M H 

RO Module I 
Measurements 
Inlet pressure M C H/HH I Inlet flow M/T C H 
Inlet/permeate diff. press. M H I Permeate fl ow M/T H 
Permeate conductivity M H 

Concetrate flow M/T L I 
Concetrate conductivity M H 

Miscellaneous I 
Permeate storage level M I 

I 
Functions: M = Monitor L = Low I 

R = Record H = High 
T = Totalize D = Discrete I C = Continuous F = Failure 

I 
124 

I 



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

14.0 DATA ACQUISITION SUBSYSTEM 

The data acquisition subsystem will be designed to interface with the master 
control computer and to acquire and record the process parameters identified 
previously in Section 13.5. Actual data acquisition and preliminary data 
processing will be performed by the peripheral controllers: electric power 
generation controller, heliostat array controller and the water treatment 
controller. Also, data will be manually input to the master control computer 
by the operators~ The data will be processed by the master computer and then 
transmitted to a data storage device or printer. An operator log system will 
be maintained and coordinated with processed data. In addition to the data 
defined in Section 13.5, the following data will be recorded: 

Insolation level 
Energy production rate 
Feedwater supply rate and cumulative volume 
Pretreatment rate and cumulative volume 
Pretreatment waste rate and cumulative volume 
Desalination product-water rate and cumulative volume 
Desalination waste rate and cumulative volume 
Potable water tank storage level 
Potable water feed rate to Rankin and cumulative volume 
Status of energy storage system 
Ambient conditions; temperature, wind speed and direction, and 
relative humidity 
Comments as to problems, repairs made, work to be done, storage tank 
levels, reasons for units off line, etc. 
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15.0 SITE AND FACILITIES 

15.1 Site Description 

The pilot plant site is 0.8 km north of the city of Rankin, Texas, on State 
Highway 349. As shown in figure 15-1, Rankin is located in the western part 
of Texas in an area that is semi-arid. Rankin is the county seat of Upton 
County and has a population of 1300. The city and surrounding area obtains 
potable water from the Upton County Water District which is managed by the 
Upton County Board of Commissioners. The site is deeded to the Water District 
and is legally described as being in Section 23, Block B, HE & WT Railroad 
Company survey. The site has an area of 4.05 x lo4 m2 (10 acres) and has 
rectangular dimensions of 125 m (410.5 ft) by 323 m (1061 ft). The site is 
located at 101.93°W longitude, 31.93°N latitude and 579 m (1900 ft) altitude. 

Figures 15-2 and 15-3 are photographs of the site; a site plan showing 
existing features and topography is included in the appendix. Esmond-Haner, 
an A&E finn in Odessa, Texas, perfonned the site survey and prepared the site 
plan for BEC. This site is nearly level accept for a depression in the 
northeast corner (beyond the helisotat field). Soil conditions are classified 
as hard: outcropping cap rock (fractured limestone) with scattered thin soil 
cover. Vegetation consists of low-lying grass and brush. 

Existing facilities that will be retained and modified for the pilot plant 
are: 

1136 m3 (300,000 gal) water storage tank 
Operating water well 
Pump house 
Below-surface vault containing water line connections and pressure 

controller 
1036 m (3400 ft) underground 25.4 cm (10 in) water line to Rankin via 

easement owned by Upton County Water District 
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Ft"gure 15-1. Location of Rankt"n-Selected Site for Pt"Jot Plant 
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Utilities that are available at or near the site are: 

Supplier Utility 
Natural gas 
Electricity 

480V 3 phase 
4 wire 

Telephone 

Rankin Gas Company {city owned) 
West Texas Utilities 

Southwestern Bell Telephone 

Located north of the property is an oil field maintenance business which has 
buildings and equipment yards. {Esmond-Haner performed engineering services 
for construction of this facility). Southwest of the property, next to the 
highway, is a residence. These adjoining properties and facilities have 
little if any impact on the pilot plant. 

15.2 Plant Building 

The building planned for the pilot plant is a pre-engineered insulated metal 
type which is available from local contractors. BEC Drawing 277-10360 shows 
the building's general features and allocation of floor space. The building 
is divided into a high bay area for water treatment and equipment and a low 
bay area for a control room and office facilities. Floor areas are 204 m2 
{2200 sq ft) for high bay, 93 m2 (1000 sq ft) for low bay, and 297 m2 {3200 sq 
ft) total area. Components and contents of the building are: 

Foundation 
Building Structure (Pre-Engineered) 
Control Room with Raised Floor 
Office/Meeting Room 
Water Treatment Room 
Mechanical/Electrical Room 
Lavatory 
Entry 
Water Quality Laboratory Bench 
Maintenance Bench 
Supplies Storage 
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15.3 

Fire Protection System 
Electrical Power 
Lighting 
Air Conditioning/Heating 
Sanitary Sewer 
Brine Concentrate/Ion Exchange Softening Waste Floor Drains 
Telephone 
Plumbing 

Site Work 

Routine site preparations will be required for the pilot plant. Minor. grading 
will be done to clear bush, make construction driveways, prepare for the 
building driveway/parking paving and to remove soil where concrete foundations 
will be poured. Boring machines will be used to drill holes for heliostat 
pedestals, tower support caissons, thennal energy storage support caissons, 
and power poles, and fences. Trenches for cables, piping and foundation slabs 
will be prepared using trenching machines. Trenching will also be done in the 
easement leading to Rankin alongside the existing water line where the 
previous backfill is soft (this easement is rocky and was blasted previously). 
A new product water lines and a sewer line (to be used for brine waste 
disposal into the Rankin sewer system) will be installed alongside the 
existing water line which will become a feedwater line. 
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16.0 OPERATIONS AND MAINTENANCE 

16.1 General 

After construction, and acceptance testing, BEC plans to operate and maintain 
the pilot plant for a period of 18 months This operation and maintenance 
period will consist of short-tenn and long-tenn tests for the purpose of 
performance evaluation, develoJlllent of data for commercial plant design, and 
development of pilot plant operating strategies for subsequent operation by 
Upton County Water District. 

During operation and maintenance, the pilot plant will be operated in a 
dispatch mode. Test activities will receive precedence. Maintenance will be 
perfonned in the same manner as for an operating utility (in those instances 
where contract maintenance is recommended during utility operation, it will 
_also be used during the operations and maintenance period). 

16.2 Plant Operation 

The pilot plant approximates a dispatch-type, commercial solar powered water 
desalination system. Such a plant would be operated less than 24 h/d, but 
could be expected to be dispatched every day. The functions to be perfonned 
by the system to accomplish the dispatch are shown in Figure 16-1. 

For small scale stand alone water desalination plants, one expects diurnal and 
seasonal variations in water use. Based on estimated consumption in 1980, 
Rankin's seasonal variation in average daily consumption is shown in Figure 
16-2. No data are available to show diurnal (e.g., hourly) demand variation. 
This consumption includes curtailable watering of a golf course and football 
field. The golf course consumption occurs upstream from the pilot plant so 
the net potable water required by Rankin peaks at about 1200 m3/day. The 
turndown capability of the pilot plant provides a range of output from about 
212 -1270 m3/day which provides a reasonable approximation to Rankin's 
demand. 

The expected operational sequence {disregarding any special or planned 
testing) would be as shown in Table 16-1. An example of a dispatch for J.une 
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Figure 16-1. System Dispatch Functions 

1,508 a) Rankin: Pop. - l ,218 
Average cons. ... 217 gal/cap. day 

(0.8213 m3/cap. day) 

Annuat cons.- 96, 313, 280 gallon 
(364, 545 m •) 
(9999 m 1 /dav,average) 

660 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Source: Table 2. 1.1•2. and Figure 2.1. t-4. of technical 
PfOll_OSII, volume t, page 14; and derived 

Figure 16-2. Estimated Variation in Average Daily Water Use, Rankin, Texas, 1980 
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Time 

0630 

0700 

0730 

1800 

0100 

0130 

Table 16-1. Expected Daily Operations 

• First shift operations 
• Initialize system 
• Review readiness for dispatch 
• Start system 
• Produce water as required• 

• Second shift operat~ons 
• Review water production status 
• Shutdown plant*+ 

• Third shift operations** 
• Review water production status 
• Shutdown plant** 

*May include shutdown of collector 
** Depending on water demand 

Table 16-2. Operating Sequence for June 15th Dispatch 

Event/action 

Tum on system 
Perform integrated checkout 
Initialize all subsystems 
Start turbine 
Transition turbine to tess heat 
Power up collector, bring to standby 

Begin receiver heatup 
Transition from tess to solar heat 

(Over-night shutdown) 

Tum on water subsystem, produce at variable rates 
Store/extract thermal energy 

Transition from solar to tess heat, shut down collector/receiver 

Shut down water subsystem 

Shut down plant 
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I 
16 might be as shown in Table 16-2. In the dispatch shown in Table 16-2, only I 
two shifts of water production were planned. Depending on water demand, a 
third shift could be added with water production from the external electric 
utility power. 

Based on 1978 insolation data for the Midland, Texas and the plant 
perfonnance model described in Section 17, the expected pilot plant subsystem 
utilization for a typical year is summarized in Table 16-3. 

16.3 Plant Availability 

The pilot plant system requirements specification (paragraph 3.2.1 of 
S277-10243-1) establishes the availability requirements. During the detail 
design phase, these requirements will be allocated to each subsystem. 
However, it is possible to make some availability estimates based on the pilot 
plant preliminary design. 

To estimate system availability, the following models are used: 

Availability= MTBF 
MTBF + MTTR 

where MTBF is the mean time between failures of the system, subsystem or 
component, and MTTR is the mean time to repair the same system, subsystem or 
component. 

Reliability is evaluated using the expression: 

Reliability= e-~t • 

which is based on the Poisson probability mass function. The assumption is 
made that all qualifications for a Poisson process are satisfied. 

In order to evaluate the pilot plant availability, initial estimates of the 
underlying failure rates were made. The sources of the estimates for the 
major subsystems are shown in Table 16-4. The resulting operating and 
non-operating MTBF's and associated MTTR's are summarized in Table 16-5. 
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Table 16-3. Expected Pilot Plant Subsystem Utilization 

Subsystem or segment Expected yearly number of hours • 
Operating . Non-operating . Starts/other 

Solar energy segment 

Collector 
Hellostat gimbal/mtrs 2690 6076 -
Controllers 8766 - -

Receiver -
2560 6206 262 

Heat transport compressor 1900 6866 -
Thermal storage segment 3910 4856 -

· Electric power generation segment 4610 4156 262 
Electric power distribution segment 8766 · - -
Water desalination segment 6310 2456 •• 
Master control and communication 

Wind sens./TM•DTE rcvr 8768 - -
Main computer 8766 - -

• Based on 1978 insolation 
** Assumes no water prod1:1ced on cloudy days 

Table 16-4. Sources of Reliability Information 

Item Sources 

Turbo-generator set • Solar Turbines Int. data 

Solar energy segment • Boeing experience ana_lysis center 
• Previous BEC studies (heliostat, 

ACR, etc.) 
• Engineering judgement 
• MIL-HNDBK-2178 

Water desalination • Engineering judgement 
segment • General literature 

• MIL-HNDBK-2178 

Electric power dist. • Electric power system reliability texts· segment 
• General literature 
• Proceedings of elect. power industry 

reliability conferences 
• MIL-HNDBK-2178 

Master control/comm. • MJL-HNDBK-2178 
segment 

• Engineering judgement 
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The reliability and maintainability values shown in Table 16-5 were used to 
calculate estimates for the specified values in paragraph 3.2.1 of 
S277-10243-1. ,The estimates were developed based on simplified (serial} 
reliability and availability models according to the matrix shown in Table 
16-6. 

In Table 16-6, the subsystems which must function properly (or be available) 
to satisfy the specified values, are identified by an 1X1 in the matrix. 
Using this matrix. the simplified models discussed above, and the MTBF and 
MTTR estimates listed in Table 16-5, the reliability and availability 
estimates for the pilot plant functions were developed; they are summarized in 
Table 16-7. 

16.4 Maintenance Plan 

Pilot plant maintenance will be conducted such that compliance with the 
requirements of System Specification S277-10243-1, paragraphs 3.2.1.7 and 
3.2.4 can be verified. 

During Phase 28, BEC will perform maintenance supported by some contracted 
maintenance. Water utility personnel will be trained during Phase 3. 
Systematic transfer of maintenance responsibilities will take place so the 
utility can accept full responsibility at the conclusion of Phase 3. 

Overall Maintenance Concept 

After construction, pilot plant maintenance consists of scheduled and 
unscheduled actions to maintain the plant in an operational condition. BEC 
will establish a pilot plant repair capability consistent with the requirement 
of System Specification S277-10243-1 and with the intended support concepts 
to be implemented by the Upton County Water Utility. 

As currently planned, BEC will perform scheduled and unscheduled maintenance 
on all pilot plant equipment, except for the turbine generator set. 
Maintenance on this item will be subcontracted to a firm in the general locale 
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Table 16-5. Pilot Plant Reliabillty and Maintainabili'ty Values 

I 
I 

RE?AIRABILITY 
IIIUMBER UNIT MTBF, HOURS 

SUBSYSTEM SEGMENT ' PER ~. HRS, RE?AIR- NON-
OPERATING NON-OPERA TI ING ABLE REPAIR- REMARKS 

ABLE 

I COLLECTOR SUBSYSTEM 

HELIOSTAT 42 14,124 3.4 X 
FIELD CONTROLLERS 5 50~000 4.0 X REPAIR IN PLACE 
TIME/OATE RECEIVER 1 80,000 1.0 X ~MOVE/REPLACE 

I WIND SENSORS 1 StT 35,000 3.0 X 
DATA DIST. LtNK 1 StT 150,000 16,0 X FIELO REPAIR 
POWER DIST. SYSTEM 1 SET 100,000 B.O X FIELO REPAIR 

RECEIVER SUBSYSTEM 

I TOWER l 876,000 - 24.0 X 
RECEIVER I 4,000 50,000 120.0 X 8 HR AVG. C•O 

HEAT TRANSPORT SUBSYS. 

I PIPES AND VALVES l SET 30,000 so.coo 24.0 X ::x. RP.;16 HR C-0 
AIR COMPRESSOR 1 8,000 25,000 96,0 X 

THERMAL ENERGY STORAGE 

I STORAGE TANKS/MED tA l 200,DOO 400,000 192.0 X 

ELECTRIC POWER GEN. 

MAIN TURBO-GEN, l 4,285 10.000 96.0 X 

I ELECTRIC POWER DIST. 

480 TRANSFORMERS 4 200.000 a.a X REi"'IOV£/RE?LACE 
POWER SWITCHING l SET 125,000 5.0 X 

I 
PLANT PWR, DIST. l SET 150,000 4.0 X 

WATER OESAL SEGMENT, 

FEEOWATER SUBSYSTEM 1 SET 25,000 50,000 12.0 x· 

I 
OESAL UNITS 3 10,000 30,000 4.0 X 
PERMEATE sue. l SET 30,000 60,000 6.0 X 
WASTE TRMTN sue. l StT 15,000 30.,000 12.0 X 

MASTER CONTROL SEGMEi"ff 1 3,77e 16.0 X 

I MASTER COMP'JTER l 60,000 a.a X 
PROCESS COMPUTER 1 60,000 a.a X 
OtS?LAYS 3 40,000 4.0 X 
:>RINTERS 2 35,000 12.0 X 
OATA STORAGE 1 60,000 4.0 X 

I CONTROLLERS 2 50,000 s.o X 
:me. rnr-~coN. l SE1' so.ooo 2.0 X 
QATA FINALS l SET 80,000 4.0 X 
SOFT'JARE l SET 100.000 - a.a X 
CNSTRUM!NTATION l 25,000 75,000 4.0 X 

I ~AINT. RESOURCE SEG. 

AAINT. SYS. EQUIP. t SET 7,000 30,000 24,0 X 

I PERSONNEL SEGMENT 

OPERATORS 4 5,500 1.0 X 
:.fA INTENANCE 4 4,000 1.0 X 

I STRUC":'URE ;l,ND sm 

AIR CONDITION!~ 1 10,000 a.a ,c 

I 
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Funaiion 

3.2. t.1 

Siart 13.2.3.1) 

Transit!- (3.2.3.21 

3.2.1.2 
LHF 10 TESS 

3.2.1.3 
TESS IOaolar 

3.2.1.8 
Solar to TESS 

3.2.1.Ba 
TESS to ext. 

3.2.1.llb 
Ext. 10 1olar 

3.2.1.3 

G.inarate 80Hz 
13.2.3.3) 

3.2.U 
ProductH~ 

13.2.3.31 
3.2.1.10a 
Shuufown normal 

3.2.UOb 
(3.2.3.41 

Shutdown emetg. 
13.U.4I 

Table 16-6. Reliability and A vailabili'ty Matrix 

Svstem a1-a required to perform funodon 

ses 
TESS EPGS EPDS 

WDS 
MCCS MRS 

ColleclOI Racaiver HTS FWS WTS PWS WTS 

- - - - X X - - - - X -
-

- - - -- - X X X X X -
-X X X X X X - - - X -

X X X X X X X X X X X -
- - X X X X X X X X X -
X X X X X X X X X -
X X X X X X - - - - X X 

X X X X X X X X X X X X 

- -- - X X X X - - X -
X X X X X X X X X X X -

Table 16-7. Preliminary Reliability and Availability Estimates 

Requirement Preliminary Function 
Type Value prediction 

Start R >0.96 0.99912 

Transitions 
• LHFto TES 0.99944 
• TES to-solar R >0.95 0.99860 
• Solar to TES 0.99856 
• TES to ext. pwr 0.99939 
• Ext. pwr to solar 0.99868 

Generate 60 Hz 

J A >0.86 0.95214 
Produce H20 0.95062 

Shutdown } • Normal R >0.99 0.99944 
•Emergency 0.99916 

'R' • reliabilfty, 'A'• availlbillty 
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that is fully qualified to perfonn scheduled maintenance and unscheduled major 
repair. Minor unscheduled maintenance on the turbine generator set will be 
performed by BEC. 

The scheduled maintenance on the pilot plant equipment is summarized in Table 
16-8. Unscheduled maintenance will rely heavily on the fault detection/ 
annunciation capability built into the plant hardware and master control 
software. The general concept to be employed is shown in Figure 16-3. 

The number of unscheduled maintenance demands/year has been estimated from 
reliability estimates from the commercial solar powered desalination system. 
The MTBF and MTTR values used in this analysis are as previously shown in 
Table 16-5. The MTBF values are used in conjunction with the estimated 
operating times shown in Table 16-3 to compute the expected maintenance 
demands. 

Because not all maintenance demands can be predicted from equipment failure 
rates, factors have been used for each subsystem to adjust the "theoretical" 
demand rates to maintenance planning rates. The MTBF's, factors, operating 
times, and expected maintenance demands are summarized in Table 16-9. 

During periods of extended cloudiness (2 or more consecutive overcast days), 
certain maintenance actions must be performed on the RO units; these are 
summarized in Table 16-10. 

16.5 Operation and Maintenance Costs 

Because of the preliminary status of the pilot plant design, it is not 
possible to develop an accurate ownership cost estimate. However, by making 
some simplifying assumptions, a very tentative estimate can be determined. 

Assuming that the plant is to be operated 365 d/y, the pilot plant could 
require the (incremental) personnel shown in Table 16-11. It should' be 
recognized that the personnel requirements are based on the assumption that 
some support is available from the existing water utility. In addition, it 1s 
assumed that heliostat cleaning will be accomplished by natural weather 
phenomena. 
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Table 16-8. Scheduled Maintenance Requirements 

SussYsTEN/Eno ITEM 

COLLECTOR 

\tECEIYU 

HEAT lRAtlSPORT 

EPGS 

IIArEH IJESALINATION 

PRIMARY MAINTENANCE 

INSPECT HELIOSTAT GIMBALS 

INSPECT !NSULATton 
HEFURBIStt INSULATION 

INSPECT 111 PES/1 NSUI.AT I OH 
LUBRICATE COMPRESSOR 

LUBRICATE BEAAllfGSJ CHECK VOI.TAliE/ 
FREQUENCY NEGULATORSJ IIOT SECTION 
SUSPECTIOtl 

TURBINE UVENIIALL 

CKECK/MAINTAIN PUMPS 
HEPLACE MEMUAANES 
CALIBRATION/STA~OARDIZATION 
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INTERVAL 

. YEARLY 

18UU rlOT ltOURS 
- lU YEARS 

SEMI-AffNUALLY 
tYERY 2 YEARS 

.56UU HOUltS 

36,UUU HOURS 

ltAILY 
EvEMY J YEARS 
r'lormtLY 



I 
Table 16-9. Estimated Maintenance Demands I 

FAILURE RATE X 10-6 HOURS MAINTENANCE REMARKS I 
QUANTITY/ OPERATING TOTAL SUB 

SUBSYSTEM/SEGMENT SYSTEM NONa FACTOR NON- NON- DEMANDS TOTALS 

.I OPERATING OPERATING OPERArtNG OPERATING OPERATING OPE.~TING VEAR 

~LAR ENERGY SEGi~NT 

:OLLECTOR SUBSYSTEM I HELIOSTAr 42 70.8 1.1 8766 28.67 28.67 
FIELD CONTROLLERS 5 20.0 1.2 8766 1.05 1.05 
TIME/DATE RECEIVER l 13.0 l.l 8766 0.12 0.12 
;.[NO SENSORS 1 SET 29.0 1.2 8766 o.30 0.30 I DATA LINK 1 SET 7.0 1.3 8766 0.08 0.08 
POWER DISTRIBUTION l SET 10.0 1.2 8766 O.ll O.ll 30.32 

,ECEIVER SUBSYSTEM 

rowER 1 1 .• 0 1.1 8766 0.01 0.01 I RECEIVER- ASSEMSLY l 250.0 20.0 1.4 2560 6206 0.90 0.12 1.02 1.03 

'EAT rRANSPORr SUBSYS. 

PIPES/VALVES l SET 33.0 20.0 1,3 4610 4156 o.zo o.oa 0.28 I COMPRESSOR l 125.0 40.0 1.3 1900 6866 0.31 0.27 0.58 a.so 
",!ER."IAI. ENERGY STORAGE 

TANK ASSY. W/STOR. MED. l s.o 2.5 l.4 3910 4856 0.03 0.01 0.04 0.04 I :~ECTRIC POWER GEN. 

TURBO-GEN. SET 1 233.0 100.0 1.2 4610 4156 1.29 0.42 l.7l 1.11 

:LECTRIC PQWE.q DIST. I 
TRANSFORMERS 4 s.o 1.2 8766 0.21 0.21 
?OWER SWITCHING 1 SET 8.0 1.2 8766 o.os 0.08 
POWER WIRING l SET 1.0 t.2 8766 0.07 0.07 0.36 I ~TER DESALINATION 

FEEOWATER SUBSYS. l SET 40.0 20.0 1.2 6310 2456 a.Jo 0.05 0.35 
WATER TREAT. SUB. 3 100.0 33.3 l.4 6310 2456 2.65 0.25 2.89 

I POTABLE WATER SUB. l SET 33.3 16.7 1.2 6310 2456 0.25 0.04 0.29 
WATER DISPOSAi. l SET 66.7 33.3 1.3 6310 2456 a.s5 o.os 0.63 4.16 

•~ST!R CONTROL/COMM. 

:-tees EQUIPMENT l SET 264.7 1.3 876& 3.02 . 3.02 I !~ST. AIR SYSTt, l 40.0 13.3 1.2 6310 2456 0.30 0.03 0.34 3.36 

'AI~TENANCE RESOURCE 

~A!:'fT. SU?l'. EQUIP. l SET 142.9 33.3 t.3 3000 5766 0.56 0.!9 0.75 0.75 I ; ~UCTURES & SITE 
t 100.0 1.1 8766 0.96 0.96 

HVAC l SET so.a l.l 8766 o.48 0.48 
~use .• SYSTEl4S 1.44 I 

TOTALS 44.05 

I 
I 
I 
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Table 16-10. RO Maintenance During Extended Cloudiness 

Number of consecutive Maintenance 
overcast days Maintenance action accomplished 

Upto 14days lniect dilute formaldehyde Manually 
in RO modules 

More than 14 Flush with permeate; Manually 
remove; store membranes 
in cool place 

Table 16-11. Preliminary Direct Personnel Requirements 

Type Title 
Number required on shift 

Total* personnel 1st 2nd 3rd 

Operator 1 1 1 4•• 
Operations Supply /clerical (1/8)*** - - (1/81* .. 

Lab. technician (1/8)*"* - - (1/8)*"* 

Maintenance Electro/mech. 2 - - 2 

Totals 3 1 1 6 

• Assumes 24 hour/day operation 
• • Fourth operator required for scheduling flexibility 
... '( )' : Indicates support required from existing utility personnel 
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Based on the personnel identified in Table 16-11, a preliminary ownership.cost 
estimate in constant 1981 dollars was developed; it is summarized in Table 
16-12. 

Table 16-12. Preliminary Operation and Maintenance Cost Estimates 

Cost account Amount/year 

Number Description (constant 1981 $"s) 

5300 Ownership cost 
5310 Operations costs 

5310.1 Personnel $125,111.00 
5310.2 Operating supplies 43,956.00 
5310.3 Utilities 1,979.00 

Subtotal $171,046.00" 
5320 Maintenance costs 

5320.1 Personnel 
5320.2 Maintenance materials S 50,488.00 
5320.3 Turbine maintenance 29,250.00 

contract 12,150.00 
Subtotal $100,888.00 

Total $271,934.00 
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17.0 PLANT PERFORMANCE ANALYSIS 

This section describes the system level performance analysis of the selected 
solar desalination plant configuration. First, the general purpose system 
analysis computer code is briefly described. The available site ambient data 
is then summarized. Evaluations of the site solar resource character and 
availability are also presented. The solar and water production design points 
are discussed. Finally, data from an hour-by-hour yearly analysis of plant 
performance are summarized. 

17.1 Plant Performance Model 

Functions of the System Analysis Model 

The functions of the solar desalination system analysis model (DESAL) are 
illustrated in Figure 17-1. The model has been devised as a flexible tool to 
be utilized throughout the solar desalination program. DESAL is a 
quasi-steady state model of the various components of the selected solar 
desalination plant. The model assumes the plant will proceed from one steady 
state point to another. This is accurate for slowly changing events where the 
minimum time increment is approximately 0.25 hours. For transient events less 
than 15 minutes time constant, the transient performance of the 
receiver/turbine/field is likely to be significant and not adequately 
represented in DESAL. 

One of DESAL's great utilities is in exploring the effects of large numbers of 
potential system configurations and operating philosophies. Data for many 
combinations can be gathered quickly and inexpensively, allowing the system 
analyst to study the major operation parameters without becoming bogged down 
in extensive, tedious hand calculations. 

Another important model usage is in the area of annual performance predictions 
with hour-by-hour data. This allows verification of subsystem component sizes 
and permits an accurate assessment of plant outages and startup requirements. 
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Functions 

• Provide system performance for various system level configurations 

• Provide subsystem design paint operating conditions 

• Provide annual performance predictions with hour-by-hour data 

• Provide a tool for evaluation of various operating strategies 

Figure 17-1. Performance Model Update 
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• Combustor performance 
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• Ambient temperature 
variation 

• lnsolation variation 
• Solmet SOLMET tapes 

BMSR testin 
• Receiver performance 

• Pressure drop data 
• Practical operation 

restrictions 

Figure 17-2. Data Sources 
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Data Sources 

Figure 17-2 illustrates the data sources for this computer model. 
Climatological data used 1n the DESAL code are broken into two categories, 
clear day and annual hour-by-hour. The clear day data were generated to 
represent a cloudless day for each month of the year. Insolation values were 
generated for Rankin, Texas using Allen's clear air model [6]. Ambient 
temperature profiles were chosen to r~present the 30-year average for each 
month. Annual hour-by-hour insolation and ambient temperature data were 
obtained from 1978-1979 SOLMET data for Midland-Odessa, Texas. The hour-by
hour data is more fully described in a following section on weather data. 

Solar Turbines International {STI) provided turbine component data, the 
turbine perfonnance calculation method, and combustor performance data. 
Heliostat field performance was obtained with the DELSOL computer code. This 
field data consisted of the field efficiency multiplied by the mirro~ area as 
a function of solar hour for the 21st day of each month of the year. 
Performance on other days was interpolated from these 12. days' data. Data 
from the BEC/EPRI BMSR testing program (EPRI Research Project 377-3) were used 
as a basis for estimating receiver performance and pressure drop. A system 
analysis model (FSESAM) developed for the BEC/EPRI Full System Experiment 
program provided a base upon which the DESAL model was constructed. Plant/ 
thermal energy storage analytical tools developed under previous BEC programs 
were adopted for DESAL use to produce both a solar hybrid and a storage 
integrated plant analysis capability. DESAL was also greatly benefited by 
ongoing parallel system analysis model development at Boeing. The information 
from these data sources were combined into a consistent calculation 
methodology resulting in the final DESAL program. 

Model Capabilities and Limitations 

The basic capabilities of the DESAL model are summarized in Figure 17-3. 
DESAL was written in FORTRAN on the Boeing Computer Services CDC 6600 System. 
The basic limitation in the use of the DESAL model is due to the quasi-steady 
state model. As stated before, the model assumes slowly varying ambient 
conditions, allowing the solar subsystems to equilibrate to a new steady 
state. For rapid transients e.g. time constants on the order of several 
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• FORTRAN language 

• Ambient 

Ambient temperature 

30 year average (12 daysO) 

1978 actual hour-by-hour data 

lnsolation 

Clear day profile ( 12 days) 

1978 actual hour-byp-hour data 

• Heliostat field performance 

Clear day, diurnal data (12 days) 

Annual data interpolated 

• Turbine 

STI • Titan 

STl•Spartan 

Garrett 831 • 800 (partial) 

STI • Centaur 

STI ·Saturn 

• Receiver 

BMSR 
Cesar receiver 

• TES 

Sensible heat 

Latent heat 

• Cycle 

Simple cycle 

Recuperated cycle 

Steam bottoming cycle 

• Operation 

Maximum solar 

Constant turbine inlet temperature 

Constant electric output (hybrid solar mode only) 

Minimum solar-receiver flowrate 

Charge TES 

Parallel receiver(rES only 

Discharge TES only 

Fossil only 

Figure 17-3. uDesal" Capabilities 
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Figure 174. uDesal" Organization 
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minutes or less, the capacitive effects of the various solar components must 
be analyzed in a truly dynamic system model. Presently, the DESAL model is 
"resistive" in nature, containing "capacitance" only in the TES subsystem. 

Model Organization 

The organization of DESAL is illustrated in Figure 17-4. Subsystem 
performance is based on subroutine submodels. A main or executor program 
sequentially calls each subroutine as needed. 

Model Operating Strategies 

The DESAL model operating strategies are illustrated in Figure 17-5. This 
list is not exhaustive in all of the operation modes that a solar desalination 
plant of this type could expect. The purpose of the list is to summarize the 
major operating strategies of the model. As new operating methods and 
refinements are developed, they can be added to the model. 

The major current operating strategy is to maintain at all times the turbine 
inlet temperature as high as possible but not above the design value. A 
corollary of this strategy is that the model attempts to operate the plant to 
produce as much electricity as possible at a given instant. No anticipatory 
logic is included. This results in some situations where the model may not 
produce the best long term plant performance. As an example, consider a 
mostly cloudy day that has usable direct insolation becoming available late in 
the operation day, e.g. an hour before the minimum solar elevation angle 
(10°). The model would attempt to start up the plant to capture that energy, 
whereas a plant operator would probably evaluate the nearness of the minimum 
elevation angle time and choose not to start the turbine. It is expected that 
using a nonanticipatory logic will produce conservative plant performance, 
actual performance being greater. Anticipatory logic should allow an increase 
in long term plant performance and a reduction in required plant starts. 

Solar input control strategy is influenced by a number of factors. Potential 
solar input above the design value for maximum solar flux could result in a 
turning away some of the heliostats (e.g., a very clear solar noon insolation 
condition. This maximum solar input condition coincides with the maximum 
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• Maintain turbine inlet temperature as close to design value as possible 

Solar only 

Solar and TES in parallel 

TES only 

• Produce as much electricity as possible at all times 

No anticipatory logic 

• Limits on solar input 

Design values 

Receiver subsystem pressure drop 
TES pump power consumPtion 
Minimum receiver mass flow 

Figure 17~5. 11Desal" Model Current - Operating Strategies 
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receiver pressure drop and TES pump power consumption at the plant design 
point. If the maximum receiver pressure drop and/or TES pump power 
consumption limits are encountered at lower solar input conditions, 
adjustments in the heliostat field are also made. As the minimum desirable 
pressure drop level is passed, additional heliostats are added, if available, 
to boost solar input and hence receiver thennal output. At the minimum 
receiver mass flow, the heat transfer capability of the receiver heat 
exchanger panels reaches a level where further receiver operation becomes 
unrealistic, and the heliostat field is shut down. 

17.2 Solar Resource Analysis 

The perfonnance of a given solar plant is obviously affected by the ambient 
envirorvnent at the site for which it is intended. Thi.s section summarizes the 
various analyses perfonned on ambient data available for or typical of the 
solar desalination plant site. The basic data sources are described_as well 
as conclusions available from statistical analyses of those data. The solar 
energy density (kWt-hr/m2-clay) or "solar resource" available at the site is 
presented. Finally, the site solar availability derived from long tenn data 
and hour-by-hour measurements is discussed. 

Weather Data 

Weather data for the Rankin-McCamey, Texas solar desalination plant site are 
adequately represented by National Oceanic and Atmospheric Administration 
(NOAA) data for Midland-Odessa, 50 miles to the north, which was utilized 
extensively for the plant perfonnance analysis. 

As indicated earlier in the discussion of the DESAL model data sources, 
weather data is broken into two broad categories: hour-by-hour data and 
l ong-tenn, i.e. "30-year", average data. The hour-by-hour data is useful for 
estimating detailed performance characteristics such as plant outage times, 
startup requirements,_ and TES utiUzation. The long-term data is us-ed to 
size the plant components and predict the long term performance and economics. 

The following subsections present the data sources for the hour-by-hour and 
1 ong-term data. 
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SOLMET Data 

A SOLMET data tape for Midland-Odessa. Texas was purchased from NOAA. This 
data tape provided hour-by-hour ambient data from January 1, 1978 to June 30, 
1979. The specific ambient data of interest to the plant performance analysis 
were the ambient temperature and direct insolation. A separate file or tape 
was created containi.ng ambient temperature and insolation data. The separate 
tape would represent an actual hour-by-hour record of ambient temperature and 
insolation representative of the variations expected at the site. 

An analysis of the SOLMET data revealed that the ambient temperature data were 
complete for each hour of the year (8760 data points) and could be transferred 
directly to the separate file. However, the direct insolation data revealed 
gaps for January and February, 1978 and January, 1979. In order to produce a 
representative year's insolation variation, February, 1979 insolation data 
were substituted in the February slots. March through December data.were 
taken directly from March through December, 1978 SOLMET data. January 
insolation data was taken symmetric about the winter solstice, i.e. Day 1 data 
taken same as Day 308, Day 2 as 307, etc. For the remainder of the plant 
performance analysis discussion, the separate file data thus formed is 
referred to as the 11 1978 Midland" data. 

30-Year Average Data 

Long term or 11 30-year" average temperature data for Midland-Odessa, Texas are 
presented in Table 17-1. 
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Month 

J 

F 

M 

A 

M 

J 

J 

A 

s 
0 

N 

D 

Year 

Daily 
Maximum 

(oc) 

14.6 
17.1 
21.1 
26.5 
30.6 
34.1 
34.2 
35.0 
31.4 
26.6 
20.1 
15.9 

25.7 

Daily Monthly 
Minimum Average 

(OC) (oc) 

-1.1 6.8 
+1.2 9.1 
4.3 12. 7 

10.0 18.3 
14.8 22.7 
19.7 26.9 
21.1 28.3 
20.9 28.0 
17.3 23.3 
11.7 18.0 
4.3 12.2 
0.1 6.9 

10.4 18.1 

Long tenn direct insolat1on data for Midland-Odessa are not directly 
available. Long tenn total insolation (direct plus diffuse) data for 
Midland-Odessa are presented in Table 17-2. The average long tenn yearly 
average direct insolation energy density or "solar resource" for 
Midland-Odessa, Texas has been estimated as 6.00 kWt-hr/m2-day. 

Clear day insolation data for the 21st of each month of the year were 
generated for the selected solar desalination site using Allen's clear air 
model [6]. The insolation profiles are presented in Figure 17-6. 
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Figure 17-6. Clear Day lnsolation Profiles 
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Figure 17-7. Ambient Temperature Histogram, Midland, Texas, 1978 
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Table 17-2. Midland-Odessa, Texas Total Insolation Data 

Month 

J 

F 

M 

A 

M 

J 

J 

A 

s 
0 

N 

D 

Year 

Ambient Temperature Data Results 

Average Daily Total 
Solar Energy Density 

(kWt-hr/m2-day) 
3.35 
4.20 
5.47 
6.39 
6.99 
7.19 
7.61 
6.56 
5.76 
4.71 
3.63 
3.36 

5.44 

By analyzing the 1978 Midland data, a histogram of the ambient temperature was 
constructed as shown in Figure 17-7. Presented are the number of 
occurrences in the 1978 Midland data year that a particular ambient 
temperature was encountered. 

Insolation Data Results 

The. maximum daily insolation level for each day of the year is presented in 
Figure 17-8. As can be seen, several periods of the year had no direct 
insolation indicating periods of extended cloudiness. An insolation histogram 
is shown in. Figure 17-9. The fractional sum of the insolation distribution 
for the 1978 Midland data is presented in Figure 17-10. Of the time that 
direct insolation is available, 95% of the occurrences were at 940 W/m2 and 
below, although insolation levels as high as 1030 W/m2 were encountered 
occassionally. Also, 75% of the direct insolation occurrences were between 
150 and 940 W/m2. 
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Figure 17-9. lnsolation Histogram, Midland, Texas, 1978 
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The hour-by-hour solar variability is studied by calculating the change in 
insolation level from one hour to another. Figure 17-11 presents the maximum 
hourly insolation change for each day of the year. Figure 17-12 presents the 
spectrum of insolation changes as a function of their frequency of occurrence. 
The change distribution is nearly symmetric with "off-loading" changes (loss 
of insolation) as high as 900 W/m2 and "on-loading" changes (gain of 
insolation) as high as 800 W/m2. Considering the general concerns about 
thermal shock and thermal cycling in solar receivers, such solar change data 
should be useful in the pilot plant receiver design. For instance, Figure 
17-12 suggests that rates of change are usually moderate and rarely approach 
the "black cloud" worst case condition. 

Site Resource Data Results 

The solar power density or insolation level in W/m2 directly affects the 
sizing of the solar receiver and flow components. However, the TES ~ystem 
performance is influenced more by the energy density or "solar resource". 
This solar resource is generally expressed in terms of kWt-hr/m2-day. The 
long term solar resource data were discussed earlier. The day-by-day resource 
from the 1978 Midland data is presented in Figure 17•13. These data further 
demonstrate that there were several periods of extended cloudiness in the 1978 
year data. A histogram of the solar resource data is presented in Figure 
17-14. A significant number of occurrences were at 7.0 kWt-hr/m2 and above. 
The fractional distribution of the resource shown in Figure 17-15 demonstrates 
that although the yearly average resource value is 5.30 kWt-hr/m2, the mean 
value is 7.0 kWt-hr/m2. The mean includes only days that had direct normal 
insolation whereas the average includes all days. 

It is obvious than one hour at 1000 W/m2 contributes to the daily solar 
resource value 5 times the effect of an hour at 200 W/m2. Figure 17-16 
presents the insolation fractional distribution based on power and energy. 
These data demonstrate that although 75% of all the occurrences of insolation 
fall between 150 -940 W/m2, that same 150 -940 W/m2 range accounts for 90% of 
all the energy potentially available at the site. Furthermore, plant 
operation at less than 150 W/m2 or greater than 940 W/m2 is relatively 
unimportant because only small amounts of potential solar input energy are 
actually available at those insolation levels. These conclusions give some 
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guidance in plant operation strategy. At some minimum insolation level at the 
heliostat field design point efficiency, the solar input to the receiver will 
be at a minimum allowable level. This minimum allowable solar input level 
results from consideration of the heat transfer capability of the heat 
exchanger panels at low mass flows. The minimum flow condition for the solar 
desalination receiver occurs at roughly 150 W/m2. The data shown in Figure 
17-16 indicates that the annual performance penalty of not operating the 
receiver at levels below 150 W/m2 is small. 

On the other side, requiring the receiver to operate at the maximum expected 
insolation levels also imposes a receiver design capability that on an annual 
basis is fully utilized only occassionally. The strategy chosen for the solar 
desalination plant is to turn away heliostats for those relatively rare 
conditions when the field efficiency and insolation level are high and the TES 
is simultaneously nearly fully charged. 

The monthly average-solar resource derived from the 1978 Midland data is 
presented in Figure 17-17. Also presented are the 30-year average total solar 
resource (direct and diffuse) data. Although the data do not compare 
directly, their month-by-month distributions indicate that the 1978 data had 
more month-by-month variation in solar resource than would be expected in the 
long term. 

Solar Availability Analysis and Results 

The solar availability is an important concern in sizing the TES subsystem. 
An analysis was performed to determine the most likely amounts of time that 
solar insolation would not be available. Figure 17-18 illustrates the process 
utilized. The number and length of occurrences of solar outage (below 150 
W/m2) were tallied for each hour of the year. The resulting data is displayed 
in Figure 17-19. By analyzing all hours of the year, outage caused by both 
cloudiness and nighttime are counted. Figure 17-19 shows a peak near 1-2 
hours and another at 12-13 hours. It is expected that the 12-13 hour peak is 
caused largely by nighttime outage, whereas the 1-2 hour peak by cloudiness. 
Solar outages as large as 210 hours were experienced. However, 323, or 91.3%, 
out of the total 353 solar outage hours were at or below 24 hours. These data 
indicate that storage times on the order of 24-48 hours would be most 
appropriate. 
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As an attempt to filter out the cloudiness effects from the nighttime effects, 
the average solar hours per clear day were calculated for each month of the 
year. The direct insolation data for each month was analyzed for the hours of 
potential solar operation. The number of hours of no insolation and for 
i nsol at ion at .or below 150 W/m2 were tallied for each month. The resulting 
data are presented in Table 17-3. As indicated, 1115 hours out of a potential 
3777 were lost due to non-available insolation. This indicates a 70% "weather 
factor" from the 1978 Midland data. The long term "weather factor" for 
Midland is 75%. 

17.3 Solar Plant Design Point 

As discussed in the Task 3 report, the design point chosen for the commercial 
solar desalination plant is solar noon, winter solstice. Also, results from 
the annual performance for the commercial plant indicated the minimum water 
production occurring in the winter months. Assuming the pilot p1ant_annua1 
performance follows a similar minimum winter performance pattern, the winter 
solstice, solar noon condition was chosen for the heliostat field design point 
condition. As in the commercial plant, 940 W/m2 was chosen as the design 
insolation level. 

The receiver design point must accommodate the maximum receiver mass flow 
rate. At this mass flow the receiver subsystem pressure drop would be the 
highest. For a given peak solar input level, the maximum receiver mass flow 
occurs when the temperature difference across the receiver is a minimum. For 
a given maximum receiver outlet gas temperature, the maximum mass flow occurs 
at maximum receiver inlet temperature. The maximum receiver inlet temperature 
occurs when the TES subsystem is nearly fully charged. Therefore, the solar 
subsystem design point occurs at solar noon, winter solstice for the TES 
approaching the fully charged condition. This condition is illustrated in 
Figure 17-20. The turbine generator produces 78.8 kWe with 40 kWe consumed in 
the TES compressor. The TES configuration used for the design point (and the 
following plant performance analyses) is 94,090 kg of brick. Performance of 
packed bed TES, which is the preferred design configuration (see Section 7.1), 
is described later in Section 17.7. 
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Ill = 876 
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1.SOO 
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1.500 
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Table 17-3. Solar Availaf?ility Results- "1978 Midland" Data 

Average solar Potential Days 
hour per solar hours Hours• with 
clear day per month 15=0 Nols 

8.44 262 138 8 
9.36 262 84 2 

10.41 332 83 7 
11.40 342 31 1 
12.10 375 38 0 
12.36 371 176 9 
12.10 357 19 0 
11.04 353 128 6 
10.41 312 145 7 
9.36 390 72 2 
8.44 353 142 6 
a0& .250 79 3 

Jf, 'L/3 

13.4 1.83 
64.8 1.B3 
64.4 4.06 
48.0 2.22 
84.4 2.22 
49.2 4.IJ& 
49.2 2.22 BN 
49.2 1.83 
13.4 • 1.83 

Figure 17-20. Solar Desalination Pilot Plant Design Point 
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System pressure losses are always a concern for gas turbines. Table 17-4 
presents the design point system pressure loss budget for the solar 
desalination pilot plant. The data are expressed in tenns of a percentage of 
compressor outlet pressure. The air supply and heat exchange piping were 
physically sized to produce a large majority of the pressure loss across the 
heat exchanger turbing. This was done for two reasons: (1) the large 
pressure drop provides better forced convective heat transfer; and (2) tube
to-tube massflow imbalances are minimized. A total maximum pressure loss of 
10% from compressor outlet to turbine inlet was assumed. Pressure losses in 
excess of 10% could lead to compressor "surge" and subsequent damage to the 
turbomachinery. Out of the 10% budget, 0.92% has been maintained as a margin 
for inaccuracies in pressure loss estimated. 

17.4 Water Production Design Point 

The water production design point is definep.--.as the amount of water ~hat can 
be produced when the power supply is 70 kW.~.]2-~~_)amount of power is available 
at noon on the winter solstice and is the maximum amount of power allocated to 
the water treatment plant. Figure 17-21 shows the flow rate and the 
concentrations of water streams when the power supply is 70 kW. Since the RO 
penneate is predicted to be 122 ppm of dissolved salts, and the required 
treated water purity to be less than 500 ppm, blending of the RO penneate with 
the feedwater is provided. The blending gives a higher water production rate 
at no additional energy consumption, while keeping the treated water 
concentration below the required 5.00 ppm. The blend by-pass flow, as well as 
losses and waste flows are all shown on Figure 17-21. When the plant operates 
below its design point, the flowrates on Figure 17-21 will be proportional to 
each other, and the concentrations will be unchanged. 

Table 17-5 shows the concentration of each stream shown on Figure 17-21. The 
chemical constituent concentrations were defined as follows (is not adjusted 
for electro-neutraility balance): 

Raw Feed 

RO Feed 

Water sample analysis (3-81) of 
Rankin, Texas well water. 

Analysis of commercial weak acid 
cation units. 
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Table 17-4. System Pressure Less Budget 

(Percent of compressor outlet pressure 
= 376.5 kPa) 

Inlet 

Riser 0.09% 

Manifold 0.14% 

Control valve 1.00% 

Header 0.07% 

H/X tubes 7.00% 

Outlet 

Header 0.20% 

Manifold 0.26% 

Oowncomer 0.18% 

Interconnect piping 0.14% 

Margin 0.92% 

Total 10.00% 

Table 17-5. Water System Chemistry-Pilot Plant 

Raw R.O. Predicted Predicted 
Feed Feed Reject Permeate 

Calcium (Ca ) 174 70 272 4;0 
Magnesium (Mg ) 113 112 424 7.0 
Sodium (Na+) 160 160 483 23 
Potassium (K+} 0 0 0 0 
lron'(Fe) 0.1 0.1 0.1 0.1 
Manganese (Mn) .05 .05 .05 .06 
Bicarbonate (HC03 -} 330 12 14 10 
Carbonate (C03 -, 0 0 0 0 
Chloride (Cl-) 146 146 537 15 
Sulfate (S04 .. , 

698 697 2601 56 
Nitrate (N03 -, 34 34 155 4.0 

Phospl\ate (P04 •, 0 0 0 0 
Flouride ( F-) 20 2.0 2.0 2.0 
Silica (Si02) 7.2 7 1.0 
TDS 1617 1154 4614 122 
pH 7.4 5.9· 5.6 7.0 
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40 
30 
52 
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78 
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43 
193 
28 
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17.5 Clear Day Perfonnance 

Analysis of commercial 
RO units. 

Mass balance on each component 
(from Raw Feed and Predicted 
Penneate streams). 

Perfonnance data for a clear winter solstice day are presented in Figures 
17-22 to 17-24. Tables 17-6 and 17-7 summarize data for winter, spring, 
summer and fall clear days. Figure 17-22 presents the massflow through the 
turbine, receiver and thennal energy storage subsystems as a function of the 
time of day (standard local time). Operation begins at 0900, the receiver 
massflow following the insolation profile. Thennal energy storage charging 
begins at 1000 and continues until 1600. Direct solar operation cea~es and 
thennal energy storage discharge begins at 1700. Thennal energy storage 
discharges until 2400 whereupon the plant is shutdown. 

Figure 17-23 shows the plant electrical production and consumption as a 
function of time of day. Thermal energy storage charging is noted by the 
block of power devoted to the blower. After thermal energy storage blower and 
plant parasitics are subtracted, the net power is supplied to the RO system 
for water production. The power consumption for all three modules at full 
production rate is 70 kWe. This occurs early in the plant operation where 
ambient temperature and pressure losses are low, allowing additional 
electrical production. The minimum RO electrical consumption occurs where 
only one RO module is operating at 1/2 capacity. This condition defines the 
thermal energy storage "empty" condition at 2400 hours. Figure 17-24 presents 
the water productiQn,~ for the clear day operation. Full production 

~ capacity raten272 m3/h~--ts provided at 0900 hours. The total cumulative 
water product i o . e day is 530 m3. 

Table 17-6 pre ents summarized performance data for clear spring, summer, fall 
and winter day. Presented are water production, operational hours~ and 
electrical production and consumption. The spring day performance is best 
owing to the relatively low ambient temperatures, high insolation levels 
(clearer sky), moderate length of solar day, and moderately high heliostat 
field efficiencies. 
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Figure 17-23. Design Day Data - Electrical Production 
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Table 17-8. Solar DESAL Pilot Plant Clear Day Performance 

Solar-only operation/solar electrical busbar 

Gross Process Parasitics Additional 
Day electrical . electricity 

Hellostat field, TES pump, Plant power, 
parasitic power 

produe11on, consumption, from grid (kW8-hr) 
kW8-hr kW8-hr kW8-hr kW8-hr kW8-hr 

Winter 986 704 79 122 80 1,132 

Spring 1,143 831 91 131 90 1,122 

Summer 872 601 96 91 . 85 1,127 

Fall 903 689 87 152 95 1,117 
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17.6 Annual Perfonnan~e Data 

The solar desalination plant system analysis model (DESAL) was used to 
investigate the hour-by-hour perfonnance for the selected plant configuration. 
The following subsections present the results from that analysis. 

Correction of "1978 Midland" Insolation Data to Long-Term Average 

As discussed earlier in Section 17.2, the long term solar resource for the 
Rankin, Texas site should be about 6.00 kWt-hr/m2. The "1978 Midland" data 
yields a 5.30 kWt-hr/m2 solar resource value, or about 13% below the 6.00 
value. Two options are available to correct 1978 Midland data to reflect the 
long tenn behavior: 1) multiply the water production estimates from the 1978 
data by 1.13, or 2) multiply the individual instantaneous insolation values by 
1.13. Neither of these options are entirely satisfactory. The first op~ion 
essentially stretches the solar operation day when in fact the thenn~l energy 
storage may become fully charged, and the additional energy would not be 
available. In the second option, both clear and cloudy day insolation levels 
are increased. In order to assess the effects of which option to use, January 
1978 data were repeated for the pilot and commercial plants using both 
options. The results are presented in Table 17-7. The effect is small, about 
3.2% difference in water production. Since the second option produces 
conservative perfonnance, the pilot plant perfonnance data presented in the 
following subsections is based on the second option. 

Table 17-7. 

Plant 
Pilot 
Commerical 

(updated) 

Correction of Insolation Data 

Water Production for January 
1.13*Is l.13*Yr 
8256 8530 

145000 140400 

Monthly and Yearly Performance Predictions 

1978 (m3) 

Tables 17-8 to 17-12 summarize the monthly and yearly perfonnance results 
using the 1978 Midland ambient data as defined in Sections 17.2 and 17.6. 
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Table 17-8. Solar DESAL Pilot Plant Annual Performance - Factored 1978 Midland Data 

Water Operation time (hrt lnsolation (MW-r1J .RCA heat 
Month 

Jari 

Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec 

Vear 

~uction Direct Cm ) Total solar 

8,258 217 126 
10,270 270 184 

9,584 308 180 
11,348 402 234 
8,416 283 187 
8,748 226 154 

10,141 393 244 
8,721 238 155 
5,764 288 2CT1 

10,094 348 197 
8,388 196 112 

11,030 311 170 

104,740 3,474 2,139 

• Adjustment for 30 year avemge 
104,740 X 0.85 • 88,929m~ 

Collector TES field 

91 228.6 
106 293.7 
128 333.7 
168 453.1 
96 396.S 
71 310.0 

149 4~8 
81 298.0 
79 233.3 

151 350.7 .. 
83 205.7, 

132 306.9 

1,336 3907.0 

(Factored "1978 data")x (Plant availability estimate) 

Max. avail. Actual input 
absorption 

input at RCR atRCR (MWih) 
. 

152.0 151.7 ,128.4 
t8&.8 184.9 154.0 
199.2 198.8 165A 
252.6 252.0 209.9 
204.4 203.7. 169.7 
152.8 152.4 128.9 
249.5 248.9 207.3 
162.8 161.7 134.7 · 
135.8 131.2 109.3 
215.7 215.2 179.3 
131.8 131.4 109.5 
202.4 201.9 188.2 

2244.4 2233.8 1880.6 

Table 17-9. Solar Desalinatlon Pllot Plant Annual Performance ____ ··---
- Factored 1978 Mldland Data 

Solar-only operation/solar electrical busbar 

Parasitics 
Gross Process 5olar Additional 

Month electrical electricity Hellostat TES portion of parasitic grid 
production consumption fleld pump plant power for dormant 
(kW1-hr) (kW1-hr) (kW

8
-hr) (kW

8
-hr) power plant (kW1~ hr) 

(kW11-hr) 

Jan 15,362 10,921 1,786 1,570 1,085 38,983 
Feb 18,848 13,585 2,113 1,800 1,360 32,869 
Mar 18,020 12,651 1,783 2,048 1,548 38,851 
Apr 21,800 15,012 2,233 2,545 2,010 34,998 
May 1s,n4 11,133 1,755 1,421 1,415 37,429 
Jun 12,412 8,928 1,403 958 1,125 36,334 
Jul 19,823 13,415 2',290 2,163 \985 38,418 
Aug 12,657 8,891 1,402 1,184 1,180 37,647 
Sep 11-,134 7,625 816 1,263 1,430 36,504 
Oct 19,588 13,356 1,962 2,608 1,740 38,561 
Nov 11,906 8,448 1,081 1,404 975 36,479 
Dec 19,945 14,587 1,603 2,200 1,555 38,938 

Year 197,197 138,648 20,227 21,062 17,370 438,001 
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Month 

Jan 
Feb· 
Mar 
Apr_ 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec . 

Year 

Table 17.:.10. Solar DESAL Pilot Plant Annual Performance 
-Factored 1978 Midland Data 

Total Raw Evaporadon Sewage Blend 

~uction 
feedwater flow flow 
re~lrements 

(m3) (m3} (m3) (m ) (m ) 

8,256 11,311 892 2,183 1,769 
10,270 14,670 1,109 2,691 2,188 

9,564 13,103 1,053 2,508 2,037 
11,348 15,547 1,226 2,973 2,417 

8,416 11,530 909 2,205 1,793 
6,748 9,245 729 1,768 1,437 

10,141 1;1,893 1,095 2,657 2,160 
6,721 9,208 726 1,761 1,432 
6,764 7,897 623 1,510 1,228 

10,094 13,829 1.090 2,846 2,160 
6,388 8,752 890. 1,674 1,361 

11,030 15,111 1,191 2,890 2,349 

104,740 143,494 11,312 27,442 22,310 

Table 17-11. DESAL PllotP/antComponentStart-up Estimates 

• Factored 1978 Midlanc! dat.a 
• No anticipatory capabilities 

Month EPGS Heliostat Receiver TES TES 

Permeate 
flow 

(m3) 

6,497 
8,082 
7,527 
8,931 
8,623 
6,311 
7,981 
5,289 
4,536 
7,944 
5,027 
8,681 

82,430 

field unit blower 

Jan 20 19 19 35 19 
Feb 23 24 24 44 18 
Mar 26 26 26 45 24 
Apr 29 30 30 59 31 
May 31 33 33 50 26 
June 22 . 24 24 32 17 
July 31 36 36 56 29 
Aug 26 32 32 36 21 
Sept 23 26 26 32 21 
Oct 19 30 30 49 28 
Nov 17 21 21 29 16 
Dec 27 27 27 48 26 

Year· 303 328 328 616 275 
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Table 17-12. DESAL Pilot Plant Component Operational Houn Estimates 

• Factored 1978 Midland data 
• No anticipatory capabilities 

·Heliostat TES TES 
Monti• EPGS field Receiver unit blower 

J 217 131 131 188 87 
F 270 173 173 234 99 
M 308 194 194 287 114 
A 402 262 262 349 165 
M 283 228 228 220 103 
J 225 186 186 164 82 
J 393 284 284 322 151 
A 238 187 187 174 77 
s 288 147 147 182 73 
0 348 203 203 304 135 
N 195 123 185 123 75 
D 311 184 184 278 118 

Year 3,474 2.301 2,301 2.827 1,269 
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These data are for solar only operation, i.e, the effects of backup grid power 
consumption have not been included (see Section 17.6). The data also 
considers only the solar availability as contained in the hour-by-hour 
insolation data. 

The data must be corrected to account for plant availability (plant outages 
due to scheduled and unscheduled maintenance, etc.). As discussed in Section 
16.3, the expected plant availability is 0.85. The expected year water 
production is then 104,740 x 0.85 = 88,929 m3 or 244 m3/day, within the 100 -
400 m3/day SERI goal. 

The electrical power production and consumption data of Table 17-9 are based 
on the electrical power budget allocations shown in Table 17-13. These data 
are split into two groups, the power consumers that would normally be required 
to be supported by the solar plant and those balance of plant consumers to be 
supplied from grid power. Minimum and maximum values are also shown~ 

Table 17-13. Power Generation Consumption Budget 

Power (kWe) 
Supplied by Supplied by 

Component Solar Generation Grid 
Max Min Max Min 

Heliostats 6 2 
Feedwater Pretreatment 7 7 
RO Modules 63 11 

TES Blower 40 20 or 0 
Power Generation & Heliostat 1 1 
Control Computers 

Miscellaneous 4 4 
Balance of Plant 

• Security equipment 4 1 
• Tower 1 1 
• Master computer 4 2 
• Plant building 50 25 
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feedwater requirements is composed of the sum of evaporation, sewage, blend 
and permeate flows. 

Table 17-11 presents the startup estimates for the solar system components. 
The TES blower starts only when TES charging commences. The TES unit starts 
whenever massflow begins through the medium (charging starts plus discharging 
starts). The heliostat and receiver are assumed to start whenever usable 
solar energy becomes available regardless of when that usable energy occurs. 
A plant operator may be able to reduce heliostat field and receiver 
start/stops by anticipating the ambient data conditions (incoming weather 
patterns, closeness of sunset, etc.). Since some days have no solar input, 
the number of EPGS starts is less than one per day. 

Representative Hourly Performance Data 

Figures 17-25 to 17-28 illustrate results from the plant performance system 
analysis model for four days in April. Figure 17-25 presents the daily 
insolation profile. April 14 is seen to be a relatively clear day followed by 
an intermittent insolation day representative of the passage of several cloud 
banks. April 16 contained no direct insolation indicating complete cloud 
cover. Finally, April 17 is another clear day. The resulting plant component 
mass flows are illustrated in Figure 17-26. The turbine mass flow is seen to 
be nearly constant, affected only by ambient temperature variations. The 
receiver mass flow follows approximately the available insolation. The TES 
mass flow illustrates first charging with excess receiver heat absorption and 
equal to turbine mass flow during TES discharge. Figure 17-27 presents the 
TES hot and cold fluid temperatures and the turbine inlet temperature. The 
TES hot fluid temperature is equal to the turbine inlet temperature. During 
TES discharge, the cold .TES fluid temperature is equal to the main compressor 
exit temperature. The TES energy level variation is presented in Figure 
17-17. The TES energy level is mea.sured relative to a uniform 15.6°C medium 
temperature. The charging/discharging behavior is clearly evident. The TES 
system does not become fully charged as discussed in Section 7·.o. The TES 
system carries the plant for about 7-8 hours after sunset. 
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Figure 17-26. DESAL Pilot Plant Performance Yearly Analysis Day 104 to 107 - 1978 Data 
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Backup Grid Power Connection 

When solar power (direct or stored) is not available, grid power can be used 
to produce water. The switchgear described in Section 8.2 can accomplish the 
transition from one power mode to another by synchronizing the solar generated 
electricity with the grid for a short period (less than 30 seconds). Table 
17-14 (a duplicate of Table 1-1) shows the plant's water production for the 
separate power modes. Note that the electrical power requirement shown in 
Table 17-14 includes grid power needed for miscellaneous facilities {listed in 
Table 17-13) during both solar and grid powered water production. The water 
production shown is for 100% plant availability; for 85% availability, total 
annual water production is predicted to be 327163 m3. 

Should the site owner choose to backup the solar generated electricity with 
additional purchased grid power, the reverse osmosis modules could be operated 
continuously at peak water production capacity (1270 m3/day). The switchgear 
design, as described in Section 8.2, is capable of managing this dual 
solar/grid mode with minor design revisions and different control software. 
The system analysis data already developed allows an estimate of the total 
purchased grid power required to exercise this option. Table 17-15 presents 
clear day production data for combined solar/grid operation. The total water 

-production capability approaches the Rankin summer peak consumption of about 
1300 m3/day. The winter Rankin consumption of about 600 m3/day is seen to be 
possible with only modest amounts of grid power. 

Table 17-16 presents the effects of backup grid power connection on the annual 
plant water production. For an additional annual grid purchase of 474,700 
kW-hr from the grid (above that required for a solar-only dormant plant), an 
additional 358,810 m3 of water is produced, at 85% plant availability, total 
water production is predicted to be 394,000 m3/year. This value compares with 
the yearly Rankin consumption of about 200,000 m3/year of potable water. 

Solar Desalination Pilot Plant Efficiency Train 

Figure 17-29 presents the solar desalination pilot plant efficiency train for 
design point and annual operation. Figure 17-30 provides additional details 
on the annual performance data. 
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Table 17-14. DESAL Pilot Plant Annual Performance Data-Fac:tored 1978 Midland Data 

Solar only operation Grid connection 
Total Month Water Hounof Water Hours of Power walr pr~uctlon operation pr?.f.uctlon operation requirement (m l 

Im l (m l lkWa•hr) 

Jan 8,256 217 27,931 527 36,890 36,187 
Feb 10,270 270 21,308 402 28,140 31,576 
Mar 9,564 308 2;3,108 436 30,520 32,672 
Apr 11,348 402 . 16,864 318 22,260 28,202 
May 8,416 283" 24,433 461 32,270 32,849 
Jun 6,748 225 26,235 495 34,650 32,983 
Jul 10,141 393 18,603 351 24,570 28,744 
Aug 6,721 236 26,924 508 35,560 33,646 
Sep 5,764 286 23,002 434 30,380 . 28,766 
Oct 10,094 348 20,988 396 27,720 31,082 
Nov 6,388 195 27,825 525 36,750 34,213 
Dsc 11,030 311 22,949 433 30;310 33,979 

Year 104,740 3,474 280,158 5,286 370,020 384,898 
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Table 17-15. Clear Day Data wi'th Combined Solar/Grid Operation 

Solar contribution Grid connection for 
maximum production 

Total water 
Day Watar Operation, Water Total ~uction, pt'!Jductlon, hn prgductlon, power 

m3 m3 (kW8 -hr) 
m 

Spring 628 18 642 1,971 1,270 

Summer 467 17 813 2,206 1,270 

Fall 43& 19 836 2.228 1,270 

Winter &30 18 740 2,108 1,270 . 

Table 17-16. DESAL Pilot Plant Annual Performance Da'ta wi'th 
Combined Solar/Grid Operation-Factored 1978 Midland Da'ta 

Solar contribution Grid connection for maximum production 
Total 

Month Water Hounof Water Power water 
proJfuctlon operation prodictlon requirement m3 
(m3) (m ) (kWe-hr) 

-'- 8.266 217 31,114 78,142 39,370 
Feb 10,270 270 25,290 68,324 36.580 
Mar 9,684 308 29,808 78,280 39,370 
Apr 11,348 402 26,752 70,386 38,100 
May 8,416 283 30,964 78,376 39,370 
Jun 6,748 22& 31,362 77,808 38,100 
Jul 10,141 393 29,229 76,083 .;m,310 
Aug 8,721 238 32,649 80,838, 39,370 
Sep 6,764 286 32~6 79,279 38,100 
Oct 10,094 348 29,278. 76,276 . 39,370 
Nov 8,388 196 31,712 78,433 38,100 
Dec 11,030 311 28,340 74,431 39,370 

Vear 104,740 3,474 358,810 910,653 463,560 
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17.7 Clear Day Performance for TES Design Variations 

The preceeding plant performance analyses were performed for a brick 
refractory horizontal TES design, which was presented at the Preliminary 
Design Review (PDR) (3]. After the review, the TES design was changed to a 
vertical packed bed (alumina pebbles) and also a more efficient booster 
compressor was selected. The DESAL system performance model was then used to 
compare clear day performance of the TES designs. Initial results indicated 
the baseline medium mass of 94,090 kg is excessive for both brick and packed 
bed media (the medium could not be fully charged resulting in low round-trip 
efficiency). Subsequent analyses defined a packed bed mass {42,500 kg) that 
maximized clear day water production as shown in Table 17-16. Program 
schedule constraints did not allow a refined packed bed TES optimization nor 
revision of the design dimensions given in Section 7.1 {to be done during 
detailed design). But the following results of this initial study do indicate 
that the size of the packed bed TES presented in Section 7.1 can be 
significantly reduced. 

Two causes were identified for the less than hoped for TES performance using 
the baseline PDR brick design. Those two causes were the inefficient TES 
booster compressor and TES medium mass not optimized to the solar system. The 
base 1i ne PDR brick TES ut i 1 i zed only about 3300 kW-hr of its 7300 kW-hr 
expected capacity. The baseline PDR booster compressor efficiency varied from 
65% at full flow to 35% at minimum flow. This efficiency was changed to a 72% 
value expected from more efficient compressors, while maintaining the baseline 
TES design medium mass. Table 17-16 (variation 1) shows this to be a 
beneficial effect, lowering TES pump power requirements but there is a 
relatively small effect on the total water production. 

The second TES variation has a reduced brick medium size with the mass of 
42,500 kg. This change produced a more substantial change in the total water 
produced, indicating TES performance much more sensitive in the pilot plant to 
TES mass/plant optimization rather than booster compressor efficiency. 

The third TES variation shown in Table 17-16 is for a packed bed configuration 
of 42,500 kg. The total water production increased substantially, indicating 
28% more water production over the PDR baseline for 1/2 the TES medium mass. 
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-------------------
Table 17-16. Solar Desal Pilot Plant Perfonnance for TES Design Variations 

21 December, Clear Day 

TES Operation Ti me Gross Prc.ces!> TES 
TES TES TES Booster Water (hr) Electrical ElectricHy Booster 

Variation Medium Medium Compressor Production Total Direct TES Production Consumptjon Compressor 
Number Type Mass Efficiency Solar Consumption 

(kg) (%) (m3) (kW-hr) (kW-hr) (kW-hr) 

Baseline Brick 94,090 < 65 530 16 8 8 985 704 122 

1 Brick 94,090 72 544 15 8 7 939 n:3 80 

- 2 Brick 42,500 72 606 15 8 7 1038 805 96 
QD .... 

3 Packed 42,500 72 681 15 8 7 1161 904 64 
Bed 

4 Packed 26,590 72 669 14+ 8 6+ 1152 888 67 
Bed 



The enonnously increased heat transfer surface area significantly sharpened 
the thennocline, thus allowing much better TES discharge performance. 

The final TES variation was a TES medium mass at 26,590 kg or 28% of the PDR 
design mass. The performance variation 4 is slightly less than for variation 
3. Until a cost versus performance trade is performed during detailed design, 
the 42,500 kg packed bed design, variation 3, is recommended for the pilot 
plant. 

Figures 17-22, 23, 24 and Table 17-6 present massflow, electrical production, 
and water production far the baseline PDR brick TES design. Figures 17-31, 
32, and 33 present analogous data for the 42,500 kg packed bed TES design. 
Substantial improvement is noted in electrical production, the RO system 
operates at maximum capacity for 7 hours out of 15. This is a result of the 
final charged state at 1600 hours approaching the fully charged capacity (see 
Figure 7-4). Figures 17-34 and 35 present similar data far the 26,590 kg 
packed bed design. The corresponding thennocline data (Figure 7-5) show TES 
utilization greater for the smaller mass although water production and 
operation time suffer slightly. 
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18.0 TEST PLANS 

The objective of the pilot plant test program is to demonstrate the adequacy 
of the design and hardware to meet the specification requirements. To satisfy 
this objective: 

a) The test program will be planned as an integrated program to ensure 
that all hardware that must be tested is tested, and that no 
unnecessary tests are performed. 

b) Test requirements and test procedures will be developed 
independently and cross-checked. 

c) Rigid test controls will be maintained to prevent damage to 
equipment, to ensure that the tested configuration is the approved 
configuration, and to ensure that test records reflect.the 
objectives of each test. 

Testing of the pilot plant will be performed in four general categories: 
engineering development; receiving; integration and checkout; demonstration 
and acceptance. Plans for these tests will be developed during Phases 2A and 
2B as indicated in Table 18-1. A preliminary list of specific tests and their 
sequencing is presented in Appendix B. 

In the engineering development test category, the significant test activities 
will be in the following areas: 

o Site soil investigation 
o Focused reflector panel development 
o Focused heliostat beam quality 
o Receiver insulation thermal capability 
o Hx tube heat - pressure cycling 
o TES materials thermal properties 
o Gas turbine combustor 
o Feedwater quality 
o Control system software 
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.-------------"!""""-------------------

Phase 

1 

2A 

28 

Table 18-1. Test Planning 

Prima activity Test planning Tasu 

Preliminary design Preliminary test plans None 

Test requirements 

Functional and Integration 
Detailed design Test plans and procedures Engineering dava!opment tests 

. Acceptance test plan 

Operations plan 

Equipment procurement Raaeivlngtasts ,_ _____________ --------
Construction Component and subassembly 

functional Integration tests 

Checkout Subsystem and plant . 
chackout tests 

------------------- -- ---- ___ ,_. ____ ~- .... ----- -- -------- - .. 
Short-term operational tests 

Parfannanca evaluation Performance evalua'Clon Long-term operational tests 
plan Demonstrations and simulations 

Acceptance tests 

Table 18-2. Receiving Tests 

• Functional tests of purchased equipment to verify 
that performance meets specifications 

• Heliostat gimbals 

• Turbine-generator set 

• Transformers-and swtichgear 

• Air compressor 

• Booster-compressor .. 

• Pumps 

• Skid-mounted water treatmetot equipment 

• Control system components 

• Structural proof tests of pressure vessels and 
welded assemblies 

• HX panels 

• TES unit pressure vessel 
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These tests will be perfonned during Phase 2A to support the detailed design. 

In several areas - receiver insulation, gas turbine. and control software -

testing is being perfonned on the BEC/EPRI Full System Experiment program that 

will reduce the extent of pilot plant planned tests. 

During Phase 2B, receiving tests will be perfonned on manufactured equipment 

to verify compliance with perfonnance specifications and governing codes. 

These tests will be in addition to quality assurance activities and are 

summarized in Table 18-2. 

Integration and checkout testing will be conducted in Phase 2B on installed 

equipment and subsystems as summarized in Table 18-3. 

After construction is complete, the pilot plant will be operated as a 

simulated commercial plant and tested to demonstrate its usefulness as a water 

plant to Upton County. These tests are categorized in Tables 18p4 and 5. 

Testing will be conducted with fonnal acceptance tests that will certify that 

the pilot plant is in full operational status and complies with all 

specification requirements. 
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Table 18-3. Integration and Checkout Tests 

• Heliostat focusing and alignment. field performance 

• Receiver flow trim, pressure drop, thermal performance 

• Energy storage flow, pressure drop, charge-discharge 
characteristics 

• Energy delivery - operation on fossil, utility, solar TES, and 
combined 

• Water treatment subsystems• insolation·capability, performanc& 
characteristics 

• Control subassemblies and subsystem checkout 

• Software 
• Interaction with controlled/measured equipment 
~ Interaction with all subsystems operating 

Table 18-4. Performance Evaluation TBltS - Commercial Plant Simulation 

Demonstrate that the pilot plant performs its functions as designed and 
can be operated by a utility as a water plant • 

• System functions and· operating modes 
•Startup 

• Produce water - solar, stored solar, utility power 
•Shutdown 

• Mode transitions 
• Smooth transition between operating modes 

• Emergency shutdown 

• Operator aids 
· • Integrated checkout 
• Fault detection 
• Displays 
• Computation 
• Severe wind monitoring 
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Table 18-6. Performance Evaluation and Acceptance Tests - Pilot Plant Operations 

Demonstrate features of commercial plant 
performance by simulations with the pilot plant 

• Commercial plant energy storage capacity 

• Simulate 2nd and 3rd TES unit storage and discharge 
• Operate turbine generator on fossil fuel 

during storage period 
• Discharge pilot plant TES at end of storage period 

• Simulate continuous standalone solar operation 
• Reduced TES discharge flow rate and water production 
• Supplemental energy from fossil fuel combustor 
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No. 

l. 

WIIS Item 

5510 Facilities and Enclosures 
Subsystem· 

5513 Utility Puwer Provisions 

b520 Solar Energy Cullectfon 
Subsystl!LI 

2. b521 ltl:liust4t Pedestals 
3. 5621 lk!Hostat lleflector P.tnels 
4. 5521 llo,liostat Reflector Panels 
5. 5521 lk!I iostat Reflector Panels 
b. 5621 llellostat Reflector Panels 
7. 5521 lleltostat Gfmb.ils 

II. 5!>21 tteliostdt 

9. 5521 ttttl iostat 

10. !>!>21 ttellostat field 

(17} !>!>21 ti..llostat Field 

ll. 6522 Receiver Insulation 

12. 5522 Receiver Aperture.Shield 

13. !>!,22 11t,at Exchanger Panel Materf.il 

14. 5!>22 Keat EKchanyer Panel 
l~. 5522 ttx Panel 

16. 5522 lh!ceher Air flow Assembly-

17. b!i22 ltecelver 

PHELIMINARY TEST PLANS 

Test Purpose 

Oeterwfne power qualfty 

Ueteratine site soil characteristics. 
Verify panel fpeusing. 
Verify panel reflectance. 
Verify panel strength. 
Verify panel hail resistance. 
Verify perfo.rwance meets specifications. 

Verify panel canting and focusing design. 

Adjust and check panel canting and focusing on 
all neltosuts. 

Alignment of hellostats with control system. 

Verify nellostat field performance In conjunction 
with receiver test 17. 
Estaollsh receiver Insulation Incident flux anct 
ttlldjlllrilture capability and I He. 

Establish nicetver 4perture shield incident flux 
and tetllf)i!riture capability and life. 

Verify fflaterla_l properties -0f the material 
-purchases. · 
Verify. structural design adequacy, 
Verify a) structur41 integrity and b) fl-OW 
characteristics of each Hx panel. 
Verify leak free assetllbly and trim flow 
distribution. 
Measure and evaluate receiver thennal perfol'fllance. 

Category Type 

~ 
> u 

Test Method 

! •15.; l'l'lti~, 
t:1:~f I • • ... 
tffli 
!"1-c ... oou 

Monitor, record voltagt! variation • 

Test borings at selected locations on site. • 
Laser ray trace optical scan. • 
Bidirectional reflectometer weasure111&nts. • 
Static loading 1n test lab. • 
Ice ball Impact. • 
Determine stiffness, backlash, power conswnptlon of I• 
selected units. Perform bench functional tests on all 
units. · 
a) Oeam quality measurements at CRTF using focused reflec-1• 
tor panels on currently installed prototype. b) Abhre
v1ated test at pilot plant site. 
Manual he11ostat allgn,nent using heltostat controller. 
Go-no-go reflected i111age on tower-mounted calibration 
panel. 
Determine reference position of encociers with reflected 
image aligned on target. 
Monitor tracking, spillage, lnsolatlon levels, etc. to 
correlate with receiver performance. 
Real or simulated concentrated solar exposure of 1nsula- I• 
tlon bldnket segments. {Depending on trisulation material 
and desi9n details, requirement may be satisfied by FSE 
progrc1111.) 
Real or SIU1Ulated concentrated solar exposure of aperture I• 
sllg,nent. (Depending on design detal Is, requirement may be 
satisfied by FSE program.) -

• 
• 
• 
• 

• 

• 
• 

~I .. -
ti "' ... 

• • 

• 

• • 
• 
• • 
• 
• 
• 

Tensile, stiffness, fracture tests on machined specimens. I I• 
Radiant heat and pressure cycling test of single Hx tube. • 
a) Hydrostatlc proof test b) Pressure drop IIH!asureuient at 
reference air flow condition, 

• . , . 
Cold flow test. 

Using hellostat field, EDS, ICS, and OAS, operate receiver 
at Increasing increuients of energy Input. Monitor temper
atures, flow pressure drops. Inspect between Incremental 
tests. Use grid to consume electric power produced. 

• • • 
• 

• : 
• 

A$sembly Lavel 

-1~ i ... i"' ,._ ... 
u .. 
.. .l3 

i u J: 

• • • • • 

. , . 

. , . 
• 

• • • 

• • 
• 
• 
• 

• 
• 

., . i .. 
Ji £ 



- ...... -

No. Wl!S Item 

!i!,30 Enar!I.)'. Stora!!!! Subsystem. 

(2) !i!>:11 Tbentlill Storage Unit 
fouudatioil 

111. !i!i:11 llrlck Media 
l!I. !lf):ll Insulation 
w. !i!i3l Insulation 

21. !ibll Installed Pressure Vessel 
22. 5532 lkloster Compressor 

23. !,!,30 Ellt!rgy Storage Stlbsyste111 

24. !>!130 Energy Storage Subsystem 

5!i3!1 trret!I.)'. Oeltverl Subsystl!ffl 

2!>. !l!i:lb l.ias~Turblne Combustor 

2tt. !i!i:16 Turbine-Generator.Slit 
27. !l!il!i Turbine Gttnerator Slit 
211. !l!i37 Jr ans formers 
2!1. !i!i37 S..1tct1ge11r 
:m. !i!illl Air CQIIIJ)ressor Unit 
(17) !i!i35 Ener!I)' Del hery Subsystem 

!1540 backup Power Generation 
Subsystem 

!i!il>O feedwater Pretreatment 
Subsystem 

31. !ifl52 Feedwater Pu111p 
32. M>!iO Feedwater Pretreatment 

Subsystem 
33. fl!i!iU feedwate, Preueatment 

Subsystem 

- - - - - • - - - - -
PREtlHINAIIY TEST 1'1.ANS 

Test Purpose 

Sames as 2. above. 

Oeterudne thermal properties. 
Oeterwlne thermal properttes. 
Verify .structural adequacy of load bearing 
Insulation. 
Verify structural integrity, leak-free assembly. 
Perfor~ functional acceptance test, verify 
performance characteristics. 
Evaluate assembled subsystem flow ctiaracterlstics. 

V,u'1 fy ESS perforurance. 

Evaluate perfonuance with raodiftcattons for 
solar 11pplh;atlons. 

Verify set performs .per specifications. 
Verify perforlllaJICe of installed unit. 
Verify performanc:e. of purchased unit. 
Verify performance of purchased unit. 
Verify perforwance of purchased unit. 
Verify EDS performance in so111, tllOde. 

Verify performance of purchased unit. 
Verify insolatlon capabtllty during filter 
badlwash and WAC •regvneratlon. 
·verify water desalination segment prOductlon 
perfurulilnce. 

Test Method 

Materials lab standard method. 
Materials lab standard method. 
Compression test at design temperatures.· 

Hydrostatic proof test. 
Bench test operation. measure11111nt of efficiency, power 
CORSlll'l(lt 1 OR. 
Measure pressure drops through subsystem using ambient atr 
input to the TES mitt. 
Using the SECS. EDS, JCS, and DAS. operate the Energy 
Storage Subsystem through a complete thermal e,1eryy 
charging. storage. and discharging cycle. Monitor and 
evaluate storage media, air. compressor tl!wperatures; air 
flow rates and pressures, Insulation and shell 
temperatures. 

Gas turbine operation with modified c0tllllustor and addi
tional conrbustor to sl11111late solar. (Test can be deleted 
by using FSE trim cOlllbustor.) 
Bench test operation on fossil fuel. 
Operate on fossil fuel, generate power Into grid. 
Bench test. 
Bench test. 
Bench test. 
Monitor turbine, power gellt!ratlon performance during 
receiver test 17. 

Bench test. 
Perform WAC regenerat 1on sequence using process 
controller. Verify value positions through sequence. 
Using utility power and ICS, operate Feedwater 
Pretreatlllent and Desalination Subsystl!l!IS to verify rates, 
capacity, and quality. 
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No. WIIS Item 

!i!i60 Water Desalfnatton Subsystlllll 

34. !>!ibt.l Wiiter Uesallnatlon Subsystem 

(JJ) !i!itill Water· Uttsal1nat1011 Subsystem 

!i!i70 Water Stora~ and Delivery 
Subsystem 

3!>. Water 

!i51!i waste Uisposal Subsystem 

Jb. !i!i7!i Waste Utsposal Subsystem 

37. 

JU. 
l!J. 
40. 
4l 
42. 

43 

44. 

!>!>UO lnstrWJl!tltatlon illld Controls 
Subsystt,u 

!iblU Milster Computer and Dlsp 1 ays 

!itill2 Computer Software 
!if>b4 Prucess Cotnjluter 
!)!>U!i 116I tostat field Cont'rollers 
5!iU!i Itel lost at Controllers 
b5U6 Power Gtmeratton Controller 
!>!IU3 Prucess Controller 
!i!illO lnstrui:entatton and Controls 

Subsystem 
5blltJ Instrument at 1 on and Controls 

Subsystem 

!>500 lnstrwll!!ntat ion and Controls 
(and Subsystem 
a II) 

PRl:Ll1'11NAIIY TEST PLANS 

Test PurjlOse 

Ve~lfy Isolation capability during RO units 
cheiDlu l flush. 
Comblnl!d test with 5550. See 33 above. 

DeteNine feedwater characteristics. 

Verify waste discharge to pond ur sewer as 
selected. 

Checkout and verify COL'lputers and software 
perfurmanCl!. 

Verify tunctton.11 perfofllliloce. 
Vertfy functional perforlllilnce. 
-Verify f1111ctlooal perfonuance. 
Verify functional performance. 
Verify perforlllance of Installed subsystem. 

Verify lff!rfonnance of installed subsystem and 
proper interaction with all roeasured/controlled 
subsystelflS. 
Verify fuoctional perfortlLlnce of the pilot plant 
as control led by the res. 

• - - - - -

Test Method 

Perform chemical flush sequences using process controller 
Verify valve position through sequence. 

Water lab test perfonoed perlod1ca11y to deten11tne 
constituents in Rankin feedwater. 

Observe in conjunction with tests 32 and 34. 

Bench test. 

Bench test. 
Bench test. 
Bench test. 
Bench test. 
Perfurw all JCS functions. Interacting with controllers 
within the subsyste111. 
Perform all ICS functions, Interacting with controlled/ 
measured equiJllllf!nt. 

Perform all ICS functions. 1nteracttng with and operating 
all cuntrolled/l!leasured subsystems. 
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101 

10.! 

103 

104 

..... -

WIIS Item 

5!>00 Pilot Plant 

- - - - - • - - - - -
PRELIMINARY TEST PLANS 

FllRNAL lll:MllNSTKATIUN TESTS - PILOT PLANT OPERATION 

Test Purpose 

Oei'IOnstrate syste111 functions and operating modes. 

llemonstrate system capability to operate in 
rt!qulr~ IIIOffl!S and to pt!rform the transit ton 
between modes. 
Oeutonstrate system capability for emergency 
$hutduwn. 
Demonstrate secondary perforutance cbaractertst ics 
of the plant, including integrated chl!Ckout, 
fault detection and tdentlflcatton, displays, 
operating profile c111oputatiun, and severe wind 
LlUnt torlny. 

Test Method 

Operate plant to prOduce potable water, sequencing through 
startup. product ton, and shutdown. Operat Ing at least 15 
hours continuously on directs or stored solar energy. 
llurtng the operation in test 101 or in additional tests, 
operate the plant In all modes and through all P10de 
tr;rns It Ions. 
Simulate an emergency shutdown. 

Perform or sltRUlate these functions during operations 
described above. 
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No. IIIIS Item 

!>!>tJO Pilot. Plant 

IUb 

- - - - - • - - - - -
PkELIMlltAIIY TEST PLANS 

flll!MAL ll£!10NSTRATION TESTS - COMMERCIAL PLANT SIMULATION 

,, 

Test Purpose 

llemonst_rate s111111lated c011111t:rctal plaAt oper11t1on 
where the pilot plant nonual operation differs 
frQIU the c-rcja) p)ant. 
Simulate cou11erc1al plant thermal storage 
capacity. 

Test Method 

COQllercial plant discharges 3 TES un1ts one at a tlwe. 
Sl111Ulate second and third unit discharge by operating 
plant on fossil fuel to slmul.ite first unit and first c1nd 
second units discharge time. Continue to operate plant on 
TES only unt11 the TES unit 1s fully discharged. 

1 
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