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ABSTRACT 

The system design for a future commercial solar energy brackish water 
desalination plant is described. Key features of the plant are discussed 
along with its configuration selection rationale, design objectives, 
operation, and performance. 

The water treatment technology used in the plant is ion exchange pretreatment 
and single stage reverse osmosis desalination utilizing high-flux membranes. 
Electrical power needed for plant operation is produced by a solar energy 
system, which is based on the Brayton cycle having air as the working fluid. 
Primary solar _fystem components are: heliostat field, central cavity-tube 
receiver, receiver support tower, thermal energy storage, and a commercial gas 
turbine gen:fator set. The thermal energy storage subsystem is of the 
sensible heat brick type and provides a capability for continuous day/night 
power generation during most weather conditions. 

This system design was selected in a study of various system alternatives and 
their life cycle product water costs for a representative site in western 
Texas. 

iii 



I 
I TABLE OF CONTENTS 

I Page 
1.0 SUMMARY 1 

I 1.1 Design Concept Selection 2 
1.2 System Description 4 

I 1.3 Plant Operations 7 
1.4 Plant Performance 6 

I 1.5 Plant Costs 8 
1.6 Pi 1 ot Pl ant Size 8 

I 
1.7 Conclusion 8 

2.0 INTRODUCTION 9 

I 
3.0 SYSTEM REQUIREMENTS 11 

I 4.0 GENERAL SYSTEM CONCEPT 13 

I 
4.1 Candidate System Concepts 13 
4.2 Candidate System Design Features 18 
4.3 System Evaluation Factors 19 

I 4.4 System Evaluations 20 
4.5 System Selection 25 

I 5.0 COMMERCIAL SOLERAS PLANT CONFIGURATION 27 

I 5.1 General System Description 27 
5.2 General Plant Layout 29 
5.3 Plant Design Features 29 

I 
6.0 SUBSYSTEM DESCRIPTIONS 39 

I 6.1 Solar Energy Collection Subsystem 39 
6.2 Energy Delivery Subsystem 44 

I 6.3 Energy Storage Subsystem 49 
6.4 Back-up Power Subsystem 55 

I 
6.5 Feedwater Pretreatment Subsystem 58 
6.6 Desalination Subsystem 63 

I 
V 

I 



6.7 Controls and Instrumentation Subsystem 
6.8 Data Acquisition Subsystem 
6.9 Water Storage and Delivery Subsystem 
6.10 Waste Disposal Subsystem 
6.11 Site and Facilities 

7.0 OPERATIONS AND AVAILABILITY 
7.1 General Description 
7.2 Initial Plant Operation 
7.3 Plant Operation and Maintenance 
7.4 Response to Unusual Conditions 
7.5 Availability of Plant 

8.0 PLANT PERFORMANCE ANALYSIS 
8.1 Plant Performance Model 
8.2 Solar Resource Analysis 
8.3 Plant Sizing 

8.4 Plant Annual Performance 

9.0 REFERENCES 

Appendices 

A: Receiver Scaling Relationships 

vi 

65 
67 

67 
71 
71 

75 

75 

79 

82 
87 

94 

103 
103 

109 

122 
135 

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



I 
I 
I 

ACRONYMS 

I 
I 

BEC Boeing Engineering and Construction Company 
BMSR Bench Model Solar Receiver 
BPGS Backup Power Generation Subsystem 

I CRT Cathode Ray Tube 
CRTF Central Receiver Test Facility 

I EDS Energy Delivery Subsystem 
EPRI Electric Power Research Institute 

I ISO International Standards Organization 
!WT Illinois Water Treatment 

I 
JPL Jet Propulsion laboratory 
MCS Master Control System 
MTBF Mean Time Between Failures 

I MTTR Mean Time To Repair 
NOAA National Oceanic & Atmospheric Administration 

I RCC Resources Conservation Company 
RO Reverse Osmosis 

I 
SERI Solar Energy Research Institute 
SOA State of the Art 
S/M Solar Multiple 

I ST! Solar Turbines International 
TDS Total Dissolved Solids 

I TES Thermal Energy Storage 
UPS Uninterruptable Power Supply 

I USG United States Gypsum Company 
WAC Weak Acid Cation 

I 
I 
I vii 

I 



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

I I 
I 
I 
I 
I 
I 

1.0 SUMMARY 

Boeing Engineering and Construction (BEC) under subcontract from the Solar 
Energy Research Institute (SERI) has prepared 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 performed overall 
project management, system engineering and solar subsystem design; Resources 
Conservation Company (RCC), a partly owned subsidiary of BEC, provided designs 
for the water related subsystem. 

The work is reported in four volumes. Volume I (this document) describes work 
under Task 2, System Requirements Definition, and Task 3, System Analysis, 
dealing with selection of requirements and a system configuration and 
definition of the design, costs, and operational characteristics for a 
commercial solar energy water desalination plant. Volume II describes the 
Task 4 Pilot Plant design, Volume III presents results of the Phase 2 
definition study, (part of Task 5) and Volume IV contains commercial plant 
cost analyses from both Task 3 and Task 5. Details of the system requirements 
definition for both the commercial plant and pilot plant are contained in 
separate documents (System Performance Specifications). 

1.1 DESIGN CONCEPT SELECTION 

The design concept forming the basis for the studies reported here was 
developed prior to the contract and has been refined to fully meet the design 
requirements and to achieve the best overall combination of product water 
cost, technical readiness, complexity, and risk. The concept is based on 
selecting the best combination of the two areas of technology involved - Solar 
and Desalination - leading to an optimum integrated system. Reverse Osmosis 
(RO) desalination was selected over other desalting methods because of its 
acceptable capital cost, low power consumption, and mature technology. A 
solar-thermal electric power plant was chosen to provide energy compattble 
with the RO requirements and based on its relative economics, ~~turity of 
technology, and availability of equipment. A sketch of the plant showing its 
major elements is shown in Figure 1-1. 
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Figure 1-1. Solar Energy Water Desalination System 

The baseline (design concept at initiation of the program) utilized a 
two-stage RO design, similar to a desalting plant recently completed by RCC, 
with 90 percent recovery. After studying the operation of this plant in 
conjunction with the stand-alone solar power plant, it became evident that 
several features of the system, particularly the feedwater pretreatment 
subsystem, were not conveniently adaptable to the expected intermittent 
operation with stand-alone solar power. This led to trade studies of several 
alternatives to the two-stage RO. While the changes in design concept were 
primarily in the water processing subsystems, the trade studies addressed the 
entire system including the considerable variation in size of the solar 
subsystems. 

Results of these trades are summarized in Table 1-1. Concept II featuring 
weak acid cation (WAC) ion exchange feedwater pretreatment, single-stage RO, 
and 72 percent overall recovery was selected. The WAC ion exchange provides 
simple on-off operation but limits the allowable concentration of precipitable 
ions; of1lly single stage RO may be used, resulting in the lower recovery. 
The selected system was then developed to describe the subsystems, evaluate 
plant operations and performance, and determine capital, operating, and 
product water costs. 
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- - - - - - - - - - - - - - - - - - -
Table 1-1. System Concept Evaluation Summary 

Levelized Overall 
Candidate Product Technology Complexity Application Risk Selection 

Water Readiness L imitiations Factors Rating Based 
Cos\ on SOLERAS 
$/m Requirements 

I 2-Stage RO 4.86 High Low Minimal Low \ 3 

Lime-soda pretreatment 

Simple c.vcle Centaur 

II Single Stage RO 3.39 High Low Minimal Low l 
WAC ion exchange (except 

for large 
Simple cycle Saturn evaporation 

pond) 
w 

III Single Stage RO 3.22 Low Medium Minimal Medium 2 

WAC and NaZ ion exchange 
Combined cycle Saturn 

IV RO and vapor compression 4.95 Low High Some High 4 
WAC ion exchange 
Combined cycle Centaur 



1.2 SYSTEM DESCRIPTION 

A schematic of the selected system is shown in Figure 1-2. Modularity in the 
energy storage water pretreatment, and desalination' subsystem is shown. 
Ancillary equipment has been added to fully meet the design requirements 
regarding stand-alone, non-fossil fuel normal operation. This equipment 
includes a small turbo-generator for standby electric power; the turbine is 
powered by residual heat in the thermal energy storage units. A bottoming 
cycle is shown as an option; based on performance and cost of currently 
available units, this is not currently recommended, although a well-matched 
combined cycle turbine generator set would substantially improve solar plant 
efficiency and power production. A plant air supply is also shown; it is used 
for operating pneumatically actuated valves and for the Saturn turbine 
startup. 

Subsystems which comprise the selected system are listed below: 

Solar Energy Collection Subsystem - Solar thermal central receiver system 
has a collector field of 436 heliostats in a north field array. Energy is 
concentrated in a tower mounted air-cooled receiver with aperture at 54 m 
elevation. 

Energy Delivery Subsystem - Saturn gas turbine generator set has a peak 
electric power output of 713 kW at system design conditions. Electric 
power distribution within plant is at 480 volts. Plant air supply is 
provided for valve actuation and turbine start. 

Energy Storage Subsystem - Three Thermal Energy Storage (TES) units 
operate in parallel. Storage media is MgO bricks of 1.68 x 106 kg total 
weight. Air flow recirculation through TES and back to the receiver inlet 
is accomplished by a centrifugal type booster compressor. 

Backup Power Subsystem - Fossil fuel is stored for emer~en~~ operation _of 
the main turbine. Standby power (non-emergency) is produced by an organic 
Rankine cycle turbine using heat from TES. Standby power (emergency) is 
supplied by a small diesel generator. 
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Feedwater Pretreatment Subsystem - Four WAC units are in parallel; three 
can pretreat the maximum feedwater flow while the fourth is regenerated by 

the 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 - Four RO trains are connected in parallel. The 
number of trains operating can be varied according to power available. 

Each train consists of two sections of modules in series with a 2:1 taper. 

The modules contain non-cellulosic, high flux membranes. A positive 
displacement, high pressure pump provides flow to each RO train. Recovery 

in the RO units is 75 percent; total system recovery is 72 percent. 

Controls and Instrumentation Subsystem - A master control computer is 

linked to distributed digital controllers, with separate computers for 
solar collection and power generation and for water process control. 

Data Acquisition Subsystem - There are measurement provisions and a storage 
device for plant operating parameters and computed data. 

Water Storage and Delivery Subsystem - Feedwater and product water 
reservoirs are 8.2 x 103 m2 and 2.65 x 104 m2 area, respectively. The 

product water reservoir would be covered with a plastic film to prevent 
large evaporation losses. 

Waste Disposal Subsystem - A plastic film lined evaporation pond prevents 
release of wastes back to the feedwater source. Area of the pond is 5.19 
X 105 m2. 

Site and Facilities - Reasonably level site of 8.1 x 105 m2 is required. 

Industrial type of building, with 2195 m2 floor area, contains office, 
control room, water processing equipment and maintenance area. 

1.3 PLANT OPERATIONS 

The plant is designed to operate as continuously as possible within the limits 
of the solar resource available in west Texas and an economical choice of 
equipment to effectively utilize this resource. Plant perfonnance is based on 
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assuming the variability in product water demand does not constrain 
production. Plant electric power requirements vary between 347 kW and maximum 
capability during water production and about 33 kW during standby. 

Analysis of the plant operations shows that a total of 14 employees would be 
required to operate the plant. Some of the administration and maintenance 
personnel would not be needed full time; reduction in the personnel could 
result if they could be shared with other plants. 

A preliminary analysis of the mean time between failures and the mean time to 
repair for all the major elements in the plant results in an overall plant 
availability of 0.93. Performance analysis have been based on a somewhat 
lower value of 0.91. 

1.4 PLANT PERFORMANCE 

Annual plant performance has been analyzed using a system operations model 
based on quasi-steady 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. 

The hourly performance results provide confidence that the plant will operate 
as intended. During a succession of clear days with occasional cloudiness, 
the plant will operate 24 h/d. When TES is exhausted during extended 
cloudiness, the water production is curtailed and demand is met by extracting 
from product water storage. Operation during several representative episodes 
of varying insolation is described in Section 8. Annual performance of the 
plant is summarized in Table 1-2. 

1.5 CONCLUSIONS 

The system analyses have shown that the selected Solar Energy Water 
Desalination System design has the potential to desalinate water with 
attractive levelized product water cost and would have the simplicity and 
operational flexibility needed for isolated applications. 

7 



Table 1-2. Solar Desai Plant Annual Performance-1978 Midland Data 

Water Operation time {hr) lnsolation MWh RCA heat 
Month progusion Direct Collector Max avail Actual absorption 

(10 m ) Total 
solar 

TES 
field at RCA input at (MWh) 

RCA 

00 

J 0.145 473 132 341 2,345 1,613 1,480 1,295 
F 0.181 503 181 322 2,977 2,024 1,858 1,626 
M 0.192 698 207 391 3,359 2,252 2,022 1,769 
A 0.264 720 277 443 4,600 2,884 2,534 2,217 
M 0.205 666 242 424 3,993 2,394 2,153 1,884 
J 0.157 535 202 333 3,128 1,869 1,700 1,488 
J 0.246 734 311 423 5,007 2,977 2,452 2,146 
A 0.145 645 202 343 3,042 1,868 1,740 1,523 
s 0.101 432 163 269 2,330 1,561 1,459 1,277 
0 0.205 641 214 427 3,549 2,397 2,141 1;013 
N 0.102 413 127 286 2,085 1,443 1,330 1,164 
D 0.186 591 184 407 3,105 2,131 1,958 1,713 

Year 2.129 8,861 2,440 4,411 39,520 25,414 22,827 19,974 

• Adjustment for 30-year average 

2.129 X 1.09 X 0.91 • 2.11 X 106 m3 

("1978 data") x (30 year factor) x (Plant availability) 

-------------------



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

2.0 INTRODUCTION 

BEC under subcontract from the SERI has prepared 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 performed overall 
project management, system engineering and solar subsystem design; Resources 
Conservation Company, a partly-owned subsidiary of BEC, provided designs for 
the water-related subsystem. 

The IO-month contract which began in October, 1980 covers Phase 1 of a 3-phase 
program that is (1) sponsored jointly by the governments of Saudi Arabia and 
the United States as part of the SOLERAS agreement and (2) administered by 
SERI. An objective of the SOLERAS agreement is to advance the development of 
solar energy technology in the two countries. The system analysis and pilot 
plant preliminary design activities of Phase 1 are described further in the 
remainder of this section. Phase 2 will involve detailed design and 
construction of a pilot plant and Phase 3 will cover pilot plant operation and 
training of personnel. Operation of the pilot plant will provide verification 
of the design features and performance of the large-scale commercial plant. 

This report documents the work done in Phase 1 under Task 2, System 
Requirements Definition, and Task 3, System Analysis, dealing with selection 
of requirements, system trade studies, and definition of the design, costs, 
and operational characteristics for a commercial solar energy water 
desalination plant. The objectives of the study were to define a system that 
has near-term practicability, operational flexibility, and overall system 
simplicity. 

The work fl ow during Tasks 2 and 3 i S; i 11 ustrated in Figure 2-1. A 
preliminary System Performance Specification was prepared at the start of the 
contract to document the system design requirements. A performance model of 
the plant was developed to allow system performance to be determined on both 
an hourly and an annual basis. Using this model along with subsystem design 
evaluations and cost analyses, four candidate systems were chosen and 
evaluated, leading to selection of the preferred system. All candidates used 
similar central receiver solar collection, Brayton cycle energy conversion, 
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and reverse osmosis water treatment. One of the candidates was the originally 
proposed system, which served as a baseline. The preferred system was refined 
and described in further detail during the remainder of Task 3. Design, 
performance, and cost analyses were performed to further characterize the 
selected system. The cost analyses are reported in Volume IV, along with the 
Task 5 cost analyses. 

Heltostat Field 
Develop Perfonnance Models Receiver 

for Solar Subsystems Therma I Storage 

C0111nereial Plant 
Requirements 

Turbine/Generator 

Conduct Solar Subsystl!III Trades 

1 vs. Z RO Stages 

RO/Vapor Cllffl!lression 

Cost Model 

Baseline Syste11 and Variations 

Syste111 Evalu.tion 

Syste111 Selectfon 
______ conme __ n:_i_,11 SOI.ERAS Systen 

Refine System Design 

Systeni Per onnance 
Ind Requirements Analysl 

Cost/Performance 
Analysis 

Systl!III Assessment 

Figure 2-1. General System Analysis Approach 
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3.0 SYSTEM REQUIREMENTS 

Details of the system requirements are contained in the subcontract Statement 
of Work [l] and in the System Performance Specification [2]. The general 
system requirements that govern the system design are listed below: 

Brackish water desalination based on 
SERI'S before/after chemistry standards 

1,800,000 m3/year product water production rate 
Minimum levelized product water cost 

using SERI economic parameters 
20 year plant life 
High reliability/maintainability 
Independent from fossil fuel in normal. operations 
Technical readiness 
Low risk 
Minimum overall water recovery factor: 0.70 
Minimum plant availability factor: 0.82 
Feedwater storage: 3 d 
Product water storage: 10 d 
Fuel storage for backup power: 7 d 
Minimum process chemical storage: 30 d 
Zero leakage evaporation pond 

In addition to these requirements, the system is designed to meet several 
other conditions. First, water production is based on electrical power 
generation capability. This condition offers independence from having to 
design the system to meet unusual local water demand profiles and allows 
easier assessment of plant performance in various locations. 

The plant is designed for a location in the Midland-Odessa area of West Texas. 
SOLMET and 30 year average weather data [3] is available for Midland-Odessa 
and is suitable for plant design and performance analysis. This region has 
good solar insolation and has wide spread water quality problems a~~ thus 
could benefit from commercial availability of solar water desalination 
plants. 

11 



Several conditions were specified that influence product water cost. 
Feedwater is assumed to be groundwater and is pumped to the plant at no cost. 
After desalination, the consumers will draw product water from plant storage 
for purification in their own treatment facilities. Finally, the plant is 
assumed to be the "Nth" constructed which implies initial design and 
development costs have already been amortized. 
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4.0 GENERAL SYSTEM CONCEPT 

4.1 Candidate System Concepts 

The system design is based on Brayton cycle solar power generation and reverse 
osmosis water desalination. All electrical power needed for nonnal plant 

operation is provided by a Brayton cycle engine (gas turbine) having 

compressed air as a working fluid. Primary solar system components are: 
heliostat field. central cavity tube heat exchanger receiver. receiver support 
tower. thermal energy storage. and a commercial gas turbine generator set. 

Most of these components utilize technology being developed in separate U.S. 

Department of Energy and Electric Power Research Institute projects. A 

simplified schematic applicable to all candidates is shown in Figure 4-1. 

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 between these 
components because of the common working fluid. Also with this type of 
system, fossil fuel can be burned in a modified turbine combustor to provide 
emergency standby power at low additional system cost. 

Sun C1111tral l -·-
... ~ ..... V] 

Heliostat f1eld 

Booster 
~SOI' 

Then1111 
StOl'ICJII 
Units 

Back~POWI' 
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. 
Gm 

feedwter 
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Figure 4-1. General System Schematic 
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An important operational aspect of the system is that the water subsystems 
should be run as continuously as possible to minimize product water cost. 

This, combined with a SERI requirement that nonnal operation shall not use 

fossil fuel, suggests that some fonn of thennal energy storage be used to 
accomplish continuous day/night power generation. The thennal storage concept 
selected utilizes simple sensible heat units having brick checkerwork 

construction contained in an internally insulated pressure shell. This 

storage scheme is very compatible with the air Brayton cycle. With this type 
of energy storage, charging is accomplished by routing heated air from the 

receiver to the thennal storage units during daytime conditions. When the 

solar resource becomes inadequate, the compressor flow is diverted away fr~n 

the receiver and is routed through the thennal storage units where it is 
heated to the required turbine inlet temperature. 

Reverse osmosis is selected as the basic water desalination method. Compared 
to other desalination technologies, the reverse osmosis process has low power 

demand which minimizes the solar subsystems size and costs. Also the reverse 
osmosis process has a simple electrical interface with the solar side of the 

system. 

A more detailed system schematic, shown in Figure 4-2, describes the baseline 
commercial plant, as proposed and studied during the early weeks of the 

contract. This concept featured a 2-stage water desalination system and 

lime-soda softening for pretreatment. It was selected as the optimal approach 
after considerable study during the proposal effort. However, as the design, 
cost, and operational aspects of this configuration were being defined, it 
became evident that several concerns might best be resolved by revising the 

water treatment portion of the plant. The concerns were based primarily on 
high capital, membrane replacement, and chemical costs and adaptability of 
lime-soda pretreatment to intennittent operation. While the conceptual 
approach for the solar power portion remained the same, its power requirements 

and size were affected by power demands of the water system. Four candidate 
system concepts were defined that all employ RO desalination technology and 
satisfy the requirements of product water production rate and before/after 

water chemistry. These candidate systems, shown in Figure 4-3, differ in (1) 
the method of feedwater pretreatment, (2) number of reverse osmosis stages, 
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Figure 4-2. Solar Energy Water Desalination System Schematic Base/lne Commercial Plant 



(3) use of standard flux vs. high flux reverse osmosis membranes, and (4) use 
of multiple effect vapor compression for increased water recovery. The 
systems consequently have varying water recovery ratios, electrical power 
demands, and water subsystem costs. 
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Feedweter 
12165 m3/da Lime-Soda 
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Pond 
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561 
Pond 
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______ 2_52_6 ____ Pond 

13160 
_ ........ Ion...,uchange Units 

-----t..i WAC I--_._,. NaZ 

528 

Pond 

IY RO • Vapor CCJIIIPt'l!SSion 

11709 WAC Ion Exchange 

469 

Pond 

12632 

11240 11078 
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2770 
Vapor Compression 

Hi35 
8309 

Pond 

10106 

Figure 4-3. Candidate Wa(er Treatment Systems 

Configuration I (2 stage RO with lime-soda pretreatment) was the proposed 
system and the baseline shown in Figure 4-2. It also served as a baseline 
configuration in a preliminary systems analysis study that defined sizes of 
the primary solar subsystem components. This base1ine system was analyzed for 
perfonnance on a seasonal basis using 30 year averaged weather data for 
Midland-Odessa, Texas. The DELSOL code [4] was used to design the heliostat 
field and predict seasonal energy inputs to the central receiver. A general 
plant perfonnance computer model was used to predict daily electrical power 
production of this design on an hourly basis. 
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Table 4-1 lists the predicted seasonal electrical output for the baseline 
systept. This perfonnance, together with sun availability (weather factor) and 
a conservative assumption for plant availability, fonns a basis for defining 
the peak water production design point for the water subsystems. The peak 
rate of 10106 m3/year was used to size the water rel~ted components of each 
candidate system. 

Table 4-1. Daily Design Water Production Rate 

I --, ---- --------· - --~--- ---

I March June Sept Dec Average 

~et plant electrical output (MWh) i 22.2 18.3 17.9 15.4 18.45 
I 

Clear day plant performance 

Baseline system 

Relative electrical output E 1.21 0.99 0.97 0.83 

Sun ava i1 abi11ty s 0. 72 0.80 0.79 o. 74 

Plant availability A 0.82 

Annual water production rate (m3/day) Vo 4945 

Required daily production (m-3/day) 

Vo(E)/(AS) 10106 7472 7400 6796 
==-= 

Basic assumption: Peak 
Design 

Water-production follows daily energy Flow 

production in each season 

4.2 Candidate System Design Features 

After establishing pump and pl. ant parasitic power requirements for each 
system, the respective solar system components could then be sized. Also, 
evaporation pond sizes were determined for each system based on their 
respective water recovery ratios and a mean pond evaporation rate of 1.35 -m 
/year. A summary of the candidate system size parameters appears in the 
f o 11 owing table. 
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Table 4-2. Candidate System Features 

Peak Power Demand Therma 1 
Water Evaporation kW Number Storage 

Recovery Pond Size Turbine of Media 
Ratio Ha Water Total Heliostat Mass 

% Systems Plant Gg 

2-Stage RO with lime-soda 90 13.3 724 1034 Simple Cycle 600 2. 5 
Centaur 

pretreatment 

II Single stage RO with WAC 72 51.9 512 731 Sim~le Cycle 436 1.68 
aturn 

ion exchange 

Ill Single stage RO with WAC 76.5 41.0 607 867 Combined 436 1.68 

and NaZ ion exchanqe Cycle 
Saturn 

IV RO + vapor compression 86.3 21. 2 1459 2083 Combined 600 2. 5 

with WAC ion exchange 
Cycle 

Centaur 

A survey of commercial gas turbines indicated the Saturn and Centaur turbines, 
produced by Solar Turbines International, are a good match to the candidate 
systems. These turbines are currently available, are in widespread use, and 
have sufficiently high pressure ratios and low turbine inlet temperature to be 
compatible with current receiver technology. To meet the higher power 
demands, the turbines for systems III and IV require combined cycle equipment 
in which the gas turbine reject heat is used to produce steam for a 
turbine-generator set. The combined cycle turbines, since they utilize reject 
heat, do not require larger heliostat fields or more massive thennal storage 
than their respective simple cycle systems. 

4.3 System Evaluation Factors 

In evaluating the candidate systems, five areas were considered: 
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Levelized (life cycle) product water costs 
Technology readiness : 
Complexity 
Application limitations 
Implementation risks 

Product water cost is a dominant evaluation factor and can be treated 
quantitively. The other areas are of a qualitive nature but are, 
never-the-less, important to system evaluation and selection. 

The levelized product water costs for 1.8 million m3 annual production were 
computed by the method for sum-of-the-years-digits depreciation given in 
reference [6] using economic parameters specified by SERI [1]. The primary 
parameters are: 

System operating lifetime 
Accounting lifetime 
Cost of capital (and rate of return 

on capital) 
Base year for constant dollars 
Price year for cost information 
First year of commercial operation 
Rate of general inflation 
Escalation rate for capital costs 
Escalation rate for operating costs 
Escalation rate for maintenace costs 
Escalation rate for fuel costs 
Insurance+ "other tax" fraction 
Investment tax credit 
Tax rate 
Raw land cost 
Cost for lined evaporation ponds 
Cost for fuel oil (31 GJ/m3) 

20 years 
16 years 
0.086 

1980 
1980 
1983 
0.060 
0.060 
0.070 
0.070 
15% 
0.020 
0.100 
0.5 
$1.25/m2 
$25/m2 
$157/m3 

The resulting computed cost parameters that were used to calculate levelized 
product water costs are: 
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Capital recovery factor (8.6%, 20yrs) 0.1064 
Present value of sum-of-the-years- 0.6376 

digits depreciation 
Fixed charge rate 0.1437 

4.4 System Evaluations 

Costs for the candidate systems are listed in Table 4-3. These costs are 
engineering estimates for an 11 Nth 1

' plant. Maj or equipment costs are based on 
information obtained from suppliers and cost estimates prepared for a recent 
Department of Energy project for industrial process heat involving similar 
heliostat field and central receiver concept[S]. The heliostat costs are 
assumed to be $200/m2 (based on nominal reflector area) for system comparison 
purposes. Water subsystem costs are based on information from suppliers 
obtained by RCC for prepackaged skid-mounted assemblies. A sizeable portion 
of the operation and maintenance costs are due to plant personnel (14 total) 
and costs related to the water subsystems, particularly reverse osmosis 
membrane replacement at 3 year intervals. 

Cost Account I 2-Stage RO IV RO & Vapor 
(SlOOO) II 1-Stage RO III 1-Stage RO Compression 

5101 Site 184 220 220 184 
5102 Facilities & Enclosures 400 416 450 400 
5103 Solar Energy Collection 6,828 5140 ? 5,140 6,828 
5104 Energy Storage 2,900 Ciii"_~,~. 2,050 2,900 
5105 Energy Del Ivery 1,528 600 900 2,528 
S106 Back-Up Power 134 95 100 175 
5107 Feedw4ter Pretreatment 6,570 1,600 600 1,600 
5108 Oesal lnatlon 9,550 3,240 3,000 15,740 
5109 Water Storage & Delivery 2,600 2,600 2,600 2,600 
5110 waste Otsposa 1 3,483 13,000 10,240 5,300 
5111 Controls & lnstnJ1111ntatlon 

Solar Subsytems 350 343 410 350 
water Subsytems 350 296 400 450 

5112 Oata Acquisition 150 150 150 150 
5120 Maintenance Support so so so 50 
5130 Technical oata 20 20 20 20 

Tot.al capital Costs 35,274 29,870 26,159 39,334 

Annual Operating Costs 1,070 563 670 960 

Annual Maintenance Costs 815 351 387 635 

Annual Sack-Up Fuel Costs ZS 18 22 51 

Table 4-3. Cost Model Data for Candidat.e Systems 
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Table 4-4 presents levelized product water costs for the candidate systems 
using the respective system cost data given in th1 previous table. Systems II 
and III, while having lower water recovery ratios, have levelized product 
water costs that are relatively low and comparable. System III has a slightly 
lower product water cost than System II primarily because of the evaporation 
pond size reduction allowed by the higher water recovery ratio. Systems I and 
IV have significantly higher product water costs due to higher capital·, 
operation and maintenance costs; these higher costs are not offset by the 
associated higher water recovery ratios. 

In the area of technology readiness, Table 4-5, the water subsystems are all 
state-of-the-art and commercially available. On the solar system side, 
development is required for a production receiver design. The Electric Power 
Research Institute (EPRI) is currently funding BEC in a project called the 
Full System Experiment; this project is providing technical background in the 
areas of receiver design, receiver-turbine integration, and operation and 

· control of a hybrid solar/fossil fuel central receiver as a power generation 
system. This program follows another EPRI/BEC program, the Bench Model Solar 
Receiver, in which a 1 MW receiver was successfully designed, fabricated, and 
tested. Heliostats are in an advanced stage of development at BEC as part of 
the Department of Energy 1 s Second Generation Heliostat program. The 
turbomachinery components are currently available except for the combined 
cycle Saturn turbine configuration which requires development. From an 
overall viewpoint, all of the candidate solar systems require design 
development of a similar nature prior to commercialization. 

Assessment of candidate systems with respect to complexity, which relates to 
reliability, appears in Table 4-6. System II is the simplest system because 
of operational ease and flexibility, simple cycle power generation, and small 
energy collection subsystem size. 

As indicated in Table 4-7, there are no significant limitations on locations 
for the candidate systems, other than the basic requirements for good solar 
insolation. System IV, because of its combined cycle power generation and 
vapor compression features (not a simple on/off system} is judged to be 
unsuitable for remote sites. 
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II 

Ill 

IV 

It 

III 

IV 

Overall Costs 
Leve If zed Water Annual Annual Water Recovery Capita 1 Operating Maintenance Cost Ratio 

i $M SM SM s1m3 
Two Stage RO 

Lime soda pretreabnent 90 35.3 1.07 0.82 •• 86 
Std. membranes 
Simple cycle Centaur 

Single Stage RO 72 29.9 0.56 O.JS 3.39 
WAC Ion exchange pretreatment 
High flux membrane 
Simple cycle Saturn 

Sfngle Stage RO 76.5 26.2 0.64 0.39 3.22 
WAC+ NaZ ion exchanqe 
High flux membrane 
Combined cycle Saturn 

RO+ Vapor Compression 86.3 39.J 0.96 0.6. 4.95 
WAC ion exchange 
High flux membrane 
Combined cycle Centaur 

Table 4-4. Product Water Cost Comparisons 

Candidate 

2-Stage RO wfth lime-soda pretreatment. 
Sfmple cycle Centaur. 

Singe stage RO with WAC ion exchange. 
Simp 1 e eye 1 e Saturn. 

1 
S.O.A. water systems-standard membranes. 
Simple cycle Centaur fs available. 

S.O.A. water systems-high flux membranes 
are now In service. Simple cycle Saturn 
is readfly available. 

Single stage RO with WAC_+- Naz ion exchange. S.O.A. water systems•Mgh flux membranes are 
Combined cycle Saturn, now 1n service. Combined cycle Saturn needs 

development. 

RO+ vapor compression with WAC ion 
exchange. 
COl1)b1ned cycle Centaur. 

General 

S.O.A. water systems-high flux membranes are 
now fn service. Combined cycle Centaur is 
available. 

All systems require similar solar subsystem 
design development. 

1
s.O.A. • State of the Art 

Table 4-5. System Concept Evaluations - Technology Readiness 
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Candidate 

2-Stage RO 
L fme-soda pretreatment 
Simple cycle Centaur 

II Single Stage RO 
WAC ton exchange 
Simple cycle Saturn 

III Single Stage RO 
WAC and NaZ ion exchanqe 
Combned cycle Saturn 

IV RO and vapor compress ion 
WAC f on exchange 
Combined cycle Centaur 

Lime-soda process requires close control 

Simple on/off water systems 
- Mfnimel chemical controls Sllllllest power d11111nd 
• Smallest and simplest solar subsystems 

- Requires more controls than above 

- Increased complexity with combined cycle 

• Highest water system complexity due to V.C. 
• Offftcult to turn on/off 
• Complex combined cycle power generation 
- Largest solar subsystl!fflS 

Table 4-6. System Concept Evaluations - Complexity /Reliability Factors 

Candidate 

Z-Stage RO 
Lime-soda pretreatment 
Simple cycle Centaur 

II Single Stage RO 
WAC fon exchange 
Simple cycle Saturn 

111 Single Stage AO 
WAC and NaZ ion exchange 

COlnblned cycle Saturn 

IV RO and vapor compression 
WAC ton exchange 
Combined cycle Centaur 

• Can treat wide range of feedwaters 

- Requires certain concentration of Ions fn 
feedwater 

- Opportunity for continued cycle poo,er generation 
- Requires largest pond 

• Requires certain concentration of ions tn 
feedwater 

• Can treat wide range of feedwaters. 
- Requires skilled operators 

Table 4-7. System Concept Evaluations - Application Factors· 
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The candidate systems have varying implementation risks as shown in Table 4-8. 
System II, because it has the simplest solar subsystems, appears to have the 

' 
least risk for successful implementation and operation. 

Candidate 

2-Stage RO 
Lime-soda pretreatment 
Slllll)le cycle Centaur 

II Single Stage RO 

WAC ion exchange 
Simple cycle Saturn 

Ill Single Stage RO 
WAC and llaZ ion exchange 
Ccmbined cycle Saturn 

IV RO and vapor compression 
WAC Ion exchange 
Combined cycle Centaur 

General 

- Widely used processes 
- Lime-soda process not nonnally used in 

intemlttent operations 

- New applications of WAC ion exchange and 
high flux RO, but suppliers will guarantee 

- Small solar system, size lessens development 
risk 

- New application of WAC and NA ion exchange, 
but suppliers will guarantee 

- C1J11blned cycle Saturn needs development 

- New application of WAC ion exchange, but 
suppliers will .guarantee 

- Vapor compression not nonnally used in 
on/off operation 

- Solar receiver technology under development 
In separate programs 

- Heliostat costs dependent on developing market 

Table 4-8. System Concept Evaluations - Risk Factors 

4.5 System Selection 

The preceding evaluations are summarized in Table ~-9. Based on these 
evaluations, overall ratings were detennined that rank the candidate systems 
according to responsiveness to the system requirements specified by SERI. The 
resulting ratings indicate that System II, single stage reverse osmosis with 
weak acid cation exchange, is the preferred system concept. Sy.stem II was 
selected for the on-going Task 3 project activities consisting of additional 
system design definition, operating availability analysis, plant perfonnance 
analysis, and cost analysis of the selected commercial plant concept. 
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Levelhed Overall 
Candidate Product Technology Complexity Application Risk Selection 

llater Readiness Limitiations Factors Rating Based 
Cosj on SOLERAS 
S/m Requirements 

I 2-Stage RO 4.86 High Low Minimal Low J 

Lime-soda pretreabnent 

Simgle cvcle Centaur 

JI Single Stage RO 3.Jg High Low Minimal Low 

IIAC ion exchange 
(except 
for large 

Simple cycle Saturn evaporation 
pond) 

111 Single Stage RO 3.22 Low Medium Minimal Medium 2 

IIAC and NaZ ion exchange 
C0111bined cycle Saturn 

IV RO and vapor compression 4.95 Low High Some High 4 

IIAC ion exchange 
Combined cyc;le Centaur 

Table 4-9. System Concept Evaluation Summary 

As a result of the subsystem trade-off study, a system configuration was 
selected that meets the SOLERAS project requirements for a commercial solar 
energy water desalination plant. The configuration consists of a 
he11ostat/central receiver energy collection subsystem, air Brayton cycle 
power generation subsystem, sensible heat thermal energy storage, weak acid 
cation feedwater pretreatment, single stage reverse osmosis water 
desalination, and other subsystems. A preliminary systems analysis of the 
plant shows indirectly that it has the potential to desalinate water with 
attractive levelized product water cost and would have the simplicity and 
operational flexibility needed for isolated applications. The plant's 
economics are enhanced by the simple system configuration and .capability for 
continuous day/night operations during normal weather conditions without using 
fossil fuel. The selected configuration has a low power requirement and thus 
allows continuous operation using sensible heat thermal energy storage of 
reasonable size. 
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5.0 COMMERCIAL SOLERAS PLANT CONFIGURATION 

5.1 General System Description 

A schematic of the selected commercial plant configuration, consistent with 
the candidate concept II in Section 4, but with more detail resulting from the 
design definition effort, is shown in Figure 5-1. System features which 
differ from the baseline schematic (Figure 4-2) are primarily the type of 
water pretreatment and use of a single stage RO instead of two stage RO. The 
additional detail in Figure 5-1 includes definition of the modularity in the 
energy storage, water pretreatment, and desalination subsystems. Also, 
ancillary equipment has been added to fully meet the design requirements 
regarding stand-alone, non-fossil fuel nonnal operation. This equipment 
includes a small turbo-generator for standby electric power that is powered by 
residual heat in the thennal energy storage units. A bottoming cycle is shown 
as an option; based on perfonnance and cost of currently available units, this 
in not currently recommended, although a well-matched combined cycle turbine 
generator set would substantially improve solar plant efficiency and power 
production. A plant air supply is also shown; it is used for operating 
pneumatically actuated valves and for the Saturn turbine startup. 

A more detailed schematic/flow diagram of the water storage, treatment, and 
waste disposal subsystems is shown in Figure 5-2. The pumped well water goes 
directly to the water pretreatment system without a break in the 
pressurization. The feedwater storage is parallel to this line and is 
nonnally maintained in a full condition, a nominal three day supply. Water 
pretreatment consists of four parallel weak acid cation units which soften the 
feedwater by reducing its calcium content and removing all the bicarbonate. 
At full production rate three of these units are in operation while the fourth 
is regenerating. Most of the soften~d feedwater is then passed through the 
decarbonator where carbon dioxide (a product of the bicarbonate reaction in 
the softening process) is removed. Following pretreatment, the feedwater is 
filtered and pumped at high pressure to the four parallel reverse osmosis 
units. Any combination of these units can be on-line, depending on the 
electric power available and the water production rate desired. The penneate · 
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(i.e., product water) from the RO units is sent to the ten day product water 
storage pond or to the distribution system. Reject from the RO units and 
waste from the pretreatment equipment flows to the waste disposal pond for 
eventual evaporation. The RO desalination subsystem recovers 75 percent of! 
the water supplied to it; overall recovery including pretreatment losses is 72 
percent. Water chemistry at several points of the flow through the system are 
listed in Table 5-1. 

5.2 General Plant Layout 

A general site plan, Figure 5-3, shows the major elements of the commercial 
plant. The evaporation pond is the largest (and costliest) element of the 
system, occupying over half the site area. The site has been laid out so that 
the evaporation pond is downwind of the collector field and product water 
storage in prevailing wind conditions. However, the site plan is flexible and 
can be tailored to land availability, terrain features, and prevailing wind 
direction as needed. The plant building and energy storage subsystem are 
located near the base of the tower to minimize piping, electric power 
distribution lines, and c6ntrol cabling lengths. 

The general arrangement within the plant building is defined in Figure 5-4. 
This building provides space for the feedwater pretreatment and desalination 
subsystems, backup power systems, the controls, and other facilities. 

5.3 Plant Design Features 

Detailed design features of the selected plant are listed below: 
Site 

Location 

Altitude 
Total Area 
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Near Midland-Odessa, Texas 
Latitude 31.9°N 
Longitude 101.9°W 

579 m 

9.6 X 105 m2 
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Ion Concentrations in mg/liter 

Predicted Predicted Required 
hw Feed RO Feed Reject Product Product 

CalCiUIII 1ca••1 S00 274 1060 '20 

Haqnesilllll (Mq++) 7S 7S 290 's 
Sodilllll (Na+) 1S00 1500 S52S < 200 

Potaasilllll (K+l 120 120 442 < 20 

Iron (Fe) 0.l 0 0 0 '0.3 

Manganese (Mn) 0.l 0 0 0 ~ O. OS 

Bicarbonate (HCOjl 690 0 0 < 2 

Cacbon.a.te (Co
3 
•1 0 0 0 0 

Chloride (Cl-l 2000 2000 7367 •2S0 1' 250 

Sulfate 1sO4 •1 1100 1100 4259 ' so ,250 

Ni tr.a.ta (N03 -l l l 4 ... 0.5 ' 10 

Phosphate IPO
4 
•i 0 0 0 0 

Fluoride (F-) 40 40 147 < l 

Sil:i.CA (SiO
2

) 35 35 90 - 130 <: 10 

TDS 6000 5150 19200 < 500 ~ 500 

pH (du,ensionless) 7 - 7.5 4.5 - 5.5 4.5 - 5.5 -6 

Table 5-1. Water System Chemistry 
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Facilities 

Industrial-type warehouse/office 
building ,,o 

Plan area: "'f-¼.Q.5 m2 

Energy Collection Subsystem 

Heliostats : 
Type 
Heliostat mirror area 
Heliostat surfaces 

Heliostat design life 
Field configuration 

Field dimensions 
- Depth 
- Width 

Field area 
Heliostat number 
Heliostat total reflective surface 
Heliostat spacing 

- Radial (average) 
- Azimuth (average) 

Receiver: 
Receiver cavity width 
Receiver height 
Aperture area 
Aperture height 
Aperture inclination from vertical 
Cavity wall insula\ion thickness 
Heat exchanger panel number 
Heat exchanger tubes per panel 
Heat exchanger tube material 
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~ii.... ~r- \.-... 4~"' 

~C S~nd Generation 
~ 46.9 m2 \ 

C~l focus glass/ 
foamglas sandwich 
20 years 

North of tower with staggered 
heliostats 

300 m 

390 m 
84700 m2 , 

436 
20448 m2 ) 

14 m 

68 m 

11.5 m 

7.5 m 

42 m2 

54 m 

40° 
0.30 m 
7 

139/167 
Incoloy 800H 



Heat exchanger tube dimensions 
- Length 
- Outside diameter (direct/indirect) 
- Wall thickness 
- Tube pitch ratio (direct/indirect) 

Panel width 
Header material 
Header dimensions 

- Inside diameter 
- Wall thickness 

Manifold material 
Manifold dimensions 

- Inside diameter (inlet/outlet) 
- Wall thickness 

/ 

Tower: 
Tower type 
Tower height to aperture centerline 
Foundation type 
Tower taper ratio 
Tower materials 
Riser, downcomer materials 
Riser, downcomer dimensions 

- Inside diameter 
- Wall thickness 
- Pipe length (riser/downcomer) 

Insulation material 
Insulation thickness 

Energy Storage Subsystem 

Storage tank number 
Storage tank material (steel) 
Storage tank dimensions 
Insulation materials 
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4.29 

9 m 

1.95/1.60 cm 
0.12 cm· 
1.58/1.62 · 

321 CRES 

27.9 cm 
1.27 cm 

321 CRES 

45.7/48.3 cm 
0.63 cm 

Structural steel 
54 m 
Concrete piers 
Straight 
ASTM A36 steel 
321 GRES 

45.7 cm 
0.63 cm 
50/63 m 

Kaowool 
20 cm 

3 

ASTM A516 
3.6 m dia x 33.9 m 
Kaowool 
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Insulation dimensions 
Storage media material 
Storage media weight 
Storage media dimensions 

- Length 
- Flow passage diameter 
-. Number of flow passages 

Booster compressor 
- Single stage centrifugal unit driven 

by AC electrical motor 
Peak power requirement 
Candidate equipment 

Elliot type 
Roots type 

Energy Generation Subsytem 

Gas Turbine- Generator Set -

38 cm 
Mg0 refractory {98%) 
1.68 X 106 kg 

33.9 m 

1.89 cm 
2716 

556 kW 

40 PH 
01B 

Solar Saturn manufactured by Solar Turbines International 
Modified for external fuel combustor using existing ductwork from 
recuperated prototype. Combustor is a standard Saturn combustor (not 
hybrid solar/ fossil burner). Electrical output rating is 731 kW at 
design point conditions 
Standard pneumatic starter 

Plant Air Supply -
Industrial air compressor with storage tank 
Provide pressurized air for turbine starter and system control valves 

Back-Up Power Generation 

Standby Power Generator -
Rankine cycle unit using toluene as a working fluid. Heat energy is 
supplied from the thermal energy storage units. (The unit would be an 
adaptation of a unit being developed for Jet Propulsion Laboratory (JPL). 
Provides power during standby periods to power essential plant 
environmental and control equipment. Rating at design point: 40 kW 
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Diesel Generator Set -
Automatic cylinder diesel generator manufactured by Alturdyne for 
emergency panels. 
Design point rating: 40 kW 

Batteries -

Minimal battery supply for motor starting and fail-safe control system 
power. 

Fossil fuel supply to turbine -

Capacity for 7 days operation= 62.51m3 (16515 gal). 

Plant will normally operate using thermal storage. During periods of 
extended low solar insolation and low thermal storage, plant will be 
maintained in a standby condition using power generated by a standby 
power system. In case of emergency servicing of solar energy collection 
or thermal energy storage subsystems, the turbine can be operated at 
normal power levels using an external fossil fuel combustor. 

Feedwater Pretreatment Subsystem 

Weak acid ion exchange 
Candidate suppliers 

U.S. Filter 
Die-Sep 
Illinois Water Treatment (IWT) 
Graver 

Design capacity raw water 
Acid injection for pH control 

14167 m3/d 
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Desalination Subsystem 

Reverse osmosis unit with a four module 
Product water design capacity 

configuration -
10200 m3/d 

High flux polymeric membrane candidate suppliers 
Fluid Systems 
Envirogenics 
Hydronautics 

High pressure pump on each RO module (positive displacement type} -
Pump pressure rating 2.94 MPa 

Waste Disposal Subsystem 

Earth excavation with plastic film liner and sand/gravel fill -
Area: 5.19 x 105 m2 

Water Storage and Delivery Subsystem 

Feedwater Storage Tank -
Earth embankment with plastic film -
Size: 91 x 91 x 4.6 m 
Area: 8.2 x 103 m2 
Capacity: 4 x lo4 m3 

Product Water Storage -
Earth embankment with reinforced concrete liner -
Size: 163 x 163 x 4.6 m 
Area: 2.65 x 106 m2 
Capacity: 1.2 x 105 

Controls and Instrumentation Subsystem 

Central control system concept color Cathode Ray Tube (CRT} displays 
Master control linked to: 

Heliostat controllers 
Power generation controllers 
Process (water treatment} control computer 
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6.0 SUBSYSTEM DESCRIPTIONS 

6.1 Solar Energy Collection Subsystem 

The Solar Energy Collection Subsystem includes all the components for 

collecting solar energy, transforming it to thennal energy, and transferring 

it to the Energy Delivery Subsystem. Major components in this subsystem are 

the solar receiver, the receiver tower, riser and downcomer piping, and the 

collector field consisting of an array of heliostats and the power 

distribtition and control system wiring associated with the heliostats. 

6.1.1 Receiver, Tower, and Riser/Downcomer 

Elevation views of the receiver and tower are shown in Figure 6-1. The 

receiver is supported at an elevation of 54 m from the ground to the center of 

the receiver aperture. The tower is an open steel truss structure; guy lines 

at the four corners improve the tower rigidity and Teduce overall tower 

material usage and cost. Concrete pier foundations spread the loads into the 

surrounding soil and provide tower stability with or without the guide lines. 

In addition to supporting the receiver, the tower provides intermediate 

supports for the riser and downcomer and incorporates a ladder and walkway for 

personnel access. 

External dimensions of the receiver are shown in Figure 6-2. The aperture 

geometry required is a function of both the heliostats reflected image sizes 

on the aperture plane and the positioning of heliostats (collector field 

shape). The aperture dimensions are determined interactively with the 

collector field sizing described in Section 8.3.3. Overall receiver 

dimensions are governed by several factors: 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. The top of 

the receiver supports lightning protection and a warning light. 

Cutaways of the receiver, Figure 6-3, show its major features:· Seven panels 

of heat exchanger tubing are located around the interior walls, except 

directly above the aperture. Incoming air is provided to the heat exchangers 
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Flgure 6-1. Recelver Tower Concept 
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Z.6 M 

I 
APERTURE VIEW AIIGl.E • 134o 

Flgure 6-2 Receiver Conflguratlon 
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Figure 6-3. Central Receiver 
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Figure 6-4. Heat Exchanger Panel 
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by the riser, which enters the cavity through the floor, and a plenum with a 
spider arrangement of ducts to the lower end of the headers on each panel. 
Air is extracted through the exit headers at the top of the panels, collected 
in the exit manifold mounted on the exterior of the receiver, and then ducted 
through the downc~ner on the south side of the receiver. Flexible joints are 
incorporated in the ducts on each side of the heat exchanger panels to allow 
free movement of the panel due to thermal gradients and thus minimize thermal 
stresses. 

Dimensions of the heat exchanger panel are given in Figure 6-4. The solar 
flux impinges directly on three of the panels (those opposite the aperture) 
and is transmitted indirectly to the remaining panels by reflections and 
reradiation. Therefore, the heat exchanger dimensions differ slightly for the 
two conditions. This helps balance the flow to achieve uniform exit 
temperatures from each panel. The flow can be further balanced with 
adjustable orifices in the duct to each panel. These would be adjusted 
initial~y and then remain fixed. 

The riser and downcomer are stainless steel pipes, 45.7 cm diameter, insulated 
on their exterior with a 20 cm thickness of Kaowool. The pipes will 
incorporate anchors at each end and intermediate expansion joints and spring 
hangers to permit thermal expansion under operating conditions. 

6.1.2 Collector Field 

The collector field design is based on the production version of the BEC 
Second Generation Heliostat, shown in Figure 6-5, modified to curve the mirror 
panels in the horizontal direction. Performance of the heliostat as required 
by the Sandia design specification (see System Performance Specification [2]) 
is used in the collector field analysis. Tests of·the two prototype versions 
of this heliostat at the Central Receiver Test Facility (CRTF), Albuquerque, 
New Mexico, show that the specified performance is met or exceeded. The 
mirror curvature provides a degree of focusing, required in small collector 
fields to limit spillage at a small receiver aperture. Curving the mirrors 
does not significantly impact heliostat cost based on BEC analysis of 
production tooling and processing requirements. 
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Figure 6-5. Heliostat 

In determining annual performance, mirror reflectivity has been degraded by 
four percent to account for the long-term average effects of soiling on 
reflectivity experienced with the test facility heliostats at CRTF. This is 
the maximum reduction in long-term average reflectivity in the upper three 
curves of Figure 6-6. These heliostats were positioned to take advantage of 
natural precipitation for periodic cleaning of the mirrors. The heliostat 
represented by the fourth curve showing a lower reflectivity was always 
positioned face down so that no cleaning took place. Annual average rainfall 
in the Midland-Odessa area of Texas is 70 percent higher than in Albuquerque 
(0.34 m versus 0.20 m) so natural cleaning and average reflectivity should 
exceed the assumed values. 

The geometry of the collector field is shown in Figure 6-7. Heliostats within 
each section of the field are arranged in uniform radial-stagger patterns· 
over the area of that section. The radial-stagger pattern minimizes the 
shadowing and blocking caused by adjacent heliostats. Density of the field 
(reflector area divided by ground area) decreases from the maximum value of 
48% nearest the tower to a minimum of 12% at the furthest section from the 
tower. Typical spacings are shown in Figure 6-8. 
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Figure 6~7. He/iostat Field Design 

TYPICAL HELIOSTAT SPACINGS 

AT 20 METERS FROM TOWER BASE 
DENSITI • 0.48 

AT 130 METERS FROM TOWER BASE 
DENSITY• 0.26 
(REFlECTOR AREA/GIIOUND AREA) 

Figure 6-8. Typical Heliostat Spacings 

45 



6.2 Energy Delivery Subsystem 

The Energy Delivery Subsystem consists of a gas turbine generator set, 
electric power distribution, and plant air storage and distribution. 

6.2.1 Turbine Generator Set 

The gas turbine generator set, the primary power conversion equipment, is a 
Saturn turbine manufactured by Solar Turbines International of San Diego, 
Californta. The skid-mounted unit is depicted in Figure 6-9; photographs of 
the Saturn and an installation of multiple units are shown in Figure 6-10 and 
6-11. The International Standards Organization (ISO) base rating of this 
turbine for continuous service is 800 kW; under the design conditions for this 
plant, the maximum output is 731 kW. Physical specifications of the Saturn 
turbine are listed in Table 6-1. The table specifies an annular combustion 
chamber. However, a version with flanged ports for an external combustor is 
available (see Figure 6-12) and would be used in thi~ application. A sketch 
of the ducts interfacing with these ports is shown in Figure 6-13. 

Both electro-hydraulic and pneumatic starter systems are available for the 
Saturn turbine. The pneumatic system is selected since a plant air supply will 
be needed to operate pneumatically actuated valves in the water subsystems. 

Efficiency, equipment cost, and equipment availability (of the appropriate 
size) are the major considerations in selection of the energy conversion 
system. The Saturn machine qualifies with respect to the latter two 
considerations. However, its efficiency is relatively low, typical of 
industrial gas turbines of conservative and not too recent design. The 
relatively high exhaust temperature suggests further energy recovery, either 
with a bottoming cycle or some plant process. During the design definition, 
several candidate processes were considered to utilize the exhaust heat. 
These included a thermally powered desalination process and, to reduce 
evaporation pond size, a waste stream spray drier. The candidates studied had 
additional costs that outweighed the benefits. 
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Figure 6-9. Saturn Turbine Generator Set 

Figure 6-10. Solar Satum Turbine Continuous Duty Generator Set 
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Figure 6-11. Typical Gas Line Compressor Station Using Solar Saturn Turbines 

Compr...
lvpr 
Numbe< of Stages 
C.omp1eu1on l:!auo 
Flo.. 
Sl)ffd 

Combu1lion 0.•mbet 
lVPt' 
l1ntt1on 
Number of fuel Nou les 

Turbine 
Number of Staaes . 
Speed (Oeoi1n) 

k•rinp 
M1terial1 of Comlruction 

Au Intake Houo1nc 
Compresoor Ca.,. 
Compressor Blades . 
Combu>tor Lu,,., 
Combustor ea.,. 
Turb1MCa>e 
Turbine Nozzles. first-Siace 
Turb1M Nozzles. Second- and Third0 Sta1e 
T urb1ne O1SC$. 
TurbiM 81ades. first• and Second•StallO . 
Turbine 81ades. Third-Stace. 
hhaust O1Huw 
hhaust CollKtor 
Acces""V Cear Houo1nc 

Oil Tan• Capacity . 

Main Oil Pump 

Or•-

.. Allial 
8 

. 6.2·1 
S.8 kg/1.ec (12.8 lb/sec) 

22.300,pm 

Annula, 
Sincle 1cn11er pluc 

. 9 

3 
22,300,i,m 

. Slee'lle 

Aluminum 
17-4PH srainle .. neel 

.17-4PH CUI stainless steel 
N1SS high-temperature alloy 
N1SS h1gh•temprrature alloy 

422 AISI stainless steel 
X45M high•temperature alloy 

..... N155 high-temperature alloy 
. . A28& stainless steel 

S81& alloy steel 
. 713 cast alloy steel 

17-4 PH sta1nles> steel 
. 321 stainless steel 

Nodulat iron 

. 41& liters (110 aallons) 
Operatin1 capacity· 284 liters (75 gallons) 

.... Hydraulic motor 
. . . . . .Cear TVPt' 

Ratin1 ( At Oeo1an Speed) ... 190 liters/min at 310 to 379 kPa aace (SO apm at 45 to 55 psial 

Pre/Post lube Pump 
Driver ..... 
lVPt' .. 
Racine. 

Oil Cooler 
lVPt' ... 
Fan Drive lVPt' 

Filter 
lVPt' 
Number 
Element 

OC electric motor 
. ....... -~ ....... Cear 

............ 38 liters/min at 83 to 103 kPa pp (10 IP"' at 12 to 15 psial 

. .......... Air•to-oil radiator· 
. Hydraulic motor 

.. Fullfl-
1 

Replaceable 

Table 6-1. Saturn Turbine Specifications 
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Figure 6-12. Saturn Gas Turbine Engine with In/Out Hardware for Recuperator 
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\From receiver 

Figure 6-13. Saturn Gas Turbine with In/Out Hardware 
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A bottoming cycle was examined and found to be a promising means of utilizing 
the gas turbine waste heat. Plant efficiency and power production can be 
substantially increased with no increase in the solar collection subsystem. 
However, such a combined cycle package is not commercially available in the 
size needed for the 6000 m3/d plant; the smallest unit presently available as 
a package is the Solar Turbines International Centaur CC with an ISO rating of 
4MW. Custom units might be constructed but at additional cost. Adaptation of 
a Sundstrand organic Rankine cycle turbine for use with the Saturn was 
examined and found to be feasible, although the Sundstrand unit had to be 
derated about 50 percent. Again, costs exceeded the benefit (primarily due to 
the high cost of the oversized bottom cycle), and the extra power was not 
needed in the 6000m3/d plant. Addition of a bottom cycle to the commercial 
plant design was rejected primarily because available equipment of the 
appropriate size could not be identified. Some benefit can be expected from a 
combined cycle well matched to the plant size. This is examined in the study 
of a range of plant sizes in Volume IV of this report. 

6.2.2 Electric Power Distribution 

Figure 6-14 shows the one-line diagram for the plant electric power 
distribution. Plant electrical power will be di~tributed by a central power 
transformer and switchgear station. Power will be provided to the station by 
the main generator, an emergency diesel generator, and a standby Rankine 
generator set. Selection and distribution of power will be controlled by a 
power generation controller which is linked to the master computer. 
Uninterruptable power supplies (UPS) will be used to maintain plant control 
during short term power interruptions or transfer of power sources. The 
primary plant power voltage is 480 volts, selected to achieve high efficiency 
of the main generator, the large motors and general power distribution and in 
accordance with general industrial practice. 

6.2.3 Plant Air Supply 

Compressed air is provided for the Saturn turbine pneumatic starter, and · 
pneumatic valve actuators on air ducts and water treatment system lines. The 
Saturn air start equipment, shown in Figure 6-15, will provide storage for all 
compressed air functions in the plant. 
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Figure 6-15. Typical Saturn Air Start System 
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6.3 Energy Storage Subsystem 

As previously shown in Figure 5-1, the thennal energy storage subsystem is 
located in an air flow path parallel to the receiver and between the 
compressor outlet and turbine inlet on the Saturn turbine. The major 
components of the subsystem are the three parallel TES units, an electric 
motor driven booster compressor, ducting, and valves to pennit a variety of 
operating modes. 

6.3.l Thennal Energy Storage Operation 

The main operating modes involving the thennal energy storage subsystem are 
shown in Figure 6-16. Solar energy received in excess of that required to 
operate the turbine is circulated through one or more of the three parallel 
TES units in the TES charge mode, Figure 6-16(a}. The number of units being 
charged at any time depends on the amount of solar power available. After 
starting the booster-compressor, the units to be charged are selected by 
opening the valves downstream of the unit. A thennocline 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 units when fully 
charged have the bulk of the storage medium at or near 816°C (1500°F) • 
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 
temperature during charging. At the fully charged condition the air leaving 
the TES, flowing through the valve and entering the booster crnnpressor is at a 
maximum temperature of 385°C (725°F). 

Flow through the TES is reversed for discharge as shown in Figure 6-16{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 thennal energy to the 
turbine. The flows through the receiver and TES are adjusted for these modes 
by the valves between the Saturn's compressor and these components. In the 
discharge mode, flow is through one TES unit at a time. 
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(a) TES Charging 

(b) Parallel Receiver and 
TES Discharge 

(c) TES Discharge 

Figure 6-16. 
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6.3.2 Thermal Energy Storage Design 

The TES units are arranged conceptually as shown in Figure 6-17. Further 
design effort would be directed toward reducing the length of piping runs 
depicted in this arrangement. Each of the units has a cylindrical pressure 
vessel with dimensions as shown in Figure 6-18. The vessel is supported at 
intervals to allow natural convective cooling of the vessel exterior. As 
shown in Figure 6-19, standard pressure vessel construction practice is used. 
Insulation inside the vessel separates the storage media from the shell to 
minimize energy loss and to limit the maximum shell temperatures to 104°C 
(220°F). The storage medium is magnesium oxide bricks designed to provide 
airflow channels at the required size and spacing. 

One of the commercially available booster compressors which meets the 
requirements of the TES design is described in Figure 6-20. 

6.4 Backup Power Subsystem 

The backup power subsystem includes several components which can provide 
electrical power whervthe main turbine-generator set is not operating on 
either solar or stored energy. 

6.4.1 Main Power Emergency Backup 

A fossil fuel supply and external combustor allows operation of the Saturn 
turbine-generator for abnormal or emergency conditions, when the desalination 
subsystem must be operated and solar or stored energy is not available. The 
annual product water output of the plant does not include water production in 
a fossil fuel mode. 

6.4.2 Standby Power 

Power generation components provide a lower power level needed for the plant 
in the standby mode (i.e., when the desalination subsystem is ·not operating). 
A nonfossil fuel power generation system is necessary to meet the design 
requirements. Choices considered are shown in the upper part of Table 6-2. 
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Figure 6-17. Thermal Storage Unit Arrangement 
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AIR PASSAGE 
2.27 CM FLOW CHANNEL DIAMETER 

KAISER TYPE K98 MgO BRICKS 

STEEL PRESSURE SHELL 
DESIGN PRESSURE SOJ K Pa 
AST1'1 516 GRADE TO 1/4" WALL 

AST1'1 BOILER ANO PRESSURE VESSEL 
COOE. SECTION VIII OlVISIOM 11 

RADIOGRAPHIC INSPECTION 
GRATING 

Figure 6-19. TES Unit Section 

Ell lot type PH 

o SINGLE STAGE RADIAL CENTRIFUGAL TECHNOLOGY 

o OUfLET TEMPERATURE 315°c 

o AC MOTOR DRIP PROOF WITH GEARBOX - OIL SYSTEM - ANTISURE CONTROL 

o 201 TURNOOWN IN CONVENTIAL APPLICATIONS 

o 63.5 CM ROTOR DIAMETER 

o 948 STANDARD HJ/MIN 

o ELECTRICAL POWER REQUIRED FOR PEAK STEADY-STATE OPERATION: 556 KW 

Figure 6-20. Applicable Booster Compressor 

56 

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



·- - - - - - - - - - - - - - - - - - -

YI ..... 

function 

Standby wait power 
__, 

Standby wait power 

Emergency fossil fueled 
standby power 

' 

Emergency fossil fueled 
standby power 

> 

Table 6-2. Standby Power System Candidates 

Candidate System Rating 

Organic Rankine/TES 40 kW 

Lead acid batteries 30 kW 
48V 72 hrs 

Diesel - generator set 
40 kW 
24 kW 

Gas turbine - generator set 90 kW 

Estimated 
Production Status 

Price 

$ 50,000 Being developed by Barber 
Nichols/FACC for JPL 

$288,000 Available from Gould 

Available from Alturdyne 
$ 25.000 6 cyl. VW Diesel 
$ rn.ooo 4 cyl. VW Rabbit Diesel 

$46,000 Available from Alturdyne 
Solar Titan turbine 



The small organic Rankine turbine operating with heat from the TES was 
selected based on cost. In addition, a fossil fueled emergency power system 

is provided for the rare condition where the TES is cold or depleted below 

15O°C. 

The Rankine cycle turbine concept is shown in Figure 6-21. Heat would be 
extracted from one or more of the TES units and circulated through a heat 

exchanger that would evaporate and superheat the toluene working fluid. The 

heat transfer fluid for the heat extraction system has not been selected; 
candidates include air and the organic heat transfer fluids. The latter 

choice would require a drainable section within the TES to prevent excessive 

temperatures in the fluid. The size of the turbine generator being developed 

by Barber Nichols for JPL, Figure 6-22, is approximately the size required for 
the standby power demands of the plant. The lightweight, but more expensive, 

ancillary components in this design would be replaced by more conventional 

condensers and regenerators. 

The emergency standby power system is pictured in Figure 6-23. This is a 
commercially available unit, employing a Volkswagen Rabbit diesel engine as 

the power source. 

6.5 Feedwater Pretreatment Subsystem 

The function of the feedwater pretreatment subsystem is to provide a quality 
feed supply to the RO units. Because the specified water has relatively high 
hardness content, it has to be treated by a softening process to prevent 
scaling in the desalination equipment. This pretreatment subsystem renoves 

the hardness in the form of calcium and bicarbonate ions from the feedwater 
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and prevents the scaling that would otherwise occur as concentrations of these I 
ions increase on the reject side of the RO membrane. 

As previously shown in Figure 5-2, the feedwater pretreatment subsystem 
consists of four WAC exchange units in parallel, a regeneration system for 
these units, and a decarbonation/pH control system. This type.of pretreatment 

was selected because of its flexibility and compatibility with intermittent 
operation (particularly important to integration in a solar dependent power 

system), its relatively simple control and operation, and its minimal impact 
to the waste streams. 
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TffERMAL STORAGE SYSTEM 
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EVAPORATOR_ 1-------
TOLUENE EXPANDER TURB(lt£ 

PUMP GEN 4Q al 

AOAPTAT(ON OF JPL/FORO AEROSPACE/BARBER NICHOLS UNIT 

Figure 6-21. Adaption of JPL/Ford Aerospace/Barber Nichols Unit 

•MMOIOfl 
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TIIUINE•ALTEIUIATOR-PUMP 

Figure 6-22. SCSE Organic Rankine Engine. 
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• New vertically-mounted design. 
• Occupies less than 9 sq. ft. (0.8 sq. m) of floor space. 

• Self-contained. 
• Microcomputer-controlled for automatic, unattended, reliable operation. 

• Less ductwork and piping to clutter walls and ceiling. 
• Does not require separate external battery stand or alann unit. 

• Quiet operation with less vibration. 

Figure 6-23. Guardian 24 kW Diesel Engine-Alternator 
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6.5.1 Weak Acid Cation Exchange Units and Regeneration System 

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 decarbonation subsystem. The chemical reactions are 
identified in Figure 6-24. 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 accomplished by flushing the resin bed with 
hydrochloric acid, which removes calcium ions and replaces the hydrogen needed 
in the softening reaction. 

SOFTENING REACTION 

CA++ (HC03> 2 + 2 RCTllJR' 

J ~ 
CA++ CRC00-> 2 + 2H2Co3 

OECARBONATION REACTION 

REGENERATION REACTION 

CA++ CRC00->2 + 2 flCL 

~ ~ 
CA++CLz + 2 RCOOH 

NOTE: Rt:00 IS THE RESIN BACKBONE AND - SIGNIFIES RESIN PHASE, 

Figure 6-24. 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 6-25. Nonnally one of the four WAC units is kept in a standby 
or regeneration status with the other three beds in production operation. 

' 
This provides for the continuous operation of feed supply to the RO units. 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 reaction front moves unifonnly down through the bed, 
and the amount of softening remains constant as long as the reaction front 
remains above the drain headers. After a predetennined 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 valving the unit 
out of the system, flushing for a specified time period with dilute 
hydrochloric acid, and rinsing with product water. The flushing and rinsing 
fluids are drained to the evaporation pond. The regeneration of each WAC bed 
will occur daily at system specification production capacity and will require 
an estimated one hour to complete. 

The WAC exchange units would be purchased skid mounted, complete with 
regeneration system. Several companies including Die-Sep, U.S. Filters, 
Graver and I.W.T. are candidate vendors for this equipment. A cross section 
of a typical unit is shown in Figure 6-26. 

6.5.2 Decarbonation/pH Control Unit 

The dissolved carbon dioxide (CO2) or carbonic acid produced by the WAC 
subsystem must be removed to lower the acidity of the softened water feed to 
the RO units. The decarbonation unit removes the ~arbon dioxide by desorption 
within a packed bed column. The WAC product water containing the dissolved 
CO2 is distributed down through the packed bed. A counterflow of air from an 

) 

external blower then sweeps the CO2 to the vent system. The decarbonation/pH 
control unit is shown in Figure 6-27. Acidity/pH control for -~he feed·to _the 
RO units is provided via a bypass loop around the decarbonation unit. The 
required 4.5 - 5.5 pH feedwater to the RO is obtained by adjusting the ratio 
of WAC water flowrates through the decarbonator and bypass. The controls are 
fully automatic and have been proven in commercial applications. 

62 

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 

w£AI< ACID CATIOO EXffiANGE SYSID1 

• Raw Water Feed 

[ 
I 
I 
i 

! 
! 

Atid Distributor I .___ _ ___, 

tto Pond 

0 

Softened Water 
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Figure 6-25. Weak Acid Cation Exchange System 
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Figure 6-26. Weak Acid Exchange Resin Bed 
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The selected pretreatment process is capable of essentially single step 
reduction of calcium and bicarbonate with pH effluent control, utilizing 
approximately the same quantity of acid that would have been required for 
bicarbonate destruction alone. ---.... e 

_.. c==::::;:;::::======B::=· =as=s====:.t>-~.;::=~;,;'-~ 
from Ion to RO Feed Pump 

Exchange 
System 

Figure &21. Decarbonation/pH 
Control System 

+ r 
L=:::::t:=::_::_::_=::_~:-, Distributor C-------- . 

-<:" - -

.,,,,,/ 

6.6 Desalination Subsystem 

r--")vent 

The desalination subsystem consists of four parallel sets of RO trains with 10 
µm cartridge filters and high pressure pumps as ilJustrated in Figure 5-2. 
The process of reverse osmosis and the rejection of dissolved materials takes 
place under pressure with the feed solution passing across the semi-penneable 
membrane. The products flow through the membrane in the reverse osmosis units 
generally proportional to the applied pressure differential ac~oss the 
membranes. The selected RO units will operate at feedwater nominal gage 
pressures of 2895 kPa providing a product recovery rate of 75%. The passage 
of dissolved salts through the membrane is proportional to the concentration 
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differential across the membrane. For this particular application, recovery 
rates greater than 80% could cause the dissolved salts to exceed their 
solubility limits and precipitate, causing membrane fouling, lower recovery 
rates, and reduced plant availability. The pretreatment system has been 
designed to eliminate this possibility by reducing the calcium content to less 
than 300 ppm by weak acid cation exchange. 

Three basic criteria for the selection of the RO units were applied against 
the system requirements. They were as follows: capacity in terms of systen 
flow; performance in terms of product composition; and stability in terms of 
operating life, i.e., membrane replacement. 

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 6-28 and 6-29. The element 
operates at high flux (flow) levels and is proven in commercial applications. 
The expected normal membrane life is three years. The predicted product 
chemistry is stated in Table 5-1. The expected total dissolved solids (TDS) 
of the product water is almost 370 mg/1 which is well within the 500 mg/1 
potable water requirement. 

Each RO train will be comprised of modules each containing six elements. The 
modules are connected in series so that the reject from two modules becomes 
the feed for one module. The train will have the requisite number of these 
3-module sets in parallel to meet the capacity requirement for the train. 

Because RO units operate most efficiently under specific steady state 
conditions, a parallel RO train arrangement is required to balance the number 
of units being operated with electric power availability. This arrangement 
also allows for the service and maintenance of the individual RO unit 
including the periodic clean-out and flush and membrane replacement without 
affecting other RO units. 

Positive displacement plunger pumps are selected for the high pressure pumps 
because of their high efficiency compared to centrifugal pumps. A candidate 
pump for this application is the Series 300 line manufactured by the Wheatley 
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Fluid Systems 
Product 
Specification 

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

• 2,000 mg/I NaCl solution 
• 420 psi ~lied pressure 
• Soiutlon temperatw. 25•c (77°F) 
• 10% water recovery 
• Solution pH 5.0 to 6.0 
• 30 minutes of operation prior to data collection 

Operating at the above conditions. the following initial performance can be expected: 

1) Nacl Rejection .................. . 
2) Permeate Flow .................. . 

AOOITIONAL OESIGN INFORMATION (1) 
• Oesign Permeate Flow ............. • .. . 
• Recommended Operating Pressure ....... . 
• Recommended Feed Flow toanyelement .. . 
• Design Ratio of Permeate to Concentrate 

Flow for any Element ................... . 
• Allowable Pressure drop per Element ...... . 
• Allowable Pressure drop per 6 element 

pressure tube ................. . 
• Feedwater Turbidity .................. . 
• Feedwatet Chlorine Concentration . 
• FeedwaterTemperature ................ . 
• Feedwater pH ......................... . 
• lnterconnector - Part Number 05-0233 
• 0-Rlngs - Pan Number 10-0244 .......... . 
• Antitelescoping I Centering Device ....... . 

Design 
98% 

7500 GPO 

Design 
7500 GPO 
420 psi (2) 

63GPM 

1:8 
S psld 

30 psid 
<0.2 NTU 
0.0 mg/l 

25•c (77°FJ 
s.s 

1 Supplied 
2 Supplied 

Bonded to Element 

Minimum 
97% 

6350 GPO 

Minimum 
NOi ApgfiCabte 

Noc Aoplicable 

27GPM 

1:5 
Not Aoplicable 

Not Aoclicabte 

0 
0.0 mg/I 

0 (32"F) 

4.0 

Maximum 
Nat~ 

8650 GPO 

~ 
7500 GPO 
aoo psi 
75GPM 

Not Ai,olicable 

12 psid 

60 psid 
1 NTU 

0.0 mgil 
45"C (113"F) 

6.5 

(11 1n those c:=ases wnete tnia intorma1i0n aDOUtS 10 contlM:t. n,, ITIOte limning value aookes. wnen it is d911red to ooerate efemerus 
outside of trtese ccndiliont, or it additlOnat intonnatlOn i1t, needed. ptea,e contact F1ui'1 Svstems Division. 

\2) This assumes a '-dwe.t-er temoerature af IHi thatn :a,•c (77•F). A.t hiQner tamoerature-s. tne oP9ratmg pret5"re may need to be 
reduced so !hat 11'19 deStQft pem,,we ,_ ii not -ed. 

Ruid Systems D,v,s,on 
2980 Nortn Harcor Cir1,...e, • Sar. D,~ Ca.,forn,a 92~01 
iei~onoM 71J..299-9<l20 • twx ·11•/<335-119~ • r~ 1~i::c-o•e; :-•:1-29;.139c 

uot:) 

TFC Spiral Wound Reverse Osmosis Element Model 8600 PA - Product Specification 

IAlh .. m ... 

FEED L--

.,.,,.,IHAIL ,.,.,...., 

«1111•·· - .. 

rNlfltCONNICFOlt fffEFI 
MINMI 

CONCENTRATE 

Figure 6-29. TFC Spiral Wound Reverse Osmosis Element - Model 8600 PA. 
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Company of Tulsa, Oklahoma. Pump installation will include a pressure control 
arrangement for controlling pump discharge pressures. A back pressure valve 
will be installed in a bypass line from each pump discharge to the pump 
section. An accumulator will be required to dampen pump pulsations. 

In normal operation, the recovery of potable water is 75% of the feed to the 
RO. The RO unit will remove 95% of the monovalent ions present and 98% of the 
polyvalent ions present in the feed to the RO. Seventy percent of the 
dissolved solids entering the RO system are monovalent ions and 30% are 
polyvalent. The expected TDS of the potable water is 370 mg/1, well below the 
specified TDS of 500 mg/1. The net pressure across the RO membrane is 2137 
kPa. RO permeators utilize 2896 kPa water as feed, with an osmotic pressure 
of 621 kPa and a membrane pressure drop of 138 kPa being the contributors to 
the pressure reduction. 

6.7 Controls and Instrumentation Subsystem 

The plant operations will be controlled automatically by a master control 
computer linked to distributed digital controllers. A control system block 

--diagram is shown in Figure 6-30; Figure 6-31 identifies the primary control 
system functions. The control system includes the following key features: 

- Daily operating strategy will be programmed by an operator with 
keyboard data entry. 

- The operator can override automatic operation in test, emergency or 
service conditions. 

- Subsystem operating algorithms will be pre:-programmed to minimize 
operator workload and skill requirements. 

- Weather data and process parameters will be transmitted to the master 
computer for process control and performance analysis •.. 

- Control instructions will be transmitted to distributed controllers 
that control the heliostats, power generation, and water treatment 
subsystems. Having distributed controllers will allow independent 
subsystem operation if necessary. 
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~=~otlon ...,_,__. water Treatment 

Figure 6..JO. Plant Control System Function Block Diagram 

Power Generation 
control ter 

• Regulate turbine receiver. 
and thermal energy storage 

Master Computer 
• coordinate subsystem octlvltles 
• Provide operator Interface for power generation 
• Predict Plant Performance 
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• Measure wind sPeed and 
dlr,ctlon 

• Measure lnsolotton 

Heltostat 
control 1ers 

• COfflDute mt rror 
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Figure 6-31. Control System Functions 
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- Commercially available solid state control consoles and color CRT 
displays will be used to simplify programming operation and 
maintenance. The solid state control units will have low power 
consumption. 

Equipment candidates for the control system are identified in Table 6-3; these 
candidates would be evaluated in a subsequent detail design phase. A 
representative master control console is shown in Figure 6-32. These 
controllers are commercially available and have the necessary software, 
peripherals, and interfaces needed for adaptation to the commercial plant. 

The control system will acquire and control operating parameters that are 
identified in Table 6-4. Except for weather data, the measured and controlled 
parameters will be transmitted via the distributed controllers using 
conventional analog and serial digital data protocol. 

6.8 Data Acquisition Subsystem 

A data storage device will be provided to record the plant operating 
parameters listed in Table 6-4. In addition, computed data from the master 
computer, such as efficiencies and capacity factors, will be recorded. At 
selected intervals, the recorded data will be printed for analysis and 
archiving along with the operator's logs. 

6.9 Water Storage and Delivery Subsystem 

Feedwater and product water storage concepts for the commercial plant are 
excavated lined reservoirs. The respective sizes of the reservoirs 
are: 

Feedwater Reservoir: 
91 x 91 x 4.6 m deep 
8.2 x 103 m2 area 
40,000 m3 capacity 
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Master control computer 

Dtgtcal eQ\JIC1111ent corl>Oratton !16-bltl 
PDP 11/23 
PDP 11/34 
PDP 11/44 (baseline) 

SvstDns engineering labs <32-bltl 
32/27 
32/30A 
32/S7 

Hewlett Packard (16-bltl 
HP !COOL 
HP lOOOE 

setecrton crtterta 

I. performance 
2. rellabllltv/error detection 
3. matntalnObllltY 
11. cost 

process control Eautoment 

Fisher controls - Provox line <baseline> 
• distributed controllers 
• HP-1000 process COOIPuter 
• seauenctng col>ObllltY 
• color dlSPIQYS 
• flexlblle proorarmlng 

Taylor Mod 111 
• distribute<:! controllers 
• Varian computer 
• seauenctnq caPObllltY 
• monochrome dlsPlavs - color ontlonal 

seJecttoo ~rtrerta 

1. performance and flexlbllltY 
2. ease of operation 
3. rellabllltv and rat lure mode operation 
4. fault tsolatlon/eose of repair 
s. comPOtabllltY with master 
6. cost 

Table 6-3. Candidate Controllers 

TYPICAL CONSOLE BAY GROUP 

Figure 6-32. Fisher Control Console 
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Subsystem 

Feeawoter 

RO Units 

Power generation 

Power generation <cont'd! 

Mlscel loneous 

Measured Poroneter 

Storage level 
Water flow 
Conduct !vi tY 
Temperature 
PH 
Filter pressure droo 

Punp Inlet pressure 
Punp outlet Pressure 
PunP tenoerature 
Menbrane Inlet pressure 
Concentrate Pressure 
Concentrate conductivity 
Concentrate flow 
Permeate Pressure 
Permeate conductivity 
Permeate r1ow 

Membrane pressure drop 
BYPOSS valve POSltlon 

Comoressor Inlet temoeroture 
Comoressor outlet nressure 
COO!Pressor outlet temperature 
Compressor flow 
Receiver Inlet temperature 
Receiver Inlet Pressure 
Receiver outlet temoerature 

- each ponel 
Receiver outlet temperature 
Receiver outlet Pressure 
Combustor fuel flow 
Turbine Inlet temperature 
Turbine Inlet Pressure 
Thermal energy storage Pressure 
Thermal energy storage temp, 
Thermal energy storaae flow 
Turbine vibration 
Turbine SDeed 

Turbine exhaust temoeroture 
Turbine exhaust oressure 
Bleed valve oosltlon 
Generator freouency 
Generator Phase vol toge 
Generator ohose current 

'Generator watts 
Generator KVA 

Water storage levels 
Turbine fuel level 
Weather data 

Primary 
control funct!on <JC Any> 

~toroge punp shutoff 
Chemical lnJectlon rotes 

Acid lnJectlon 

Punp shutdown 

Punp shutdown 
Punp shutdown 
Puno shutdown 

Concentrate flow valve 
Punp shutdown 

Maintain r1ow ratio with 
respect to concentrate 
via feed valve 

Used for punp startuo 

Hellostot control 

Hellostat control 

Generated power 
Power control 

Storage control 

Failure shutdown 
Saeed governor 

Turbine oversoeed control 

Table 6-4. Measured/Controlled Parameters 
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Product Water Reservoir: 
163 x 163 x 4.6 m deep 
2.65 x 104 m2 area 
120,000 m3 capacity 

These sizes correspond to peak production conditions (10106 m3/d product 

water) and storage ratings of 3 days feedwater and 10 days product water. 

The feedwater as shown previously in Figure 5-2 can go directly to the ion 
exchange system without any break in pressurization. The feedwater reservoir 

will be connected in parallel such that a bypass will always keep the 
reservoir full. In case of interrupted supply, the water for treatment would 

be furnished by the feedwater reservoir. 

Figure 6-33 illustrates the general features of the reservoir cross-sections. 
Both feedwater and pretreatment water reservoirs are lined to prevent leakage. 

The feedwater reservoir has a simple flexible plastic film liner. The.product 
water liner is reinforced concrete with a waterproof coating. This type of 
structural liner is commonly used in product water reservoirs to prevent 

leakage and contamination by ground water. 

FEED WATER 

J DAY STORAGE 
8.3 HI a 4.6 M DEEP 
37900 "3 CAPACITY 

Figure 6-33. Reservoir Features 
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PRODUCT WATER 

10 DAY STORAGE 
26.6 HI • 4.5 M DEEP 

121000 "3 CAPAttTT 



The feedwater reservoir is uncovered for minimum construction cost. (There 
are no known regulations for the Upton County, Texas area that would require 

' covered reservoirs.) Based on a mean annual lake evaporation rate for that 
area of 1.9 m/year, the estimated annual feedwater evaporation loss is only 
0.5% of the feedwater supplied. Because of the product water value and the 
relatively large product water reservoir surface area, a covered product water 
reservoir is recommended. The cover could be a simple floating film, such .as 
0.8 mm Hypalon, which would result in a break-even cost saving in one year. 

6.10 Waste Disposal Subsystems 

Brine concentrate and ion exchange softening regeneration waste will be 
gravity fed to a zero-leakage solar evaporation pond having features as shown 
in Figure 6-34. The pond would be fanned by surface grading and construction 

of an earth embankment. The excavation would be covered with a graded 
sand/gravel mix and an impermeable plastic film liner such as Hypalon. 
Addi.tional sand woul"d be placed over the film to protect it from sunlight and 
mechanical damage. The sand/gravel underlayment provides a cushion for the 
film and drainage paths to a grid of leakage sensors under the film. In case 
of leakage, the zone of damage can be found from the signaling leakage 
sensors. 

ANNUAL EVAPORATION 1.35/TEAR 

II! 

TIIMPED EXCAVATION 

Flgure 6-34. Evaporatlon Pond Features 
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Based on an estimated average saline pond evaporation rate of 1.35 m/year, an 
annual production of 2.0 million m3, and a recovery ratio of 0.72, the 
required evaporation pond size is 5.78 x 105 m2. 

6.11 Site and Facilities 

A general site arrangement was shown previously in Figure 5-3. By careful 
location of the subsystems (reservoirs, pond, etc.), the minimum required land 
area is 81 x 105 m2. If the terrain is not reasonably level, the land area 
will increase somewhat as a result of terracing. The previous sections 
describe the various subsystems that would be located on the site and within a 
plant building. 

The plant building (see Figure 5-4 for floor plan) would be a standard 
industrial type with insulated metal siding and floor area of 2195 m2. Housed 
in the building are: 

Office 
Control room 
Water quality laboratory 
Energy delivery and back-up power subsystems in an isolated room 
Feedwater pretreatment subsystem 
Desalination subsystem 
Maintenance shop 
Spare parts and supplies storage 
Lavatory 

Heating and air conditioning would be provided to the office, laboratory and 
control room areas for personnel comfort and equi~ent protection. 
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7 OPERATIONS AND AVAILABILITY 

7.1 GENERAL DESCRIPTION 

7.1.1 Operational Concept 

The solar energy water desalination system is expected to be used as the water 

production segment of municipal and agricultural water supply systems in the 

United States and Saudi Arabia. The system can be used to desalinate brackish 
water from either surface or ground water sources. Both potable water and 

water suitable only for irrigation may be produced by the process. 

The operating scheme for the system must account for a variety of conditions: 
initial operation after construction; normal operation under various 
conditions of intermittent insolation; planned maintenance; and responses to 

unusual conditions, such as emergency generator shutdown and severe weather 
phenomena. 

The system is designed to be deployed as a stand-alone plant (i.e., it is 
independent of power sources other than solar). The system could be 
deployed as one of several plants within a supply system network. The 
deployment mode can influence the final system design in several ways. First, 

the short-and long-term variation in product-water demand and (if present) 
supply system water storage will influence the requirements for plant 
product-water storage. Second, the variability in site insolation and the 
plant deployment mode will influence the requirements for product water 

storage, thermal storage, and weather prediction. If the plant is deployed in 
an isolated situation, there may be a need to predict insolation and other 
weather characteristics (temperature, storms, etc.) for short to moderately 
long time periods. Weather prediction capability would allow operating the 

plant in an optimal manner. For a more extensive discussion of this subject, 
see paragraph 4.10 of reference 7. Third, the deployment mode will influence 
the maintenance plan for the plant. For example, if the system is an isolated 
plant, scheduled maintenance normally might be performed only during periods 

of low water demand. However, if the plant is one of several in a larger 
supply network, scheduled maintenance planning will be integrated within the 
system so that plant scheduled downtime may occur at other times of the year. 
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Normally, water supply systems experience short-term (hourly, daily) and 

long-term (seasonal) demand fluctuations. The seasonal demand profile for the 
Rankin/McCamey, Texas, customer group has been estimated from a variety of 
sources and is illustrated in Figures 7~1a and 7-lb. Based on these 
estimates, a typical synthetic demand profile for the commercial system has 

been derived; it is shown in Figure 7-2. The ratio of maximum to minimum 
demand in this profile is about 2.4. Seasonal water production capability may 

not match the demand profile. Early studies by BEC indicated the solar 
powered plant's production and demand are very similar, but excess capacity 

would exist at times. To remove local site effects on the mismatch between 
these profiles, SERI specified that the demand could be regarded as equal to 

the production - all of the product water would be used. 

Daily and seasonal demand fluctuations can be accomodated in the systen in 
three ways: product water storage, variable output capability, or a 
combination of both. Since the system specification requires 10 days of 

storage at the nominal production rate (6,000 m3/d), a variable output 

capabi1ity has also been provided to account for the seasonal demand 
fluctuation shown in Figure 7-2. The reverse osmosis system provides 
incremental outputs of 2525 m3/d per train in four steps, up to the maximum 

output of 10,100 m3/d. This gives a turn down ratio of 4 to 1, which is 

compatible with the seasonal ratio depicted in Figure 7-2, as well as the 
hourly variation in available electric power. 

7.1.2 Expected Operating Hours 

The nature of the energy-conversion/water-purification process suggests that 
it should be operated in a manner analagous to a base-load electric power 
plant, i.e., subject to scheduled maintenance considerations, it should be 

operated twenty-four hours per day, 365 days per year. 

Based on the system performance evaluation model (described in Section 8.1), 

it is expected that the system would produce water over 7000 hours per year, 

assuming insolation characteristics similar to those described in Section 8.2. 

Without accounting for scheduled and unscheduled maintenance downtime, this 

would produce the expected subsystem operating and non-operating hours shown 
in Table 7-1. The hours shown in Table 7-1 are used as the basis for all 
subsequent operations and availability analyses. 
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Rankin Population 1216 
Avg. Cons. 217 gal/cap-day 

(.8213 m3/cap-day) 
Ann. Cons. 96,313,280 gal 

(364,545 m3) 
999 m3/day, avg. 

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

McCamey Population 2460 
Avg. Cons. 225 gal~cap-d) 

( .8512 m /cap-d) 
Ann. Cons. 202,027,500 gal 

(764,677 m3) 
2095 m3/d, avg • 

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

Figure 7-1. Estimated Potable Water Use Profiles, Rankin and McCamey, Texas, 1980 
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EXPECTED TEARLT NIJ48ER OF 
SUBSYSTEM 

OPERATING NON-OPERATING STARTS/OTHER 
HOURS Ul"IIID'I 

Collector Subsysteni 
He! lostat 

&hn!NI 3080 5680 
Fr-/Ped,/Facet 8760 -
Control 8760 -

Controls/Oata/Potoer 8760 - i 
I 

Receiver 3080 5680 365 St.arts I 
Thenn.al En~rgy Storage 5260 3500 I 

EPGS (APU) i 
7950 (810) 810 (7950) 100 Starts 

Controls/Conlnunlcatlon 8760 -
j Maintenance Support 2500 6260 

I Water Desalination 7950 810 

Table 7-1. Expected Operating and Nonoperating Hours 

7.1.3 Normal Operational Sequence 

The system is expected to operate up to twenty-four hours per day once the 
plant has been delivered to the operating utility. The normal operational 
sequence is depicted in Figure 7-3. 

7.2 INITIAL PLANT OPERATION 

7.2.1 Initial Heat-Up of Thermal Energy Storage 

Because the storage subsystem uses a very large mass of refractory brick, it 
is anticipated that it would take several months of normal plant operation to 
bring it to equilibrium conditions if only receiver heat is used. Feasible 
alternatives might be to burn fuel in heaters temporarily connected to the 
storage inlet to perform some initial heating. 
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A more feasible alternative, and the approach chosen, will be to temporarily 
route the turbine exhaust through the storage tanks during the plant 
construction phase. It is planned that the turbine will be delivered in time 

to supply electric power for some portion of the plant construction 
activities. In particular, electric power is required for subsystem checkout 
activities prior to plant delive~y: see construction schedule shown in Figure 

7-4. This technique would raise the medium temperature to approximately 260 

-320°C. Allowing for heat losses in the ducting and storage tanks, it is 
estimated that a period of twelve to fifteen days of intermittent (eight h/d) 
turbine operation would be required to achieve high tenperature equilibrium. 

If the turbine was operated continuously, equilibrium would be achieved in 
about four days. The actual technique used will be a function of overall 
plant integration and checkout requirements, which are shown generically in 

Figure 7-4. 

7.2.2 Initial Fill-Up of Product Water and Feed Water Ponds 

During initial plant integration and checkout in the acquisition 
(construction) phase, the product and feed water storage ponds will be filled, 

if possible. Again, construction activity phasing, as illustrated in Figure 
7-4, will allow time for these operations, subject to minimizing the·overall 
construction time period. 

7.3 PLANT OPERATION AND MAINTENANCE 

7.3.1 Clear-Day Operating Cycle 

During clear weather conditions, the plant will be operating twenty-four hours 
per day. A plant control algorithm will be iterated by computer hardware and 
software under the control and overall supervision of the plant operator. The 
significant operating parameters which need to be set or adjusted throughout a 
normal 24 h running period are: 

a. Collector start and stop times, and operating conditions (number of 
heliostats required, etc.); 

b. Receiver start and stop times, and operating conditions (operating 
temperatures, ramp rates, etc.); 

c. Disposition of working fluid thermal energy (amount to be used 

directly, amount to be stored, etc.); 
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d. Water production profile (number of RO units to be operated); and, 
e. Thennal-energy-storage operating times and storage/withdrawal rates. 

To establish the preferred values for the above parameters, an optimizing 
control strategy similar to the dispatch of power in an electric utility 
generation network would be developed in the design phase; the concept is 
depicted in Figure 7-5. The objective of the operating strategy is to 
maximize (within demand and storage limits) the expected amount of water 
produced for a specified time period, for example, over the next several days. 
In order to determine the preferred operating strategy, the operators, in 
conjunction with the plant master computer and software, will develop the next 
period's operating parameters based on updated weather and plant perfonnance 
data. The desired sophistication in this predictive capability will depend on 
the degree of excess capacity, product water storage, and reliability of 
insolation at the plant. A simple strategy would suffice if all these 
characteristics are present; however, its implementation should still be 
similar to the generic approach shown in Figure 7-5. Multiple day look-ahead 
capability requires weather predictions, which may be of questionable 
reliability. This uncertainty is largely avoided in the simplest strategy, 
prepared for just the current day's operation. Thus, the strategy can be 
tailored to the predictive capability available. 
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Figure 7-5. Operating Strategy Mechanization 
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Normally, the plant will operate from direct insolation, converting enough 
energy to electricity to run the desired number of RO units, and, depending on 
thermal storage levels, storing thermal energy as required. As sunset 
approaches, the collector field and recei'ler will be shutdown in an orderly 
manner, with heliostats arranged for the next day's run in a near-vertical, 
overnight stow position. Energy extraction from the TES will be increased as 
field power decreases so that the receiver is shut down as the prescribed 
level of turbine operation from the TES is achieved. Water production will 
continue during the night at the desired rate. As the threshold sun angle 
above the horizon approaches, the collector field will be powered up, brought 
to standby, and then receiver heat-up begun. As power output from the 
receiver increases, energy extraction from the TES will be decreased until the 
turbine is once again operating directly from the receiver. This completes 
the normal diurnal cycle. 

7.3.2 Intermittent Cloudiness Operations 

During periods of intermittent cloudiness or partial cloud-shadowing of the 
collector field, thermal energy will be extracted from the TES. The control 
system will automatically determine the need for TES energy based on receiver 
outlet temperature. The amount of compressor flow and position of valves to 
the receiver and TES will be adjusted to maintain the required turbine inlet 
temperature and mass flow for the electrical load. The impact of cloudiness 
on insolation is illustrated in Figure 7-6. 
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Figure 7-6. lnso/ation Profiles during Intermittent Cloudiness 
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The control system detects changes (e.g., decreasing or increasing 
temperature) in receiver outlet conditions caused by cloud blockage or 
passage. To maintain stable system conditions, the receiver mass flow rate 
will be adjusted (increased for decreasing insolation, decreased for 
increasing insolation) by diverting more or less flow through storage. 
Depending on the energy and temperature conditions of TES, the plant load may 
also be adjusted (e.g., one or more RO units shut down or started). Variable 
power demands for the collector subsystem will be accommodated by the master 
control system. The control system will also automatically determine the 
preferred plant operating parameter values throughout the day. 

7.3.3 Extended Cloudiness Operation 

In some deployment areas, there may be periods of extended cloudiness, which, 
for convenience, is defined as two or more consecutive overcast days. When 
this condition occurs, the plant will continue to operate as needed until the 
TES is depleted to a specific level. Then the plant will be configured for 
standby (non-water-production) operations and shut down in a normal manner. 

To avoid backup operation of the main turbine on fossil fuel, all nonessential 
electrical loads will be turned off. Power will be supplied to all essential 
loads (master control, plant work-area lights, etc.)from the standby power 
generator. Operation and maintenance personnel will continue to perform their 
normal duties. Maintenance which could not be performed during normal 
operations will be performed during these periods. 

Depending on the length of the extended cloudiness period, it will be 
necessary to perform certain maintenance on the RO units. For periods of two 
to seven consecutive days of nonoperation, chlorine or chlorine dioxide must 
be injected into the RO units for fifteen minutes every twenty-four hours. 
These injections are performed automatically by the RO unit hardware as 
initiated by the master control systen. 

For extended cloudiness periods in excess of seven days, a dilute solution of 
formaldehyde must be injected into the RO units. This process can be 
mechanized or performed manually depending on the frequency of extended 
cloudiness weather sequences at the plant site. 
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If the plant is down for fourteen days or more, it will be necessary to remove 
the membranes from the RO units and store them. This activity will be 
perfonned by plant maintenance personnel. 

7.3.4 Power Requirements 

The system will require electrical power for a variety of loads during 
startup, over the nonnal diurnal cycle, during emergency shutdown conditions, 
and during periods of extended cloudiness. Table 7-2 shows the power 
consumption and average coincident peak loads for the various operating modes. 
Table 7-3 shows the maximum peak loads for various conditions, and the power 
supplies and their associated nameplate ratings which satisfy these 
requirements. 

Table 7-2. Plant Electric Power Requirements 

Source 

Water Desalination Segment 

Solar Energy Segment 
Collector 
TES 
Mfsce11aneous 

EOS/BPGS 

Plant Master Control 

Miscellaneous Plant Loads 

Air Conditioned 
Lighting 
r~aintenance Mach. 
Other 

,t 
Power Consumption 

4 units@ 128 kW 
+o.s kw 

25.5 kW 
0 · 300 kW 

1.0 kW 

8.6 kW 

14.7 kW 

10.0 kW 
2.5 kW (avg) 

2.0 kW 
4.5 kW 

TOTALS 

• For 15 seconds, helfo scram 

Average Coincident Peak Load, kW 

Startup Nonnal OPS Emergency Extended 
Shutdown Cloudiness 

0.5 128.5-512.5 

5.0 25.5 
150.0 

1.0 1.0 

2.5 8.6 

14.7 14.7 

10.0 10.0 
1.5 1.5 

0.5 0.5 

71.8*/41.8** 5.0 

1.0 

2.5 1.5 

14.7 5.7 

10.0 
l.5 

10.0 
2.5 
3.7 
4.5 

35.2 347.3~731.3 101*/72** 33.4 

** High wind stow during quiescent operations 

EDS-Energy Delivery Subsystem 

BPGS•Backup Power Generation Subsystem 
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7.3.5 

Table 7-3. Power Supplies for the Solar Powered Desalination Plant 

Condition Peak Load Power Source 
kW 

Startup 35.Z APU 

Nonna 1 Operations 745.21 Main Turbine 

Emergency Shutdown 95
2 

/80
3 EDS + BP.GS. 4 

Extended Cloudiness 30-38 APU 

1 TES pump at maximum power, 3 R-0 units running; daylight hours 
2 Hel io scram 
3 High wind stow during quiescent operations 
4 EDS-Energy Delivery Subsy~tem 

BPGS-Backup Power Generation Subsystem 

Maintenance Concept 

Nameplate Rating 
kW 

40 

800 

100 

40 

A conventional 2-level maintenance concept has been developed for the system: 
on-site and off-site maintenance. Both scheduled and unscheduled maintenance 
will be perfonned. 

It is expected that the on-site maintenance capability will be adapted to suit 
the deployment mode and actual plant site. Stand-alone plants in remote areas 
would be expected to have considerably more extensive on-site capabilities 
than a similar plant located in a developed region, such as the southwestern 
United States. Initial maintenance planning has been based on deployment in 
the west Texas area. 

The important scheduled ~aintenance requirements for the plant have been 
summarized in Table 7-4. The unscheduled maintenance scheme is depicted in 

Figure 7-7. 
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Subsys tllll/Coiaponen t Nilntt1M1nc1 Aequl.....it laurval 

tolltctor 

Hel1ast1t - Cl11n ref\ecttvt surf1c1, Inspect 1 }'ell' 
9tllllt I for luts 

llec1lver - !aspect lnsultt1on, 111 tulles, upanslon Joints 1800 IIM 

- luulacton NJor r1fur11t1111win, 10 11•ra 
llu t tl'IIISPOrt - lnspact valvts/pt~lnt 1 Yllr 

Tlletwl energy storage . Llllilr1c1t11111-r •tar l gearbox 1 yur . Ovtrllaul' bl-r 5 YUl'S 
Eltctrtc pot,,er 9en1ntton 

Gtnvator . Lll'!_rl1=1te betrlngs, wlt191 I 3600 llrl 
frequency con~ro 1 clllCk 

Gen1r1tor • turllltnt coupl Ing . Clleck/1ubr1c,te 3600 • 4000 111'1 
Turlltne . Vtsual tnspec:t1on, oil saaple, cal1br1te 1000 llrs 

tastn.uenu 

- Hot section laspactlon 4000 hrs 
- MAJor ten down/over~ I ~ • 40,0QQ../\n 

APU . Surtup/checkout mnthly . Inspect t ons/lubrtca t tons (still11r to 

Veter deulln.tlon 11tn turbine) 

'"""' Check/11141 Intl In oil ltvell DIily 
AO units Alp 1 ace mernbruie Every 3 YHM 
l'retr11tment Drain, flush, c.allbratt Monthly 
lastl'Wleflts Check operation, cal1brat1/stand1rdlu Dally 
Product water Cbeck po~ for Integrity I conta•ln.tlon Monthly 

W. ter qua 11 ty checks As required• 

Plant contro 1 llofte espected 

Nlscellaneous plant systens TBD 

Table 7-4. Scheduled Maintenance Requirements 

7.3.6 Personnel Requirements 

Personnel will be required for both operation and maintenance of the plant; a 
typical organizational structure is illustrated in Figure 7-8. 

Depending on the plant deployment mode (stand-alone, integrated, etc.), and 
the organizational and personnel policies of the plant operator/owner, it may 
be possible to reduce the number of on-site personnel. For example~ if the 
plant is one of several in an integrated water supply system, it may be 
feasible to share management, clerical, and some maintenance personnel may 
also be shared among several plants. However, it is expected that a minimum 
cadre of full-time on-site personnel will be required to ensure reliable daily 
plant operation. The number required for a stand-alone plant is shown in 
Table 7-5. 
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Ol)l!ratlons 
and Ma1nten e 

01)1!nt1ons 

Plant Oper• tor 
No. 1 I 

Plant Ol)l!ra tiir 
No. z 

Plant Ol)l!ntor 
No. 3 

Pl ant Operator 
Mo. 4 

Lab. Technician 

Sol•r•P~ 
Dtsalln• tion 
Plant Manager 

Mlinten1nce 

El ectronlcs 
Techntc1l 

- Electro•Mechlnlcal 
Technician 

- General Mechanical 
Ml intenance ,:"3' 

-Works Maintenance 

Figure 7-8. Organizational Structure 

Personnel Type No. Assigned to Shift 

Operations fl ,2 13 

Operator 
Lab. TKhnician 

Ma intenc1nce 

Electronics Technician 
ElKtro-Hechc1nical TKh. 
General Hecahnical Tech. 
Works Maintenance 

Administration 

Works Manager 
Clerk 
General Support 

TOTALS 9 2 2 

Table 7-5. Number of Personnel Required by Shift 
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Adlntntstr• t1on 

Relief 

Cl ert/Typ1s t 
(Ti~keeping 
Dita/Report 
Prepar1 ti on) 

Genera 1 Support 
( ln'lefltion Control, 
Suppl tes P1ctup, 
etc.) 

Total 

4 

1 

1 

3 

14 
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7.4 RESPONSE TO UNUSUAL CONDITIONS 

The system will be designed for safe response to a variety of unusual 
conditions, such as generator trip, severe weather phenomena, etc. In each 
instance, the event will be detected and announced by the control systen to 
the system operator. In addition, automatic data logging will be perfonned to 
provide a record of events during the excursion. In some cases, the master 
computer will automatically initiate certain actions (e.g., collector field 
defocus, load shedding). Other events may require operator responses only, or 
operator responses in conjunction with control system actions. 

7.4.1 Main Generator Trip 

Certain faults in the electric power distribution subsystem or other 
subsystems may initiate a main generator trip, i.e., the generator main 
circuit breaker must be opened. In this event, power to the turbine must be 
reduced immediately to prevent an overspeed condition. This is accomplished 
with a dump valve in the TES piping; it is rapidly opened, thus causing the 
working fluid to vent through the storage tanks. This procedure allows 
recovery of some thermal energy from the receiver working fluid in an 
emergency shutdown. Also, the dump valve design is simplified owing to its 
lower temperature location. 

Electrical power for the system during and subsequent to the generator trip 
will be furnished by the backup power subsystem. Sufficient power will be 
available to permit a safe shutdown of the plant, including (should the 
generator trip occur during active solar power operations) defocusing the 
collector field. After safe shutdown, the plant will be operated in a minimum 
power profile mode until repairs can be made. No water production will occur 
during such standby conditions. 

7.4.2 Solar Energy Conversion Segment Failures 

Failures in the solar energy conversion segment (solar energy collection and 
energy storage subsystems) will be fault isolated by the master control 
subsystem. The most critical failure would be the loss of pressure and/or 
mass flow through the receiver during solar heating operations. Such 
conditions might occur due to rupture of piping or receiver heat exchangers. 
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In this event, the collector field will be rapidly defocused, and the piping 
or receiver isolated so that nonnal generation may continue from the TES. 

In responding to this condition, the master control subsysten will 
automatically configure the plant for the power levels sustainable by the TES. 
If the failure is such that it is not possible to automatically isolate the 
leak, the backup power subsystem will be activated, the solar segment 
shutdown, and the plant will be placed in a standby condition until repairs 
are completed. 

Failures in the collector subsystem electric power or data networks may cause 
unbalanced power conditions in the receiver. Depending on the magnitude of 
the unbalance, it may be necessary to place the field in standby and switch 
entirely to the TES. In this event, power generation and plant configuration 
will be established in the same manner as described above. 

7.4.3 Water Desalination Segment Failures 

The most significant failures in the water desalination segment would be RO 
unit pump or motor running failures. Since each motor is 112 kW (150 
horse-power) loss of one or more of these units will impose significant power 
transients on the electric power generation and distribution subsystems. 
However, such load excursions are well within the control stability limits of 
the overall solar thermal and electric power conversion systems. Thus, the 
nonnal response will be to shut down the failed RO unit, and activate one or 
more units which may be in standby. During load switching, the control 
subsystem will automatically control power input to the turbine to maintain 
the required electrical output levels. 

7.4.4 Severe Weather Phenomena 

There are several severe weather phenomena which must be considered in the 
design and operation of the system: sustained high wind speeds, 
thunderstorms, tornadoes, vigorous frontal activity, and hail. During severe 
weather involving sustained or gusting high speed winds (generally at or above 
22 m/s) the collector field must be in a "feathered" or high-wind stow 
position, i.e., all heliostat mirrors must be parallel to the ground. It is 
not necessary to orient the heliostat azimuthally. 
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Since the heliostat drive systems have been designed for certain wind loads, 
it will be necessary to have wind-speed sensors near the collector field. 
This will enable the system operator, in conjunction with other weather data 
and control system software, to anticipate when to initiate high-wind stowage. 
The field must be stowed before the wind speed reaches 22 rn/s. 

Hail activity is normally associated with thunderstorms. A map showing 
hailstone regions of the United States is shown in Figure 7-9 with probability 
distribution data shown in Table 7-6; comparable data for Saudi Arabia is not 
available. 

The heliostats have been designed to withstand one-inch hailstones impacting 
at 23 m/s. Thus, in most locations where the system would be deployed, hail 
is not expected to be a problem. If severe hail activity (hailstones larger 
than one inch) is expected, it may be prudent to position the heliostats in a 
vertical stow position; this will minimize surface-area exposure and reduce 
the probability of damage. 

Region III 

Region II 
Region I· 

DAVS 
CJ UNDER 1 
11J1 1-2 

' ...... ,....-- ,_____,. , Ill 2-3 
,.,_.~, L'- f!/A 3-4 

Figure 7-9. Hailstone Occurrences in the United States 
( Excluding Alaska and Hawaii) 
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J'aNe 7-6. Cumulative Probability of Obtaining Hailstones of a Given Diameter or Greater• 

HISTORICAL WEATHER CHARACTERISTICS 

OCCUREffCE Of HAIL 

• • Cumulative Probability of Obtaining Hailstones of a Given Diameter or Greater 

Diameter 
( inches) 

2.0.25 
2.0.50 
2.0.75 
2.1.00 
2.1.25 
2.t.50 
2.2.00 
i,3.00 
2.11.00 

Upper 
Limit 

· o. 911 
0.75 
0.116 
0.26 
0.15 
0.07 
0.008 
0.00025 
0.00002 

Region I 

Lower 
Limit 

0.50 
0.20 
0.085 
0.030 
0.006 
0.0012 
0 .00011 
11 X 10-6 
3.5 X 10-7 

Cumulative Probability 

Upper 
Limit 

1.0 
0.96 
0.65 
0.110 
0.25 
0.16 
0.03 
0.0013 
0.0001 

Region II 

Lower 
Limit 

o.88 
0.58 
0.30 
o. 15 
0.06 
0.017 
0.0017 
0.00007 
7 X to-6 

. 

Region III 

0.58 
o. lit 
0.075 
0.05 

Table 1 is obtained from the envelope curves in Figures 6-8 and is to be used in conjunction with 
Figure 5. 

NOTE: Data is based on hailpad and observer data. 

11
Given :that a hailstorm is occurring, 
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7.5 AVAILABILITY OF PLANT 

7.5.1 Availability Model 

The availability of the system is defined a,s the long-term probability that 
the system will be capable of performing its intended function, given adequate 
insolation has been and is available during any 24-hour period. This 
probability statement may be represented as 

Asystem =[Prob. system capable of Adequate] 
Functional Performance Insolation 

(7.1) 

Removing the conditioning event from the probability statement, we have 

Asystem = [Expected up time] (7.2} 
[Expected up time]+ [Expected down time] 

since the system is repairable. 

The measures of up time and down time which are subject to design control are 
reliability (failure rate) and maintainability (repair rate). These measures 

are expressed as quantitative figures of merit: 

and, 

R = reliability measure, 
= probability that the system will perform its function for a 

specified time period under expected operating conditions, given 
it was available at the beginning of the time period; 

M = maintainability,measure, 
probability that the system 

= can be restored to a serviceable condition within a specified 
time, given the correct maintenance resources are available ·at 
the time the failure occurs. 

97 



These figure-of-merit probabilities are quantified according by standard 
mathematical expressions: 

and 

where 

-/'t 
R = e 

. 
M = e -~~ 

A = the system failure rate, 
c<.. = the system maintenance rate, 
t = time period of interest. 

If we assume exponentially distributed times between failure and repair, 

and 

where 

and 

>-- = 1 
MTBF 

cX. = 1 

MTTR 

MTBF = the mean time between failures, 

MTTR = the mean time to repair. 

Given the foregoing definitions and equations, the availability of the system 
becomes 

Asystem = ----M __ T--'BF __ _ (7.3) 
MTBF + MTTR 
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The expressions for system availability (identity 7.1 and equation 7.3) can be 
evaluated by usa of a system availability block diagram; this 1s shown in 
Figure 7-10., 
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: r,gute7.•·10. Availabilitt/Block Diagram 

To evaluata the system availability,. Figure 7-10 is simplified by 
consolidating the parallel bloc:ks: representing the reverse osmosis units. 
This ts accomplished by considering the specified perfonnance requirement of 
6000 m3 of product. water per day.. This output level is achievable when three 

I . -
or four RO units are available. therefore, the As availabilities may be 
combined, by the. binomial (Bernoull f) probability distribution: 

' n n-'J'. 
-r(~) ~ ( X )f~(I- F) ' (1--4-) 



is given· by: 

I 

With the expression for As·detennined, we may now evaluate the system 
availability as a. series expression. 

7.5.2 Fai 1 ure and Maintenance Rate Estimates 

For the· conceptual design,, the reliability and maintainability characteristics 
of each of the major subsystems were evaluated and characterized by their MTBF 
and MTTR values. The values. used. are summarized in Table 7-7, and are based 
on available data from various sources within SEC and other industry sources. 
Due to the conceptual nature of the design, the values are based on available. 
data for similar equi i:ment, rather than a detailed analysis of the design. 

To. establish an effective failure rate· for the collector subsystem, it is 
necessary to define what constitutes a failure of the heliostat field (the 
array of 436 heliostats)~ Under nonnal operating circumstances the field 
output wi 11 fluctuate somewha.t due to changes in the· i nso 1 ati on fa 11 i ng on the 
collector. Since: the field has been designed for approximately 940 W/~- on 
December 21st. a collector field fa.ilure could be defined as any condition 
whicn does not provide enough thennal energy to the receiver so that a total 
of 6000 m3 of product water is: produced on a. typical day, given that 
approximately 3000 m3 of water had been produced by 0700 of the typical day. 
This event (3000 m3· produced by 0700 of a typical day) is the condition 
expected based on the perfonnance predicted by the system model for.the 
1nsolation conditions described in the system availability definition 
( identity 7.1). 

rn the worst case (no tnsoT?,tion during daylight hours of the typical day), 
tha system moder predict$, that the· minimum totaT water produced wout~ be 8750 
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I Tllb• 7•7. R•ll«Jl/ity and Maintainllbillty Vaill# 

I REPAIRAl:!ILITY 
Nl.NBER UN IT f1TBF, HOURS 

MTTR, HKS. SUBSYSTE/1 SEGMENT PER REPAIK- NUN-
EPDS OPEAATING NON-UPERATI ING AIU KEPAIK- KEMAKKS 

AliL£ 

I COLLECTOR SUBSYSTEM 

HELIOSTAT 436 24,654 3.4 X 
A/F CONTROLLER 1 50,000 4.0 X KE!JAIR IN PLACE 

I 
TIME/DATE RECEIVER 1 80,000 1-0 X REi'IJVE/REPLACE 
WIND SENSORS 1 SET 35,000 3-0 X 
DATA DIST- LINK 1 SET 150,000 16,0 X FlEUJ RE!'AlK 
POWER DIST- SYSTEM 1 SET 100,000 8,0 X FIEUJ KEPAIR 

I 
RECEIVER SUBSYSTEM 

~~VER 
1 876,000 24,0 X 
1 4,000 50,000 120-0 X 8 HR AVG, C-U 

I 
HEAT TRANSPORT~-

PIPES AND VALVES 1 SET 30,000 50,000 24,0 X 

THER.'W. ENERGY STORAGE 

I 
STORAGE TANKS/MEDIA 3 200,000 400,000 192-0 X 
STORAGE BLOWER l 8,000 25,000 96-U X 

ELECTRIC POWER GEN DIST. 

I 
MIN TURBO-GEN, 1 4,285 10,000 96,0 X 
480/208 TRANSFORl'f 1 200,000 - 8,0 X K81JVE/1(8JLACE 
PCMER SWITCHING 1 SET 125,000 6,0 X 
PLANT POWER DISTR, 1 SET 150,000 4.0 X 
APU CAAHK!NEJ 1 3,000 15,000 48,0 X 
EBUP CDI ESEL> l 5,000 8,000 24,U X 

I WATER DESAL SE&IENT 

FEEIMATER SUBSYSTEl1 1 SET 25,000 50,000 12-0 X 
DESAL UNfTS 4 10,000 30,000 4,0 X 

I 
PERMEATE SUB, 1 SET 30,000 60,000 6,0 X 
WASTE TRMTN SUB. l SET 15,000 30,000 12.0 X 

MASTER CONTROL SE61ENT 1 3,778 16,0 

I 
MASTER CIJ1PUTER l 60,000 8,0 X 
PROCESS CO'IPUTER l 60,000 8-0 X 
DifPLAYS 3 40,000 4.0 X 
PR NTERS 2 35,000 12,0 X 
DATA STORAGE 1 60,000 4• 0 6-5 X 
CONTROLLERS 2 50,000 6,0 X 

I MISC, f NTERCON, 1 Sif 50,000 2,0 X 
DATA F HALS 1 S 80,000 4,0 X 
SlFTWARE l SET 100,000 75,000 8,0 X 
SYSTEM FAULT ISO, - - 9.5 -

I MAINT. RESOURCE SEG, 

11AINT. SYS. EQUIP, 1 SET 7,000 30,000 24,0 X 

PERSONNa. SE&IENT 

I 
. 

OPERATORS 4 5,600 1,0 X 
MAINTEtWICE 4 4,.000 1,0 X 

STRUCTURE AND SITE 

I AIR CONDITIONING• l 10,000 8,0 X 

I 
I 
I 
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m3.. In a sense: then,. the col 1 ector field, does. not have: a failure event 
corresponding to unavailability as defined by the availability model (identity 
7.1) .. However, to be: conservative, one could assume that such a condition 
could: occur whenever there is a failure event which causes all hel iostats to 
fail ( or be out: of convni ssion) .. . 

. 
The:probability of this event may be estimated by evaluating the probability 
that all 436 heliostats will faH, converting this probability to an 
equivalent failure rate,. and adding the, derived rate to the failure rates for 
the array/ field controll,r" time/date receiver,. power distribution network,. 
and data. distribution network .. These latter elements can produce a condition 
where all heliostats are· out of comission. 

The probability of 436 heliostats failing may be evaluated with the Poisson 
probability mass function: 

• 

also, 

with 
t • 10 hours., to be conservative; 

thus 
p (4-¼)" (4;i-)(e,"l.2. 'l.\0-1,)(1::,)4;~-(-!3(o~(.a9;z.,c,,0~),,0) 

)'.~ 4-°?6 ~ 

This result is not surprising, since the expected number of failures in ten 
hours ts 

,At • 0.37 .. 

This corresponds to· a very 1 ar.g.e MTBF ,. which, to be conservati-v.e, we shal 1. 
v a 1 ue at loS hours. ., 
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1.5.3 Availability Estimate 

Using the expressions. defined by equations 7.3 and 7.4, the availability 
estimate for the subsystem has been computed. The availability values are 
summarized in Table 7-8;. these values yield the following estimate for the 
system: 

and 

Affo = (4)(ARo) 3(1-ARo)+(Affo)4 

= 0.999999 ; 

Asystem = 0.93 

Because the commercial plant design is only conceptual at this time, some 
allowance must be made for ~ncertainty in assessing system availability. 
Therefore, in computing the expected water to be produced, an availability of 
0.91 has been used. 

1"able 7-8. Subsystem Availabiliti~, 

Subsystem Availability 

Al Collector 0.999499 

A2 Receiver 0.988062 

A3 Thennal Energy Storage 0.989357 

A4 Heat Transport 0.999233 

A5 Electric Power Generation ' 0.972083 

A6 Feedwater Supply 0.999543 

A7 Ion Exchange 0.999543 

Aa Reverse Osmosis 0.999625 

Ag Master Control 0.995785 

AlO Product Water 0.999808 

A11 Waste Water 0.999233 

A12 Maintenance Resources 0.996230 
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a.a PLANT PERFORMANCE ANALYSIS 

This section describes the system level perfonnance 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 detennination of the solar desalination 
plant and subsystem size is discussed. Finally, data from an hour-by-hour 
yearly analysis of plant perfonnance are summarized. 

8.1 PLANT PERFORMANCE MODEL 

8.1.l Functions of the System Analysis Model 

The functions of the solar desalination system analysis model (OESAL) are 
listed in Figure 8-1. The model has been devised as a flexible tool to 
be utilized throughout the solar desalination program. OESAL 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 perfonnance of the 
receiver/turbine/field is not adequately represented in DESAL. The short 
tenn transients are of importance for detailed design, but have little impact 
on plant sizing and annual perfonnance results to be obtained with 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 ~and calculations. 

Another important model usage is in the area of annual perfonnance predictions 
with hour-by-hour data. This allows verification of subsystem component sizes 
and pennits an accurate assessment of plant outages and startup requirements. 
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o Functions I 
- Provide sysum perfonn1nce for various system level configurations 

- Provide subsystell design point operating conditions 

- Provide annual perfoniance predictions with hour-by-hOur data I 
- Provide a tool for evaluation of various OJ1t1nti119 strategies 

I 
I 

... __ 

I 
Rgure 8-1. Performance Model Functions I 

DELSOL BMSII TESTING BEC PIIIOR A ONGOING EFFORTS I 
• Helfostat • Receiver perf0nn1nce • Turbine analyses 

field • Syst111 IIIOdels perf01111nce • Pressure Drop Data 

• DOE/ACII I 
- EPIII/FSE 

• TES fierfon111nce and 
slz ng IIIOdels 

l • Turbine caaponent data 

• Turbine perfor.,11nce 
r, c1lcul1tl11ns DESAI. 

I 
I 

• C1111busto1' Perforwnce 
• Ambient dUI 

• Hel lost1t Field I 
• Turbine 

CLIMATOLOGICAL DATA • llecetver 

• Aablent t•per1ture ~ • TES 
nrl1tlon 

• Cambustor 

I 
• lnsol1tton· v1rl1tlon, 

• SOLHET tapes I 
Figure 8-2. Data Source, I 
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8.1.2 Data Sources 

Figure 8-2 illustrates the data sources for this computer model. 
Climatological data used in 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 Al 1 en's cl ear air model [8]. Amb.ient 
temperature profiles were chosen to represent 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 Section 8.2.1. 

Solar Turbines International (STI) provided turbine component data, the 
turbine perfonnance calculation method, and combustor perfonnance data. 
Heliostat field perfonnance was obtained with the DELSOL computer code. This 
field data consisted of the field efficiency multiplied by the mirror area as 
a function of solar hour for the 21st day of each month of the year. 
Perfonnance on other days was interpolated from these 12 days' data. Data 
from the BEC/EPRI Bench Model Solar Receiver (BMSR) testing program (EPRI 
Research Project 377-3) were used as a basis for estimating receiver 
perfonnance a.nd 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. Add'fng to the limited solar hybrid operation 
capability of FSESAM, the DESAL model was embellished with previously 
developed plant/thennal storage models to produce both an extended solar 
hybrid and a storage integrated. pl ant capabi 11 ty. DE SAL was a 1 so greatly 
benefited by other system analysis model development at Boeing. The 
infonnation from these data sources were combined into a consistent 
calculation methodology resulting in the DESAL program. 

8.1.3 Model Capabilities and Limitations 

The basic capabilities of the DESAL model are summarized in Figure 8-3. DESAL 
was written in FORTRAN on the Boeing Computer Services CDC 6600 System. The I \ 

\ 
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 I 
I 

\ 
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o FORTRAN 1.4nguage· 

o Allbient 

- Aab1ent tellperature 
o 30 year average ( 12 days) 

o 1978 actual hOur-by-llOur dau 

- lnsolat1on 
o ClNr day profile (12 days) 

o 1978 ac tua I llour-by-llour data 

o ~ltostat field Perf.,,-nce 

.o ClNr day. diurnal dau (12 days) 

· •. o Allllull .dau interpolated 

o Tllrb1ne 

- STI • Titan 

• STI • Spartan 

- Sarrett 831 - 800 (partial) 

- STI - Cenuur 

• STI • Seturn 

o Recelv..-

- BNSR 
- Desai receiver 

o TES 

- Sensible heat 

- Latent heat 

o Cycle 

• Simple cycle 

- Recuperated cycle 

- Stea bottodl1ng cycle 

o Operation 

• Nax1- solar 

o Consunt Wrbtne Inlet tmnperature 
o Consunt electric output (hybrid solar 

IIIOde only) 

• Mini.._ solar-receiver flowrate 

• Charge TES 

• Parallel receiver/TES discharge 

- Otscharge TES only 

- Fosstl only 

Figure 8-3. uDesaJ" Capabilities - as of Feb 13, 1981 

state. For rapid transients, e.g. time constants on the order of several 
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" 1n nature, containing "capacitance" only in the TES subsystem. 

8.1.4 Model Organization 

The organization of DESAL is illustrated in Figure 8-4. Subsystem performance 
is based on subroutine submodels. A main or executor program sequentially 
calls each subroutine as needed. 

8.1.5 Model Operating Strategies 

The DESAL model current operating strategies are illustrated in Figure 8-5. 
This list is not exhaustive in all of the operation modes that a solar 
desalination of this type could expect. The purpose of the list is to 
sunvnarize the major operating strategies of the model. As new operating 
methods and refinements are developed, they can be added to the model. 
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S.turn Tlt1n Sp.rtan Centaur 
data dita data data 

ln1Ual Cue Input 

Aablent 
SOLMET 

data 
Miln 

progr .. 
Hellos tat 

field 

Turbine 

llecelver 

TES 

Canbustor 

Output 

Figure 8-4. #Desai" Orgamzatian, 

o Maintain turbine Inlet. temperature as close to 788°c as possible 

• solar only 

• solar and TES In parallel 

• TES only . 

o Produce as 1111eh elec:trlctty as possible at all tlllllS 

• no 1nttctpatory logic 

o Limits on solar Input 

- design values 

• receiver subsystell pressure drop 

. TES pwip power conswnption 

- •1n1- receiver mus flow 

Figure _8-5. uDesaJ." Model · Operating Strategies 
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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 of 788°C 
(1450°F). 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 tenn plant perfonnance. 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 perfonnance, actual performance being greater. 
Anticipatory logic should allow an increase in long tenn plant perfonnance 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 results in turning 
away some of the heliostats. This maximum solar input condition coincides 
with the maximum 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. 

8.2 SOLAR RESOURCE ANALYSIS 

The performance of a given solar plant is obviously affected by the ambient 
environment at the site for which it is intended. This section summarizes the 
various analyses performed 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 (kWh/m2-d) available at the site is presented. Finally, the 
site solar availability derived from long term data and hour-by-hour 
measurements is discussed. 110 
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8.2.1 Weather Data 

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

Weather data are broken into two broad categories: hour-by-hour data and 
1 ong-tenn, i.e. "30-year", average data. The hour-by-hour data is useful for 
estimating detailed perfonnance characteristics such as plant outage times, 
startup requirements, and TES utilization. The long-tenn data is used to 
size the plant components and predict the long tenn perfonnance and economics. 

The following subsections present the data sources for the hour-by-hour and 
1 ong-tenn data. 

8.2.1.1 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 containing 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 s1 ots. 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 l data 
taken same as Day 308, Day 2 as 307, etc., For the remainder of the pl ant 
perfonnance. analysis discussion, the separate file data thus formed is 
referred to as the "1978 Midland 11 data. 
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The SOLMET direct insolation data is recorded as the hourly energy density, 
i.e. kJ/m2. By dividing these data by 3.6, i.e. (1000/3600}, the hourly 
integrated solar power density in W/m2 is obtained. 

8.2.1.2 30-Year Average Data 

Long tenn or 11 30-year11 average temperature data for Midland-Odessa, Texas are 
presented in Table 8-1. 

TableB-1. Midland-Odessa, Texas Normal Ambient Temperatt.Jre Data (1941-1970) 

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 

(°C) (°C) 

-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 insolation data for Midland-Odessa are not directly 
available. Long tenn total insolation (direct plus diffuse) data for 
Midland-Odessa are presented in Table 8-2. The average long tenn yearly 
average direct insolation energy density or 11 solar resource" for 
Midland-Odessa, Texas has been estimated as 6.00 kWh/m2-d. 
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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 (8]. The insolation profiles are presented in Figure 8-6. 

Table 8-2. Midland-Odessa, Texas Total /nsolation Data 

Average Daily Total 
Month Solar ;_r.iergy Density 

·ckWh/m2 -d) 
J 3.35 
F 4.20 
M 5.47 
A 6.39 
M 6.99 
J 7.19 
J 7.61 

. A 6.56 
s 5.76 
a 4.71 
N 3.63 
D 3.36 

Year 5.44 
tiff 

1111 
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Figure 8-6. Clear Day lnsolation Profile$ 113 



8.2.2 Ambient Temperature Data Results 

By analyzing the 1978 Midland data, a histogram of the ambient temperature was 
constructed as shown in Figure 8-7. Presented are the number of 
occurrences in the 1978 Midland data year that a particular ambient 
temperature was encountered. 

AN8IENT TENPERRTUAE Ml5TOGAAN 
NlOLRND, TEXAS• 1978 

NUNBER OF OCCUAAENCES IN YEAR 
sa 

,s 1978 311-YR 
ORTA AVG 

•• NERN TENP 21 ta 
NAX TENP 39 41 (8·64) 
NIN TEMP ·11 ·16 (l-66) 

35 

38 

- 2S z ::, 
Q ... 

28 

15 

18 

5 

I 2 
TENPERATURE - OE& C 

r,gum 8-7. Ambient Temperature Histogram, Midland, Tex•~ 1978 

8.2.3 Insolation Data Results 

The maximum daily insolation level for each day of the year is presented in 
Figure 8-8. 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 8-9. The fractional sum of the insolation distribution for 
the 1978 Midland data is presented in Figure 8-10. Of the time that direct 
insolation is available, 95% of the occurrences were at 940 W/rr?.. and below, 
although insolation levels.as high as 1030 W/~ were encountered occasionally. 
Also, 75% of the direct insolation occurrences were between 150 and 940 W/m2. 
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Figure 8-8. Maximum Daily /nsolation Yearly Distribution 
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The hour-by-hour solar variability is studied by calculating the change in 
i.nsolation level from one hour to another. Figure 8-11 presents the maximum 
hourly insolation change for each day of the year. Figure. 8-12 presents the 
spectrum of insolation changes as a function of their frequency of occurrence. 
The change distribution is nearly symmetric with lloff-loading 11 changes (loss 
of insolation) as high as 900 W/m2 and 11 on-loading11 changes {gain of 
insolation) as high as 800 W/m2. Considering the general concerns about 
thennal shock and thennal cycling in solar receivers, such solar change data 
should be useful in the pilot plant receiver design. For instance, Figure 
8-12 suggests that rates of change are usually moderate and rarely approach 
the "black cloud 11 worst case condition. 

8.2.4• Site Resource Data Results 

~ The solar power density or ~nsolation level in W/m2 directly affects the 
sizing of the solar receiver and fl ow components. However,. the TES system 
perfonnance 1s influenced more by the energy density or "solar resource ... 
This solar resource is generally expressed 1n terms of kWh/m2-d. The 
long tenn solar resource data were discussed earlier. The day-by-day resource 
from the 1978 Midland data 1s presented in Figure 8-13. These data further 
demonstrate that there were several periods of extended cloudiness in the 1978 
year data. A histogram of the solar resource data ts presented jn Figure 
8-14. A significant number of occurrences were at 7.0 kWh/m2 and above. 
The fractional distribution of the resource shown in Figure 8-15 demonstrates 
that although the· yearly average resource value is 5.30 kWh/m2, the mean 
value is 7.0 kWh/m2. The mean includes only days that had direct nonnal 
insolatton whereas the average includes all days. 

It is obvious th~ 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 8-16 
presents the insolation fractional distribution based on power and energy. 
These data demonstrate that although 751 of all the occurrences of insolation 
fall between 150 -940 W/m2, that same 150 -940 W/m2 range accounts for 9~ of 
all the energy potentially available at the site. Furthennore, 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 
8-16 indicates that the annual perfonnance 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 occasionally. The strategy chosen for the solar 
desalination receiver is to turn away heliostats when the solar input is too 
large. This occurs at 940 W/m2 at the heliostat field design point. Again, 
Figure 8-16 indicates the annual performance penalty for this operation is 
small. Higher insolation can be utilized (and is utilized in the DESAL 
program) at conditions other than design point, such as when TES is not 
approaching the fully charged condition. 

The monthly average solar resource derived from the 1978 Midland data is 
presented in Figure 8-17. 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 
1 ong tenn. 

8.2.5 Solar Availability Analysis and Results 

The solar availability is an important concern in sizing the TES subsystem. 
An analysis was perfonned to detenni ne the most likely amounts of tiime that 
solar insolation would not be available. Figure 8-18 illustrat1s 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 8-19. By analyzing all hours of the year, outage caused by both 
cloudiness and nighttime are counted. Figure 8-19 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 is caused by -
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cloudiness. Solar outages as large as210 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 •. 

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 
insolation at or below 150 W/rn2- were tallied for each month. The resulting 
data are presented in Table 8-3. 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%. 

8.3 PLANT SIZING 

This subsection summarizes the major analyses employed to define the solar 
subsystem component sizes. Plant sizing is an iterative process requiring not 
only physical sizing but first order estimates of plant performance. The 
solar desalination plant sizing has been performed parallel to and interacting 
with the plant conceptual configuration selection, performance model 
synthesis,. and annual performance calculations. 

The plant sizing and subsequent plant performance analysis was largely 
influenced by two factors: 

(1) The turbine selection 
(2) The "stand-alone" plant specification 

As presented earlier, the Saturn turbine was selected for the baseline 
electric power generation equipment. This turbogenerator set has an electric 
output of 650 - 750 kW for the solar desalination operation conditions. The 
peak water subsystem power demand is 512 kW. During charging of the TES 
system, the TES blower also must be powered from the generator output. This 
is accomplished by modularizing the RO subsystem allowing a stepping down of 
RO power consumption (and water production) to allow powering of th~ TES 
blower. 
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Table 8-3. Solar Availability Results.,... i,1978 Midland" Data 

Avg. Solar Potential Hours* Hours* Days Days 
Month Hour per Solar Hours I =O Is f-150 W/m2 with with 

Clear Day per Month s No Is <0.1 kWh/m2 

Jan 8.44 262 138 186 8 9 
Feb 9.36 262 64 134 2 2 
Mar 10.41 332 83 120 7 7 
Apr ll.40 342 31 87 1 1 

May 12. 10 375 38 120 0 0 
Jun 12.36 371 176 215 9 9 -~ Jul 12.10 357 19 71 0 0 
Aug 11.40 353 128 198 6 6 
Sep 10.41 312 145 208 7 7 
Oct 9.36 390 72 • 128 2 3 

Nov 8.44 353 142 186 6 9 
Dec 8.06 250 79 129 3 4 -- -- ·-

Year 10.32 3777 1115 1782 51 57 

*During daylight period 

- ' - - ·- - - - - - - - - - - - - - - -
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Assuming auxiliary plant power requirements approximately equal, the TES 
blower maximum power consumption is limited to about 500 kW with all the RO 
modules turned off. With commercially available blower efficiencies, the 
maximum TES blower power consumption for given pressure ratios dictates the 
TES maximum mass flowrate. The maximum receiver mass flow is the sum of the 
turbine and maximum TES mass flows. With the receiver maximum mass flow and 
inlet and outlet temperatures, the receiver 11 size11 is given and subsequently 
the heliostat field solar power input requirements are specified. The ratio 
of the maximum receiver mass flow to the turbine mass flow roughly detennines 
the solar multiple of the plant and in turn the maximum TES discharge time. 

The turbine selection and the stand-alone plant requirement combine to limit 
the maximum operational time achievable with the plant. Increases in 
recefver/heliostat field size would be ineffective since there is no 
additional mass flow source with which to maintain the receiver at or below 
maximum outlet temperature. The maximum receiver flow rate limits the maximum 
TES charge rate so that increases in TES medium mass would provide rapidly 
diminishing benefits in extended plant operation. 

Using the interactions discussed above, the plant sizing was accomplished by 
obtaining first order annual perfonnance data based on four clear seasonal 
days and long tenn expected weather factors. Analysis of these data led to a 
definition of a solar subsystem design point. This design point corresponded 
roughly to the condition that maximum TES compressor power consumption 
equalled the peak RO subsystem power demand. This correspondence was 
accomplished iteratively. The various components were sized and performance 
and design point recalculated until the above mentioned correspondence was 
achieved. With this final design point definition, the physical sizing of 
the heliostat, receiver, and storage subsystems proceeded. The details of 
this sizing process are described in the following paragraphs. In the 
interest of brevity, the results of the "final iteration" are emphasized. 

8.3.1 Clear Day Analysis 

In calculating the perfonnance of an 11 average11 clear day with a storage 
integrated solar thennal system, the initial energy content or thermocline of 
the TES system affects the results. This effect becomes more important as the 
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amount of TES increases. For example, the perfonnance of a plant would be 
greatly different if a single clear day had been preceded by several 
completely overcast days. For TES discharge times of 24 to 48 hours as 
envisioned for this plant, it is impossible to detennine apriori the initial 
TES thennocline. The approach chosen for the clear day analysis was to begin 
the TES system at a unifonnTES medium temperature {316°C) (600°F) and repeat 
the clear day ambient data back-to-back to simulate several days operation. 
When the thennocline approached a periodic behavior, the perfonnance of the 
1 ast day was assumed to be appropriate for the average perfonnance. This 
approach is illustrated in Figure 8-20, a plot of TES system energy content 
versus time. The charging and discharging behavior beginning from an initial 
condition 1s evident. After several repetitions of the same clear day ambient 
data, periodic behavior 1s approached. 

Energy in 
Storage. MWh 

a 20 40 60 80 

Time (h! 

Figure 8-20. TES Medium Warm-up Cycle 

100 12C 140 

T 
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The results from four clear seasonal days' analyses are summarized in Table 
8-4. For the spring, sunvner, and fall days, the TES system became fu11y 
charged in the afternoon, resulting in a turning away of heliostats and a 
reduction in total solar energy input to the receiver. The fully charged 
condition was reached earliest for the summer day, then by the fall day and 
finally 1n late afternoon on the spring day. The combination of fully 
charging TES and relatively wanner ambient temperatures reduces summer and 
fall gross electrical outputs and in turn daily water productions. However, 
the annually averaged water production rate is 8047 m3/d, which is close to 
the 8041 m3/d required for at least 1.8 x 106 m3 yearly water production. 

8.3.2 Solar Subsystems Design Point Definition 

The clear day data were also examined on an hour-by-hour basis to detennine 
the maximum solar input condition to the receiver. The resulting maximum was 
14.9 MW occurring on the winter day. Assuming this solar input is required at 
the design insolation level of 940 W/m2 at solar noon on the winter solstice, 
the heliostat field could be sized. 

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 8-21. The turbogenerator produces 654 kW with 88 kW consumed by the 
balance of plant parasitics (heliostat field, lighting, etc.) and 566 kW 
consumed in the TES compressor. As expected, the 566 kW is on the same order 
as the 512 kW peak RO system demand. 

8.3.3 Heliostat Field Sizing 

The primary analysis tool used for detennining the size (quantity of 
heliostats) and configuration of the collector field was the DELSOL computer 
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Day 

-~ Spring 
(day=80) 

Swrmer 
(day=172) 

fall 
(day=264) 

Winter 
(day=355) 

' 

Table 8-4. Clear Day Results 

o nRCR = 0.85 (conservative) 

o tn-rES = 2.04 x 106 kg 

0 436 Heliostats 

Solar Solar 
Energy Energy 

Resource Input to 
Receiver 

(kWh/m2-d) (MWh) 

10.7 94.2 

11.3 85.1 

9.5 · 87 .4 

7.7 92.6 

·-
Gross Total 

Electricity Water 
Produced Production 

(MWh) (m3) 

16.7 8750 

14.7 8229 

14.7 7917 

14.8 7292 

Average= 8047 

- ·- - - - - - - - - - - - - - - - - -
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Figure 8-21. Solar Desai Design Point .$. , (u,. 1 - n flt>, 4 '6 l') ' 

code [4]. This code is one of several existing programs for analysis of 
central receiver heliostat fields; it is a good choice for iterative 
conceptual design because it is easy to use and relatively inexpensive in 
tenns of computer costs. 

DELSOL has options for automatically optimizing collector fields and receiver 
aperture elevation based on cost. However, the cost algorithms are not 
appropriate to smaller fields. The field for the present study was optimized 
by hand, based on experience and field configurations from previous work. The 
perfonnance analysis computed by DELSOL compares well with results from other 
computer codes. Results indicate that a hand optimization can result in 
significantly smaller collector fields, for equivalent perfonnance, compared 
to the automated optimization. A new version (DELSOL II) which is more 
appropriate to small collector fields became available after the completion of 
this analysis and was used in the pilot plant analysis. 
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The collector field developed and analyzed with the help of the DELSOL code 
was shown in Figure 6-7. The hour-to-hour efficiency of this field computed 
for one day of each month is used in the system perfonnance model as part of 
detennining overall plant perfonnance. Hourly collector field efficiency for 
the solstices and equinox are shown in Figure a.;22. Solar collection 
initiation or cutoff for each clear day is at a sun angle of 10° above the 

. horizon. 

Collector Field 
Efficiency 

1.0 

.6 

.4 

.2 

' 
Winter/', 

Cutoff at 10° 
Sun Elevation 

' . 
\. 

I 
I 

/swmier 

0o~-----~2 ---3--~4.,__ __ 5.....i.. __ 6.......i. _ ___.7 

Hours from Noon 

F,gure 8-22. Daily Collector Field Efficiency 

The collector f1eld efficiency at any given time is the integrated effect of 
the efficiencies in each sector of the field. These efficiencies are all 
variable with time and location within the field. Figure 8-23 shows the 
factors which contribute to the efficiency of the total field on an annual 
average basis. These factors are: 
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o Insolation - Incident energy assuming heliostats are nonnal to 
sun rays; 

o Reflectance - Expected average reflectance of the heliostat 

mirrors; 
o Cosine Losses - Effective area loss because angle of incidence/ 

reflection on mirrors is not nonnal to the mirrors; 
o Shadowing - Effective area reduction caused by shadows from 

adjacent heliostats; 
o Blocking - Effective area reduction caused by reflected rays 

hitting adjacent heliostats; 
o Atmospheric A 1 ternat ions - Absorption and scattering of reflected 

energy before reaching receiver; 
o Spillage - Energy incident on the receiver that misses the 

aperture. 

Some of these factors depend on dimensions and perfonnance of the heliostat. 

The analysis is based on the production version of the BEC Second Generation 
He11ostat; test data from the prototype versions has been used when possible, 

other parameters are taken from the perfo.nnance verification. 

Collector Field 
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8.3.4 Receiver Sizing 

Table 8-5 presents a comparison between the SEC/United States Gypsum (USG) [SJ 
and commercial desalination plant (Desal) receiver operating conditions. As 

' indicated earlier, the two receivers are similar in design and in operating 
conditions. Notable differences are in the operating pressure and maximum 
tube temperatures. 

Table 8-5. Comparison of Receiver Operating Conditions 

Inlet Pressure (kPa) 

Pressure Loss 

Inlet Temperature (0 c) 

Outlet Temperature (OC) 

Total Mass Flow (kg/sec) 

Maximum Tube Temperature (0c) · 

Combustor/RCR Arrangment 

USG RCR 
334 

11% 

227 

724 

23.1 

924 

Series 

DESAL RCR 
557 

101 

315 

788 

24.9 

877 

Parallel 

The approach used in sizing the Desal receiver was to scale the BEC/USG 
receiver design to the Oesal conditions. The BEC/USG receiver design was 
accomplished with a considerable amount of detailed thermal analyses. These 
included solar flux mapping, cavity thermal radiative interchange, and tube 
thennal and structural nodal analysis. The thermal scaling relationships are 
presented as an appendix. The recei¥er scaling sensitivities are presented in 

I 

Figure 8-24. 
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The non-dimensional receiver characteristic length is seen to be influenced by 
1 operating condition parameters in differing ways. Increases in pressure, 

pressure drop fraction, and tube-to-gas temperature difference decrease 
receiver size, whereas increases in average fluid gas temperature, mass flow I 
rate, tube spacing and outlet-to-inlet gas temperature difference increase 
receiver size.- Using these types of relations, the receiver was sized. The I 
results are contained in the system specification and have been summarized 
earlier in Section 5. I 

-------------
The overall receiver size, mass. and cost have been determined. First order 
thermal analyses have determined the heat exchanger panel tube number, spacing 
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Figure 8-24. Receiver Scaling Sensitivities 

and diameter. Results from parallel air receiver/gas turbine integration 
efforts such as the BEC/EPRI Full System Experiment project may impact the 
commercial Oesal receiver heat exchanger design. Refinements in tube number, 
spacing and diameter may be required during detailed receiver design. 
However, these refinements are not expected to influence the overall receiver 

size, mass or cost. 

8.3.5 Thermal Energy Storage Sizing 

The TES sizing metho®l~ used in this project is illustrated in Figure 8-25. 
As indicated earlier, choice--of the turbine and its accompanying electrical 
production capability imposes some limitations on the ability to charge 
storage. After selection of the system design point, the heliostat and 
receiver subsystems could be sized. Preliminary annual performance 
calculations indicated the need for greater than one day's thermal storage 
capability to reduce the requirements for plant starts. Also, data-from the 
solar availability or outage analysis indicated a storage time of 24-48 hours 
would. be appropriate. 

The TES system was sized by beginning with a storage medium mass larger than 
expected to be required based on preliminary performance calculations. A 
clear day analysis was performed for the winter solstice day. The clear day 
was followed by several days without insolation until the TES system was 
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depleted. The process was repeated with smaller TES masses. It was assumed 
that the relative clear day behavior of the differing TES medium sizes would 
be representative of the relative annual behavior. As indicated earlier, RO 
modules are switched off as required during TES charging to provide electrical 
power to run the TES compressor. During discharge, all four RO modules are 
initially operating. As TES is depleted, the turbine inlet temperature 
decreases, reduci.ng the gross electrical output available. When there is not 
enough power to operate all four modules, one module is switched off and water 
production continues on three. This operation continues for three then two 
then one RO module. TES is considered depleted or "empty" when there is not 
enough electrical output to operate at least one RO module. Depending on how 
long insolation is unavailable, there remains enough TES energy at the "empty" 
point to return the gas turbine to the "no-load" condition during plant 
startup. 

Table 8-6 presents the results from the TES sizing analysis. Presented in 
Table 8-6a are gross electricity and water production for the clear day and 
until the TES system was. depleted. Figure 8-26 illustrates TES energy level 
through the entire process for the 1.68 x 106 kg case. As indicated, the 
hours of continuous operation from TES discharge are from 41 hours to 33 
hours. A reduction of 0.36 x 106 kg from 2.04 x 106 kg is seen to reduce the 
TES discharge time from 41 to 39 hours, whereas a further reduction of 0.36 x 
l 06 kg reduces the discharge time to 33 hours. Both the gross e 1 ectri ca 1 
production and water production indicate similar relatively sma"ll perfonna·nce 
reductions in going to the l.68 x 106 kg medium mass value, whereas a further 
reduction to 1.32 x 106 kg produces relatively larger perfonnance losses. 
Because of these effects, the 1.68 x 106 kg value was considered the ''knee of 
the curve" and was chosen as the most appropriate for the TES system.-
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Table 8-8.d TES Sizing Results 

o Evaluation of TES Mass on Day • 355 (Winter) i>erfonnance 
' 

o 11 RCR • a1;ss 

o Clear day followed by no insolat1on until TES is depleted 

f1rES (106 kg) 2.04 1.68 1.JZ 

Gross Elac:tl"'lcity • Solar 5691 5691 5691 
(kWII) 

Gross Electricity • TES 22618 22076 20144 
(kWII) 

Gross El ac:tri city • Tota 1 28309 27767 25835 
(kWII) 

Water Produced• Solar 2083 
(ml) 

2083 2083 

Water Produced • TES 
(in3) 

14957 14771 14092 

Water ~uced - Total 17040 16856 16175 
< l 

Hours of TES Continuous 41 
Operation (h) • 

39 33 

• At IHSt one RO operating 

Table 8-6b. Annual Perfonnance in TES Size 

TES Mass 

(100 kg) 

1.32 

l.68 

Z.04 

Annu• 1 Water 

Production 

(lo6 m3} 

1.818 

2.129 

1.784 

Operation nme,. k 

01rect 

Total Solar TES 

6540 2440 4100 

6851 2440 4411 

6799 2440 4359 
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Produced Gross Process El ectri ca 1 

E1ectr1c1ty Consu,npt1on 

,(MW~) (Mll•h) 

3538.7 2234.0 

3678.l 261S.7 

3543.2 2191.7 
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Complete annual perfonnance calculations were subsequently done; results are 
summarized in Table 8-6b. These results support the earlier conclusion that 
the 1.68 x 106 kg TES mass was optimal. Water production peaks sharply with 
TES size, so cost variation with TES size is not expected to move the optimum 
much from the size for peak water production. 

8.4 PLANT ANNUAL PERFORMANCE 

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

8.4.1 Monthly and Yearly Perfonnance Predictions 

Table 8-7 and 8-8 summarize the monthly and yearly perfonnance results using 
the 1978 Midland ambient data as defined in Section 8.2. These data consider 
the solar availability as contained in the hour-by-hour insolation data. The 
data do not include plant availability (plant outage due to scheduled and 
unscheduled maintenance, etc.). As indicated, the plant operated for a total 
of 7220 hours and produced 2.05 x 106 m3 of water. 
-z&:o;··- ~.J1'7 

In order to predict the 30-year average annual perfonnance, this 111978 
Midland 11 data needs correction to the 30-year average insolation trend. The 
11 1978 Midland 11 solar source data are 131 below average at that location. 
Multiplying the annual water production of 2.129 x 106 m3 times the 1.13 
weather correction factor times the minimum plant availability of 0.82 yields 
the minimum expected 30-year average water production of 2.0 x 106 m3. Since 
the minimum water production expected is in excess of the 1.8 x 106 m3 value, 
the water production specification has been met. 

There is some question as to the most technically correct method of correcting 
to long tenn average perfonnance. This is discussed further in Volume II 
Section 17.6. The more conservative method discussed there yields a 1.09 
correction factor. Section 7 shows the plant availability estimate for the 
.selected system is 0.91. Basing the water production on that availability 
value and the 1.09 correction factor results in a predicted annual water 
production capability of 2.1 x 106 m3. 
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Water Operation time (hr) lnsolation MWh 
Month progu5ion Direct Collector Max avail Actual 

Total TES input at (10 m ) solar field at RCA RCR 

J 0.145 473 132 341 2,345 1,613 1,480 
F 0.181 503 181 322 2,977 2,024 1,858 
M 0.192 698 207 391 3,359 2,252 2,022 
A 0.264 720 277 443 4,600 2,884 2,534 
M 0.205 666 242 424 3,993 2,394 2,153 
J 0.157 635 202 333 3,128 1,869 1,700 
J 0.246 734 311 423 5,007 2,977 2,452 
A 0.145 545 202 343 3,042 1,868 1,740 s 0.101 432 163 269 2,330 1,561 1,459 
0 0.205 641 214 427 3,549 2,397 2,141 
N 0.102 413 127 286 2,085 1,443 1,330 
D 0.186 591 184 407 3,105 2,131 1,968 

Y11r 2.129 8,861 2,440 4,411 39,520 25,414 22,827 

• Adjustment for 30-year average 

2.129 X 1. 09 X 0.91 • 2.11 ?( 108 ffl 
3 

(".1978 data") x (30 year factor) x (Plant availability) 

- ----------- - -· · -Taqle 8-7. Solar Desai Plant Annual Performance1 

Gross Process 
Parasitics 

Month electrical electrical Heliostat TES 
production _consumption field pump 
(MW -h) (MW -h) {MW -h) (MW.,-h) 

J 261.4 178.6 7.6 19.4 
F 303.9 222.0 7. 1 24.4 
M 328.3 235.6 7.9 29.0 
A 426.0 324.1 7.8 40.1 
M 343.7 252.2 8.1 27.6 
J 276.9 193.4 7.6 21.9 
J 401.2 302.5 8.1 34.8 
A 262.7 177.8 7.9 21.2 
s 203.6 123.6 7.5 18.5 
0 348.3 251.7 7.9 32.9 
N 203.9 125.2 7.3 17.4 
D 318.2 229.0 7.8 25.6 

Year 3678.1 2615.7 92.6 312.8 
------ .......___\ ___________ , 

. Table 8-8. Solar Desai Plant Annual Performance Io c;) . '1 
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RCR heat 
absort>tion 
(MWh) 

1,296 
1,828 
1,789 
2,217 
1,884 
1,488 
2,148 
1,523 
1,277 
1,873 
1,184 
1,713 

19,974 

Plant 
pump 
(MW --h) 

55.8 
50.4 
55.8 
54.0 
55.8 
54.0 
55.8 
55.8 
54.0 
55.8 
54.0 
55.8 

657.0 
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8.4.2 Representative Hourly Perfonnance Data 

Figures 8-27 to 8-29 illustrate results from the plant perfonnance system 
analysis model for four days in April. Figure 8-27 presents the daily 
insolation profile. April 14 is seen to be a relatively clear day followed 
by an intennittent 1Qsolation 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 8-28. 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 8-29 presents the 
TES hot and cold fluid temperatures and the TES energy level. 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 eaergy level is measured relative to a uniform 15.6°C 
(60°F) medium temperature. The charging/discharging behavior is clearly 
evident. The TES system becomes fully charged at about the 320 MWh energy 
level. The TES system carries the plant through the intermittent insolation 
day followed by the completely cloudy day, until the clear day returns on 
April 17. 
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Figures 8-30 to 8-32 illustrate similar data from a series of days in June 
wtiere the TES is depleted. The insolation profiles show several clear days 
followed by several overcast ones. The TES system is able to carry the plant 
,for about 50 continuous hours from the loss of insolation on the fourth day in 
the series. 

Figures 8-33 to 8-35 illustrate data for the month of April, the best 
operation month based on the 1978 Midland data. Figure 8-33 illustrates the 
month 4 s insolation profiles. A number of clear day profiles are indicated, 
however, some cloudy effects are also evident. Figure 8-34 illustrates the 
TES energy level. The TES is seen to cycle through a relatively narrow range 
except when called upon to cover periods of longer cloudiness. The daily 
solar resource value is illustrated in Figure 8-35. The monthly daily average 
of 7.5 kWh/m2-d is close to the winter design day value of 7.7 and the annual 
mean of 7.0. 

Data for the poorest operating period, November, are illustrated in Figures 
8-36 ta 8-38. November 1nsolation profiles show some clear days but several 
periods of extended cloudiness are present. The TES energy levels of Figure 
8-37 show the TES continually at the low portion of the TES capacity. The 
solar resource data of Figure 8-38 show the month as a poor month for direct 
insolation. The daily average solar resource of 3.4 is significantly below 
the mean and average annual values. 

8.4.3 Plant Outage and Startups 
/ 

f 

C'-~~7 
Table 8-7 showed the pl ant' aper~d 7220 hour) on solar and/or TES. The 
remaining 1540 hours of plant outa~ributed aver the year as shown 
in Figure 8-39. The nwnber of occurrences of a particular hour of plant 
outage is given in Figure 8-40. Also presented is a monthly tally of hours of 
plant outage. The fractional distribution of plant outage is presented in 
Figure 8-41. Ninety-five percent of an the plant outages are 50 hours and 
less. 

A plant startup, from the system analysis model's point of view, is required 
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whenever the TES is at the 11 empty11 level and usable insolation becomes 
available, regardless of what hour of the day the usable insolation occurs. 
This process will produce a maximal number of required plant starts. Figure 
8-42 presents a yearly distribution of plant starts as predicted by the system 
analysis model. A monthly summary of plant starts is presen~ :-9. 
No plant starts are required for April, whereas November req~ lb? 
Anticipation of weather patterns should allow an experienced plant operator to 
avoid a significant number of plant starts, especially during periods of poor 
insolation characteristics, such as November. 

8.4.4 Plant Efficiency 

Predicted design point and annual performance in the form of a plant 
efficiency train are shown in Figure 8-43. The design point condition is 
based on all power being consumed by maximum TES charging, thus process (water 
production) efficiency under this condition is zero. For the annual 
performance, greater detail of the right end of the efficiency train is shown 
in Figure 8-44. The annual efficiency train shows that 39520 MWh of solar 
energy (based on projected area of the heliostats) is input to the system. 
Based on the predicted annual product water output of 2.1 x 106 m3, the solar 
energy requirement for desalted water production with this system is 18.8 
kWh/m3. 
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Table 8-9. Start-up Analysis 
. 

Month 
Hours of Re~uired 

plan.t pant 
operation starts 

J 473 6 
F 503 5 
M 598 2 
A 720 0 
M 666 7 
J 535 6 
J 734 1 
A 545 9 
s 432 6 
0 641 7 
N 413 10 
D 591 7 

Vear 6,851 66 
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APPENDIX A 

RECEIVER SCALING RELATIONSHIPS 

o Assuming a detailed thennal design of a solar receiver exists, the effects 
of scalinQ from that design can be explored 

0 Example, 

o Heat Transfer 

o Pressure Drop 

N = w N = tube number or ' W = panel width 
D = diameter 
r = pitch ratio 

W* N* = , where ( ) * = 
D* f* 

. 
m N Cp {T;n- Tout)= h ~ (Tt- Tg) 

Re* Pr* D* AT* AT * = _____ _.,._9 
E 

D* = 

Nu* L* 

( 
M*'2 T* L* f*2 
p~ a.* W*2 

1S4 

} 1/3 

( )new value 
( )old value 
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RECEIVER SCALING 

AT* 
W*.87 L*.67 = :JL 

/!,T * E 

M*.87 r •. 87 T*.33 
. P*.67 a•·33 

o Assuming W* and L* grow in same proportion, i.e. 

W* = L* = X* = linear dimension of heat exchanger panel 

1/1.54 

X* = 
AT* 

AT;* 
M*.87 r •. 87 T*.33 

P*.67 a•-33 
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