
ORNL/TM-6821 

MASTER 

Conceptual Design and Cost Study 
for a Dual-Purpose Nuclear-Electric 

Reverse Osmosis Seawater Conversion Plant 

OAK RIDGE NATIONAL LABORATORY 
OPERATED BY UNION CARBIDE CORPORATION • FOR THE DEPARTMENT OF ENERGY 

- ' V-



ORNL/TM-6821 

Contract No. W-7405-eng-26 
Subcontract No. 0RNL-11Y-13511-V-2 

CONCEPTUAL DESIGN AND COST STUDY 
FOR A DUAL-PURPOSE NUCLEAR-ELECTRIC 

REVERSE OSMOSIS SEAWATER CONVERSION PLANT 

prepared by 

Bechtel National, Inc. 
50 Beale Street 

San Francisco, California 94119 

for 

Department of Energy 
Washington, D.C. 20545 

Date Published: Apr i l 1979 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37830 

operated by 
UNION CARBIDE CORPORATION 

for the 
DEPARTMENT OF ENERGY 



BLANK PAGE 



iii 

CONTENTS 
pag e 

LIST OF FIGURES v 
LIST OF TABLES vii 
ACKNOWLEDGMENT ix 
ABSTRACT xi 

Section 
1 INTRODUCTION 1 

1.1 Program Objective 3 
1.2 Technical Approach 4 

2 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 6 
2.1 Summary 6 
2.2 Conclusions 9 
2.3 Recommendations . 10 

3 BACKGROUND 11 
3.1 The Reverse Osmosis <RO) ifrocess 11 
3.2 Present Status of Seawater Reverse Osmosis 16 

4 MEMBRANE AND PROCESS SELECTION 18 
4.1 System SpecificaLton 18 
4.2 Manufacturers' Response 22 
4.3 Hembrane and Proc.cjs j Selection 27 

5 CONCEPTUAL PLANT DESIGN 29 
5.1 Base Case Design Basis 29 
5.2 Seawater Pretreatvaenn System 30 
5.3 Driver, Pump, and Energy Recovery 36 
5.4 Piping Materials 46 
5.5 Desalting Plant Description 51 
5.6 Persian Gulf Plant 52 
5.7 Caribbean Plant 68 

6 CONCEPTUAL COST ESTlilATI- 82 
6.1 Basis for the Conceptual Cost Estimate 82 
6.2 Results 87 
6.3 Future Cost 96 
6.4 Cost Comparison to Multistage Flash Desalting 96 

REFERENCES - 98 



iv 

Section Page 

Appendix 
A REVERSE OSMOSIS SEAWATER MEMBRANE MANUFACTURERS 

CONTACTED IN THIS STUDY 99 
B GLOSSARY 101 
C DEVELOPMENT OF SIMPLIFIED COST ESTIMATE 103 
D MANUFACTURER QUESTIONNAIRE 109 



V 

LIST OF FIGURES 

Figure Page 
1-1 Combined Nuclear Electric Desalting Facility 2 
5-1 Symbols Drawing 54 
5-2 Drawing P-l — Pretreatment System, Conceptual P&I 55 

Diagram, Gulf Site 
5-3 Drawing R-l — Reverse Osmosis, Conceptual P&I 56 

Diagram, Gulf Site 
5-4 Drawing S-l — Conceptual Plot Plan, Gulf Site 66 
5-5 Artists' Rendering — 25 MGD Combined RO Desalting 67 

Facility, Persian Gulf Site 
5-6 Drawing P-2 — Pretreatment System, Conceptual P&I 69 

Diagram, Caribbean Site 
5-7 Drawing R-2 — Reverse Osmosis Conceptual P&I 70 

Diagram, Caribbean Site 
5-8 Drawing S-2 — Conceptual Plot Plan, Caribbean Site 81 
6-1 Cost of Product Water, Caribbean Salinity, 1978 $ 93 
6-2 Cost of Product Water, Persian Gulf Salinity, 1978 $ 94 
C-l Power Cost Factor 107 



vii 

LIST OF TABLES 

Table Page 
2-1 "> MGD Reverse Osmosis Desalting Plant 8 
4-1 Water Cost Summary 20 
4-2 Caribbean Seawater Analysis 21 
4-3 Seawater Analysis and Allowable Product Water Quality 23 
4-4 RO Seawater Membranes — Summary of Information From 24 

Membrane Manufacturers 
4-5 Evaluation Summary — Caribbean 25 
4-6 Evaluation Summary — Persian Gulf 26 
5-1 Pretreatment System, Summary of Design Criteria 34 
5-2 Energy Cost Comparison 37 
5-3 Comparative Cost Summary: Alternative A 42 
5-4 Comparative Cost Summary: Alternative B 43 
5-5 Gulf Site — Pretreatment System — Mechanical Equipment 57 

List 
5-6 Gulf Site — RO Units, Post Treatment and Cleaning 62 

Systems — Mechanical Equipment List 
5-7 Gulf Site — RO Unit, Major Piping List 65 
5-8 Caribbean Site — Pretreatment System — Mechanical 71 

Equipment List 
5-9 Caribbean Site, RO Units, Post Treatment, and Cleaning 76 

System — Mechanical Equipment List 
5-10 Caribbean Site - RO Unit, Major Piping List 79 
6-1 Product Water Cost (First year of operation) 90 
6-2 Persian Gulf Site — Parametric Cost 91 
6-3 Caribbean Site — Parametric Cost 92 
C-l Seawater Desalting Plant Capital Cost Breakdown 104 



ix 

ACKNOWLEDGMENT 

Bechtel National, Inc. wishes to acknowledge the following personnel who 
contributed to this work: 

Entile H. Houle, Program Manager 
Sherman C. May, Lead Engineer 
A. J. Bowles 
G. C. Brown 
L. Bulger 
G. R. Irey 
J. T. Juterbock 
F. Schoepflin 

The cooperation of the following Reverse Osmosis Membrane Manufacturers is 
deeply appreciated: 

Dow Chemical, USA 

E.I. Ou Pont 

Envirogenics Systems Co. 

Fluid Systems 



xi 

ABSTRACT 

The objective of this study was to develop a conceptual design and cost 
estimate for a 25 million gallon per day seawater reverse osmosis desalting 
plant operating at both Caribbean and Persian Gulf sites. The plant would 
operate in conjunction with a 1000 MWe nuclear power plant. Four seawater 
membrane manufacturers were supplied with feedwater analysis and a simpli-
fied cost estimating procedure in order to recommend membrane systems which 
would be applicable. For both sites a two-stage system was selected for 
development of a conceptual cost estimate.- The product water cost was found 
to be (based upon 1978 United States construction costs) $3.17/1000 gal-
lons for che Caribbean site and $3.75/1000 gallons for the Persian Gulf 
site. However, there are areas of potential cost reduction. New membrane 
developments can reduce the cost of desalted water by as much as 26 percent. 
With the selected system, there are only small reductions in capital cost 
with the dual purpose plant. However, improvements in membranes could 
make a dual purpose plant economically more attractive. 



Section 1 

INTRODUCTION 

Although the application o£ reverse osmosis (RO) technology to seawater 
desalting is a recent development, it promises to become a major contri-
butor to the amount of water produced from the sea. It offers che advan-
tages of more efficient energy utilization and potentially lower capital 
cost than existing seawater thermal desalting techniques. Seawater RO 
plants as large as 75,000 gpd are in operation and units of 3.2 Mgd will 
be in operation shortly. However, sufficient information has not been 
obtained to provide accurate cost analyses for very large desalting facili-
ties. Further, no comprehensive cost, analysis comparing present membrane 
manufacturers has been completed, and although various cost studies for 
seawater membrane desalting have been presented (References 1-1 through 
1-4), a large discrepancy in the results has beea observed. 

Design of large seawater HO plants, methods of improving system economics 
by designing for an economy of scale, or combined operation with an existing 
facility to share common operational features have not been extensively 
studied. Cost improvements for membrane desalting may potentially be ob-
tainable by combining a RO desalting plant with a nuclear electrical genera-
ting facility. These cost Improvements can be realized through sharing 
of the intake structure and utilizing the low grade heat available from 
the nuclear facility condenser to preheat the feed to the RO unit, since 
increases in feed temperature will significantly lower the membrane area 
requirements. An example of such a combined facility is shown in Figure 1-1. 
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QUANTITY UNITS 1 2 3 4 S 
FLOW MGD 1330 83 25 58 1305 

TEMPERATURE °F. 65 80 80 80 80 
SALINITY PPM 35,000 35.000 500 50.000 35,700 

"Figure 1-1. Combined Nuclear Electric Desalting Facility 
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Bechtel undertook a study of a combined nuclear-electric-seawaier RO de-
salting plant for Union Carbide Corporation in August 1977 to investigate 
the advantages of such a combined facility, This work was accomplished for 
Union Carbide Corporation (UCC) under Contract Number ORNL 11Y-13511-V. 

1.1 PROGRAM OBJECTIVE 

The objectives of this study were to prepare a conceptual design and cost 
estimate for a 25 Mgd RO plant for desalting seawater. All costs were to 
be presented in 1978 dollars. This plant would be operated in conjunction 
with a 1,000 Mtfe nuclear station, and two such plants would be considered — 
one on the Caribbean, and one at a Middle East site using the Persian Gulf 
as a source of feedwater. The following major variables were examined in 
producing the best plant design: 

« Methods of plant construction (RO module size, RO train 
size, shared intake, and outfall structures) 

• Membranes systems (single state, two stage, operating 
conditions, pretreatment requirements) 

• Pump drive systems and power recovery 

• Potentials for system improvement (system expansion, 
membrane improvement, onsite membrane manufacturing 
capabilities) 

As a result of the study, the following information was developed: 

• Comparative technical information on all major membrane 
modules available commercially 

• Basis for the selection of the chosen module and conceptual 
design of a plant using the chosen module 

• The f l o w i n g drawings: 

— General plant and equipment layout 

— Flow diagram 

— Conceptual piping and instrumentation drawings 

— Artist's rendering of one of the plants 
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• Land area requirements 

• Capital cost breakdown (no land cost to be considered) 

• Operation and maintenance cost breakdown* 

• Cost of product water ($/kgal)* 

• Consideration of onsite membrane manufacturing 

1.2 TECHNICAL APPROACH 

The approach followed combines the experience of membrane manufacturers 
with Bechtel's experience in design, overseas construction, and cost 
estimating for projects of this size. 

1.2.1 General Approach 

For a study in which there are many variables, two approaches presented 
themselves — the "computer" approach in which all options are determined 
and no detailed discrete estimates prescribed, and the "base case" method 
in which base designs and cost estimates are made and alternative options 
are handled as parametric variations. The latter approach was used for 
this study. The advantage of the base case approach was that time could 
be spent in a more detailed analysis on the system in order to achieve the 
best design and to obtain a more accurate capital cost estimate. 

The number of variables in this study was large. The base case approach 
required determining the most significant variables and using them for 
establishing a base case condition for plant optimization. The significant 
variables and the number of each that were studied are: plant locations — 
2, fixed charge rate on capital cost (FCR) — 2, electrical rate — 3, type 
of cooling system — 2, and membranes available 3. In addition, there are 
the membrane system design variables of number of stages, pressure, re-
covery ratio, and temperature. For each location, one FCR, electrical 
rate, and cooling system was selected for the base study case. 

* Parametrically as a function of energy cost and fixed charge rate. 
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In order to select an optimum plant, economic and technical conditions 
were established on the basis of the work scope, technical information 
for the two sites, and cost data for construction at the selected sites. 
Establishing these conditions made it possible to obtain the best membrane 
system cost on the basis of the membrane system design variables. The 
basic economic information was provided to selected membrane manufacturers 
so that each could provide their own optimum RO process design. 

The important design variables affecting the membrane system are operating 
pressure, feed temperature, and feed flow. Generally, for a given feed 
salinity, the highest allowable values for feed temperature, pressure, 
and recovery ratio yield the lowest water cost. However, this depends 
on the costs associated with a particular operating system. The manufac-
turers of the various membrane systems are considered best qualified tc 
recommend the most favorable operating conditions for a given inlet condi-
tion since each manufacturer has established maximum operating limits for 
his membranes. 

1.2.2 Process Optimization 

The input from the membrane manufacturers was used to select the optimum 
process and choose a membrane system. A membrane system for the base case 
designs was selected on the basis of their approximate product water costs 
as determined from capital investment and operation and maintenance costs. 

The base case design was then used to develop a more detailed engineering 
analysis and determine more accurate capital, operating, and product water 
costs. These designs then served as a basis for the parametric variations 
and for determining possible cost improvements. 
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Section 2 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

2.1 SUMMARY 

2.1.1 Process Optimization and Membrane Selection 

Economic and technical requirements were established for the Persian Gulf 
and Caribbean sites. Feed and product water quality and a simplified cost 
estimating procedure were developed. Four membrane manufacturers were 
contacted and all responded. Three manufacturers provided cost and per-
formance information. 

A comparison of the cost of product water by three manufacturers using the 
simplified cost estimating procedure showed a cost difference by almost 
a factor or two. This difference is primarily due to the membrane cost. 
A two-stage system was selected for both sites for further study based 
upon the fact that the selected membrane is representative of current 
membrane technology. 

The membrane system selected did not take advantage of the increased feed-
water temperature available from the nuclear power plant due to temperature-
pressure limitations of the membrane. 

2.1.2 Plant Design 

Based upon the selected membrane, a conceptual design to serve as the base 
case was established for the Persian Gulf and Caribbean feedwaters. In 
order to design the plant, a review was made of the pretreatment require-
ments; pump, driver, and energy recovery system; and piping materials. 
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A review of pretreatment requirements for seawater membrane systems was 
made. The system selected includes chlorination, clarification with alum 
and polyelectrolyte, acidification, sodium hexametaphosphate addition, 
sand filtration, and chlorine removal. 

A review was made of pump drive, pumps, and energy recovery devices for 
the first stage at the Persian Gulf site. Studied were: steam turbine 
drives (obtaining steam from the nuclear plant) versus electric motor 
drives; two or ten centrifugal pumps; and energy recovery with direct 
drive or electric generation. Steam turbine drives would be most advan-
tageous in the largest sizes, while electric drives are better in 
multiple-unit operation. Energy recovery is economic for the case 
considered. The system selected uses multiple-unit electric motor drive 
pumps operating with energy recovery turbines producing electrical power. 

A review was made of materials appropriate for use in the high-pressure 
piping. Stainless steel (316L) was selected, but precautions are required 
to prevent pitting and crevice corrosion. 

Plot plan drawings for the two sites showed a substantial portion of the 
land area to be required for the pretreatment system. Elimination of the 
clarlfiers would reduce the land area by about one half. 

2.1.3 Conceptual Cost Estimate 

Conceptual cost estimates were developed for the base case plants in terms 
of 1978 dollars*. Some of the more important economic factors used in the 
analyses included: fixed charge rate of 12.5 and 16 percent , a membrane 
life of 3 years, power costs of 0.025 to 0.055 $/kW-hr,* a plant capacity 
factor of 90 percent, and cost factor for construction in the Caribbean of 
1.0 and for the Persian Gulf of 1.66. 

*As specified by UCC 
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A summary of the conceptual cost estimates is shown in Table 2-1 along with 
land area requirements, and process descriptions. The cost difference 
between the two sites is due to higher feedwater salinity and construction 
costs in the Persian Gulf. 

Table 2-1 

25 MGD REVERSE OSMOSIS DESALTING PLANT 
(1978 $) 

Item Unit Caribbean Persian Gulf Item Unit Caribbean 
Salinity Site ( c ) 

Capital Cost 

Operating and 
Maintenance Cost 

Cost of Water 

$1,000 ( . 
$/l,000 galv ; 

$/l,000 gal ( a ) 

$/1,000 gal < a ) 

108,000 
1.64 

1.53 
3.17 

128,000 
1.94 

1.81 
3.75 

212,300 
3.2/« 

2.59 
5.83 

Land Area Acres 30 32 
Recovery Ratio Percent 40 26 
Operating Pressure 

1st stage psig 900 900 
2nd stage psig 450 470 

(a) Fixed Charge Role - 12.5% 
Electrical power * 0.025 $/kWh 

(b) Cost as affected by higher salinity of Persian Gulf water 

(c) Cost as affected by higher salinity of Persian Gulf water and 
Construction Cost Factor (1.66) of Persian Gulf Site 
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Consideration was also given to potentials for decreasing the cost of 
product water in the future. The most significant factor is a decrease 
in membrane cost and an increase in technical performance. On the basis 
of manufacturers' information for a membrane which was not considered-
sufficiently commercial to use for the base case design, a decrease in the 
cost of product water of between sixteen and twenty-six percent was esti-
mated (this selection also took advantage of feedwater preheating through 
use of the nuclear plant condenser). If preheating of the feedwater were 
feasible with the base case plant, a product water cost reduction of between 
eight and nine percent would result. If it were possible to remove the 
clarifiers from the pretreatment system of the base case plant, a cost re-
duction between four and three percent would result. For replacement mem-
branes, two of the three manufacturers indicated the desalting plant would 
not be large enough to warrant the capital investment required for a mem-
brane manufacturing facility at the site. 

2.2 CONCLUSIONS 

1. With the membrane selected for the base case planus and 
temperature selected for the feedwater analysis, only 
minor reductions in capital cost are realized with the 
combined nuclear-RO desalting plant. This is primarily 
due to the pressure/temperature characteristics of the 
selected membrane. An improvement in these character-
istics (as they are developed In the future), or a site 
selected with a colder feedwater temperature would make 
the dual-purpose plant economically more attractive. 

2. Although savings are achieved with intake and outfall 
structures common with a nuclear power plant (about 2%), 
they are not as substantial as initially expected. This 
is due to the stringent environmental (e.g., long outfall 
lines) and increased safety regulations associated with 
nuclear plant construction. 

3. A major factor influencing product water cost in an RO 
system is the price of the membranes, an area of con-
tinuing development, and decreasing cost. 
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RECOMMENDATIONS 

Before the optimum desalting process (membrane or thermal) 
can be selected, a site-specific study on a combined power 
plant and seawater desalting plant must be performed. A 
procedure such as life-cycle costing would be appropriate 
to take into account the factors of inflation, Incremental 
capacity addition, and membrane Improvements. 

Additional investigation is needed in the area of pretreat-
ment requirements so that these requirements can be 
satisfactorily specified. Consideration also should be 
given to the environmental factors affecting the cost of 
operation. 

A more detailed review than was made in this study of the 
current status of high-pressure pumps as well as energy 
recovery devices should be undertaken as there have been 
substantial improvements in these areas. 

Since membranes are a significant cost item and are under-
going continuing development, additional studies into the 
cost of desalting by RO will be needed as further advance-
ments are made. 
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Section 3 

BACKGROUND 

3.1 THE REVERSE OSMOSIS (RO) PROCESS 

3.1.1 Process Description 

Reverse osmosis (RO) is a process for desalting saline water by applying 
hydrostatic pressure to drive water tc be purified through a semipermeable 
membrane. Most of the dissolved ions ln the water remain behind and 
are discharged in the brine reject stream. 

RO units have a total installed capacity of more than 100 million gpd, 
almost exclusively in the treatment of brackish water. RO technology has 
accelerated rapidly since the initial development in the 1950's. The 
largest operating brackish water unit to date is 5 Mgd. 

A membrane system comprises the following process steps: feed pretreat-
ment, pressurization of the feed stream, the RO modules, and post treatment 
of the product. The major power required is for the high-pressure feed 
pumps. Generally, no steam is required for operation of the RO system, 
although it can be used to drive the feed pumps. 

3.1.2 RO Membrane Elements 

The RO elements of different manufacturers vary in both membrane configur-
ation and membrane material. The two most common configuration types are: 

• Spiral-wound elements 

• Hollow fine fiber elements 



12 

Spiral-Wound Modules. Both Fluid Systems and Envlrogenics (see Appendix A 
for addresses) offer spiral-wound modules for seawater applications. The 
spiral-wound configuration provides a very large gain in effective area 
per unit volume over earlier tubular elements. A spiral module is formed 
by wrapping alternate layers of the RO membrane, a membrane support 
material, RO membrane, and a spacer around a perforated tube. The result-
ing "jelly roll" assembly is inserted into a pressure vessel assembly 
through which the saline water is pumped under pressure. The saline 
feed flows parallel to the product tube axis, through the interstices 
produced by Che spacers. Purified product water which has permeated 
the RO membrane flows spirally around the "jelly roll" until it reaches 
the perforated tube, through which it leaves the assembly. The concen-
trated brine leaves the outer pressure vessel through a reject brine 
connection. 

Hollow Fine Fiber. Both DuPont and Dow (see Appendix A for addresses) use 
the hollow fine fiber membrane configuration for seawater applications. 
A gain in membrane area per unit volume of module over that of the spiral-
wood modules has been achieved with the hollow fine fiber (HFF) config-
uration. A synthetic resin of suitable composition is extruded in the form 
of a small diameter filament with a hollow interior. A continuous length, 
resembling a skein of silk, is formed into a long bundle one end of which 
is then potted in epoxy resin. When the face of the resin is machined, 
the ends of the fibers are exposed and cut open. Thus each fiber becomes 
a somewhat irregular U-tube. The entire fiber bundle is inserted into a 
pressure vessel, and the saline water is applied under pressure to the 
outside of the minute fiber tubes. Water permeates through the tube walls, 
leaving the saline content behind, and this permeate then flows through 
the hollow bore of each fiber to the collecting header at one end of the 
pressure vessel. Reject brine leaves the pressure vessel through a fitting 
in the other end. 

Membrane Materials. The membrane materials determine the important desalt-
ing characteristics of the membrane which are rejection, water flux, and 
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resistance to the environment. Ihe membrane can be classified as either 
asymmetric or composite. 

Asymmetric membranes can be formed by heat-treating the membrane material 
so that a dense surface layer is formed over a fine-pored matrix substrate. 
The dense surface layer provides the desalting characteristics of the 
membrane. 

Composite membranes have been developed in which an ultrathin film of a 
semipermeable polymer is formed on the finely porous surface of a highly 
water-permeable support membrane. This type of membrane has the advantage 
Chat each of the two layers can be optimized to best provide the needed 
properties — the surface layer for desalting, and the substrate for its 
support characteristics. 

Among the membrane materials are cellulose acetate, and, more recently, 
polymers for use with composite membranes. Among the most common com-
posite membranes are aromatic polyamides, polyureas, poly(ether/amides), 
and poly(ether/ureas). Each of these has differing characteristics of 
tolerance to chlorine, pH, and performance degradation due to time. These 
factors require consideration for the selection of appropriate pretreatment 
and operating conditions for the process design. 

3.1.3 Membrane Performance 

The two primary characteristics of RO membranes are salt rejection and 
water flux. These characteristics are affected by feed temperature, 
pressure, and salinity. 

Salt Rejection. Salt rejection is defined as product salinity divided by 
feed salinity (usually average f-aed salinity) expressed as a percentage. 
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RO membranes permit chu passage of water molecules while restraining the 
passage of dissolved ions. Several generalizations can be made: 

• Large or strongly hydrated ions are rejected better than 
small or weakly hydrated ions 

• Rejection is directly related to the ionic charge of an ion. 
A divalent ion is more strongly rejected than a monovalent 
ion, and a trivalent ion is. even more strongly rejected 

In general, the currently available RO units will yield a product water 
containing from less than 1 to about 5 percent of the total dissolved 
solids entering in the seawater feed. The degree of rejection that can 
be obtained from a membrane determines whether a single or dual stage de-
salting system is required. 

Water Flux. The permeation rate of product water through the membrane is 
expressed in gallons per square foot per day (gfd). The membrane manu-
facturer can control the flux, for example, by heat treatment. This is 
an important factor since it determines the number of membranes required. 
Generally, the water flux is inversely related to the rejection, and 
higher flux means lower rejection. 

Effect of Temperature. Raising the temperature of the feed increases the 
output of a module. A convenient rule of thumb is: a temperature rise of 
1°C will increase flux by 3 percent. The operating temperature is re-
stricted, however, by potential failure of the module's materials of 
construction, or through an unacceptably fast flux decline. Consequently, 
most manufacturers recommend that the feed temperatures not exceed a 
maximum temperature, which is usually determined by the operating pressure. 
(For example, for temperatures up to 95°F, pressures up to 800 psig are 
allowed and for temperatures up to 77°F, pressures up to 1000 pslg are 
allowed). 
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Effect of Pressure. The osmotic pressure of the solution must be exceeded 
before any water can be driven from the feed into the product stream. The 
effective osmotic pressure is determined approximately by the average 
concentration between £eed and reject brine. The useful driving force 
can be determined by subtracting this opposing pressure from the applied 
pump pressure. Water flux is almost proportional to this useful pressure 
difference. 

For sodium chloride, the osmotic pressure is roughly 0.01 times the salt 
concentration. This explains the current practice of delivering a 
brackish water feed to RO at a pressure of around 400 to 500 pounds 
per square inch while se?water is fed at 600 to 1,000 pounds per square 
inch. The higher pressure for seawater results in about the same net 
driving force because of seawater's higher osmotic pressure. 

rrorn the standpoint of product purity, a high feed pressure is desirable. 
Flux is proportional to the effective pressure, that is, applied pressure 
minus osmotic pressure. Salt passage, on the other hand, is independent 
of applied pressure. Thus, a high pressure Increases water flow without 
increasing salt transfer, resulting in a purer product. 

Recovery Ratio. The recovery ratio is the amount of feed recovered as 
product, expressed as a percentage. Generally, as large a value as pos-
sible is desired. However, this is limited by feedwater scaling charac-
teristics and by any increase in the average feed salinity, which increases 
the osmotic pressure and results in an increased product salinity and de-
creased element productivity. 

3.1.4 Pretreatment 

Fouling of a membrane results in a loss in productivity. Adequate pre-
treatment can eliminate or minimize the effects of fouling. Fouling can 
be divided into four categories: 

e Membrane scaling 

• Device plugging 



16 

• Colloidal fouling 

• Biological fouling 

Membrane Scaling. Scaling is formed by the precipitation of dissolved 
salts such as calcium carbonate or calcium sulfate from the feedwater. 
In seawater, calcium carbonate scale can be controlled by acidification. 
Control of the recovery ratio or the use of chemical additives can be 
used to prevent calcium sulfate scale. 

Device plugging. Device plugging is caused by particulate matter too large 
to pass through the feed brine passages. This problem is alleviated by 
using feed filtration to prevent particles of that size from clogging 
the membranes. Both sand filtration and micron filters are used. 

Colloidal Fouling. Colloidal fouling is caused by the deposition of col-
loids on the membrane surface. These are usually in the submicron size 
range. Colloidal fouling is generally minimized either by filtration or 
by using a coagulation technique to eliminate the submicron particles. 
Either the turbidity of the feed or the silt density index can serve as a 
measure of the adequacy of the pretreatment system. These are criteria 
often used in specifying pretreatment requirements for membraae systems. 

Biological Fouling. Biological fouling is caused by growth of microorgan-
isms on the reverse osmosis membranes. This can be minimized by using a 
bioclde or disinfecting the feedwater. Chlorine is used with some mem-
branes for this purpose. 

3.2 PRESENT STATUS OF SEAWATER REVERSE OSMOSIS 

Commercial application of seawater RO started in 1973. The number of 
actual installations throughout the world is still less then 100. The 
largest system in operation today is a 75,000 gpd installation at Ras Al 
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Mishab in Saudi Arabia, which began operation in January 1977. A 3.2 Mgd 
unit is slated for operation in 1978, also in Sa.w-i Arabia. At the present 
time construction of this installation is not coim.^ue, and as a result, 
operation and cost data for large seawater membrane systems is still quite 
limited. Predicted cost for desalcing seawater by RO, made by various 
sources, have shown widely varying estimates for similar conditions, i.e., 
variations of at least a factor of two. This has been caused primarily 
by a lack of actual operating experience and the lack of an accurate 
estimate for membrane life for large installations. 
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Section 4 

MEMBRANE AND PROCESS SELECTION 

Following the technical approach outlined in Section 1.2, a specification 
based upon requirements for the two proposed plant sites was formulated. 
The specification's purpose was to: 

• Provide the technical and economic basis for each manu-
facturer to select the desired process design conditions 
for their membrane system 

• Serve as a ba«is to compare the product water cost of the 
various membrane manufacturers 

• Provide comparative Information on seawater RO membranes 

The cost of product water was compared for the various manufacturers in 
order to select a membrane system and process design conditions for the 
base case for each site to serve as the basis for a more detailed analysis. 

4.1 SYSTEM SPECIFICATION 

Information was supplied to the membrane manufacturers to serve as the 
basis for comparing and selecting a membrane system. The information 
Included a specification for the feed and product water quality for the 
two sites, a simplified method for estimating the cost of product water, 
and a manufacturer's questionaire to provide comparative information on 
the 3eawater RO elements. The following sections discuss these 
specifications. 
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4.1.1 Simplified Coat Estimating Procedure 

Various means to compare the cost of desalting seawater exist. The method 
specified in the work scope is based upon the product water cost which is 
composed of capital, operation, and maintenance cost Items. Depending on 
technical and economic conditions, process design variables can be adjusted 
to provide an optimum design based upon a combination of the capital and 
operating costs. The process design conditions for this report are mem-
brane operating pressure, operating temperature (use of preheated seawater 
in the power plant condenser), recovery ratio, and number of stagies. A 
simplified cost estimating procedure was developed so that each manufac-
turer could select the optimum process design conditions for their mem-
brane. This is shown in Table 4-1. 

The details used in developing this simplified cost procedure are shown in 
Appendix C. The procedure is based on selected base case economic condi-
tions and an estimation of the expected capital and operating cost as 
derived from Reference 4-1. 

The base case economic conditions established were: 

• All costs expressed as 1977 dollars 

• FCR 124%, electrical energy 0.023 $/kWh 

• A seawater intake of 930,000 gpm is avilable 

• A pretreatment system of clarification and sand 
filtration is required 

• A capacity factor of 85% 

• A maximum increase of 15°F could be obtained by pre-
heating the feedwater by use of the power plant con-
denser 

• Power recovery and efficiency from Reference 4-2 to be 
used 

• A credit is given for a decrease in the intake structure 
when using heated water 
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Table 4-1 

WATER COST SUMMARY 

Site: Gulf Caribbean 

Major Cost Elements 
$/1,000 gal 

1. Capital $/«Pd . Product 
a. Modules 
b. Feed system 0.50 » 0.50 -

y x * y 2 — x 

Capital cost x 0.54 

2. Membrane replacement 

a. First stage x x 3.22 -
b. Second stage x x 3.22 -

Total membrane replacement cost 

3. Electrical power P o w e r toat 
Pressure, Product, Factor 

psi Mgd (Fig. C-l) 
a. First stage x x • 
b. Second stage x x " 

. Total power cost 

4. Chemicals 
0.06/(yx x y2) - Q.06 -

5. Total (partial) product water cost — $/1,000 gal product 

(a) See Appendix B for definitions 

(b) y - recovery ratio 
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Some of chese factors were adjusted in Section 6 for the final economic 
analysis following a more detailed analysis of the selected system design. 

4.1.2 Water Analysis 

The feedwater composition, the temperature, and desired product water 
quality are all of great significance when designing an RO system. These 
affect the required operating pressure, recovery ratio, and rejection 
requirements. 

For the Caribbean site seawater analysis, information was obtained from 
Reference 4.3. Values for mean seawater temperature and salinity were 
found for six different locations bordering the Caribbean Sea. These are 
shown in Table 4-2. 

Table 4-2 

CARIBBEAN SEAWATER ANALYSIS 
(from Reference 4-3) 

Location 
Mean Seawater 
Temperature 

Mean Seawater 
Salinity 
1000 ppm 

Guantanamo Bay, Cuba 83.4 36.8 
Port Royal, Jamaica 82.3 35.1 
Barahana, Dominican Republic 
Santo Domingo 

83.1 34.0 

Maguey Island, Puerto Rico 
San Juan 

83.3 35.7 

Amuay, Venezuela 76.2 36.4 
Puerto Cabezas, Nicaragua 83.2 32.6 
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A water analysis for standard seawater with an average water temperature of 
78°F was selected for the Caribbean site. This is shown in Table 4-3. 
The averagp water temperature of 78°F was selected so that all membrane sys-
tems could take advantage of the full 15° heating. An average water tem-
perature of greater than 80°F would limit some of the membrane systems. 

For the Persian Gulf water analysis, various water analyses were obtained 
within Bechtel. These showed the TDS to vary between 33,900 and 57,500 
ppm depending on the location in the Gulf and the time of year. Similarly, 
water temperatures ranged from 50°F to 100°F. An average value of 45,694 
ppm was used for the TDS and 76°F for the water temperature. 

The product water requirements established by the U.S. Public Sealth Service 
were used. These specify a maximum allowable product salinity of 500 ppm 
and an ion composition as shown ln Table 4-3. It should be noted that 
other standards exist that In some cases are higher and ln other cases 
lower than these selected values. 

4.1.3 Other Requested Information 

In addition to the plant design and membrane selection information, other 
descriptive information on the membranes was requested. This information 
pertained to operating limitations, storage requirements, cleaning require-
ments, etc. This part of the questionnaire is enclosed in Appendix D. 

4.2 MANUFACTURER'S RESPONSE 

Four membrane manufacturers were selected as having sufficient test expe-
rience to provide cost estimates for seawater RO membranes. The companies 
selected were Dow, Du Pont, Envlrogenics, and Fluid Systems. They were 
requested to supply cost information based on elements that are currently 
available. Of the four manufacturers contacted, all responded. Three of 
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Table 4-3 

SEAWATER ANALYSIS AND ALLOWABLE PRODUCT WATER QUALITY 

Parameter Caribbean 
ppm 

Persian 
Gulf 
PPm 

Allowable Prod-
uct Water 
Quality 

Sodium as ion 10,770 14,000 — 

Calcium as Ion 408 530 — 

Magnesium as ion 1,298 1,687 — 

Potassium as ion . 388 504 — 

Chloride as ion 19,361 25,170 <250 
Sulfate as ion 2,702 3,513 < 250 
Bicarbonate as ion 143 186 — 

Fluoride as ion 1.3 1.7 < 1.4 
Iron 0.2 0.2 <0.3 
Silica <3 Si02 4 5 — 

pH 8.2 8.2 — 

Total dissolved solids 35,175 45,694 <500 
o Average temperature, F 78 76 — 

Maximum temperature, °F 93 91 — 

Turbidity, JTU 5 5 <5 

chese responded with cose information (Du Pone, Envirogenics, and Fluid 
Systems) and the fourth (Dow) with descriptive literature only (see 
Appendix A for addresses). No cost information was given by Dow since, 
at the time of the questionnaire, it was not offering a commercial mem-
brane. The responses are summarized in Table 4-4, and a summary of the 
water cost information is shown in Tables 4-5 and 4-6 for the Caribbean 
and Persian Gulf sites, respectively. 
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Table 4-4 

RO SEA WATER MEMBRANES 
SUMMARY OF INFORMATION FROM MEMBRANE MANUFACTURERS 

— — MANUFACTUREE 

U N I T " DON ooroNt E M V I M G E H I C 8 F L U I D SYSTEMS 

P r . -
T a a | i . — ° F 

A U A U A M J C pH 
O f E R A I I H C Q i l o r i n a - P p a 

L I H I T S T u r b i d i t y - J T U 
S . D . I . * 

< 1 0 0 
Sit 

4 - 7 . J 
s 1 . 0 

s 4 . 0 

• 0 0 - 1 0 0 0 
3 2 - 9 1 

3 - « 
0 

< 3 . 0 

c 1 0 0 0 
< 1 1 0 

2 - 1 1 
0 

s 1 
s 4 . 0 

« 1 0 0 0 
< 1 2 0 

2 - 1 2 
0 

s 1 

STORAGE R E Q L ' I M M E I R 
( A a f c i a n t T c a p . « 1 1 0 C ' F ) 

C h a n g a p r a s a r v a t l v a 
• v a r y « Booths w i t h 
a n l M a t o x a g a o f 
o n a y a a r . 

K a a p o u t o f d l r a c t 
a u n l l g h t . M a i n t a i n 
I d d a a p a t a r l l a c o n -
d i t i o n ( s o l u t i o n 
• u p p l t a d w i t h 
p a r a a a t o r a ) 

S t o r a d I n o r i g i n a l 
p a c k i n g c a n t a l n a r 
a n d p r o t e c t a d from 
a a c h a n l c a l d a a a g a . 

S t o r a d I n a t a r i l a 
c o n d i t i o n s t o 
p r o v a n t b a c t a r l a l 
g r o w t h . 

L a n g t h < t n . ) 
OD - t n . 
I n i t i a l P r o d u c -

HEMMMNE t l v t c y - cro 
D E S C R I P T I O N P r . - p a i s 

T a a p . - o r 
K a c o v a r y - 1 
F a a d TDS - p p a 

t y p a 

4 0 , 
» v . 

2 5 0 0 too 
7 7 
3C 

3 5 , 0 0 0 ( N a C I ) 
C a l l u l o a a T r l a c a t a t o , 

H a l l o w F i b e r 

5 9 
1 0 % 

3 0 0 0 • 3 ) 0 0 
too 

7 7 
1 0 

3 0 . 0 0 0 ( M a t t ) 
• - 1 0 . 

H o l l o w F l b a r 

• V . 

2 0 0 0 
8 4 0 

• 3 
4 0 

C a r l b b a a n w a t a r 
C o a p o a l t o , 

S p i r a l W o u n d 

40 
6 

2 0 0 0 
(00 

7 7 
S - 1 0 

3 3 , 0 0 a * * 
T h i n M i a C o a p o a i t a , 

S p i r a l U o u n d 

CUtMMMC 
FREQUEHCY 2 t c 4 t l a a s / j r a a r 3 t l a a a / y a a r 1 2 t l a a s / y a a r 

P r o d u c t l o o ( C P D > 
or riua <~ cro) 

P r ~ p a l „ _ 
E S T 1 K A T E 0 M a c . T « a » . - °f 

m u m B l a a a n t C o a t -
P K U ' O U U N C K l/cro 

U f a ( y a a r a ) 
O t h a r 

2 0 , 0 0 0 OPD 
1 . 0 0 0 «s 

( M o d u l a ) 

1 2 " a u d u l a 

o . l k » . « C u l l 

1 2 GFD » CFO 
1000 1 0 0 0 
110 no 

0 . 2 J . 3 

2 0 - 2 3 GFD 
too - too 

1 4 0 

3 -V* 
l a a l t u a a a f c r a n a 
r a g a n a r a t l o n 

O M - l l T t 
UMIUrACTUtMC 

Capital lavMtaant 
la too bl|}> ro 
Justify Installa-
tion. 

Mould ba willing 
to aat is alaaant 
fabrication plant 

H o . 

• 3 . O . I . - s i l t D u a l l y I n d a x 

• • S a a v a t a r 
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Table 4-4 

EVALUATION SUMMARY - CARIBBEAN (1977 $) 

Cost 
Element 

Manufacturer 
A 

$/1,000 
Gallons 

Manufacturer 
B 

$/1,000 
Gallons 

Manufacturer 
C 

$/1,000 
Gallons 

Capital 
Feed system 1.27 1.67 1.10 
Modules 1.09 1.40 0.55 
$/gpd 2.36 1.27 3.07 1.66 1.65 0.89 

Membrane replacement 
1st pass 0.38 0.79 0.27 
2nd pass 0.18 

0.59 0.84 0.29 

Electrical power 
1st pass 0.30 0.37 0.28 
2nd pass 0.07 

Total 0.37 0.37 0.28 

Chemicals 0.15 0.20 0.15 

Total, $/1,000 gal 2.38 3.08 1.61 

Performance 
Recovery, percent 

1st pass 45 
2nd pass 87 
Overall 42 30 40 

Pressure, pslg 
1st pass 900 900 840 
2nd pass 450 
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Table 4-4 

EVALUATION SUMMARY - PERSIAN GULF (1977 $) 
Manufacturer Manufacturer Manufacturer 

Cost 
Element 

A 
$/1,000 gallons 

B 
$/1,000 gallons 

C 
$/L,000 gallons 

Capital 
Feed System 1.90 2.94 1.76 
Module 1.12 1.42 0.78 
$/gpd 3.02 1.63 4.36 2.35 2.54 1.37 

Membrane replacement 
1st Pass 0.38 0.80 0.38 
2nd Pass 0.18 

0.59 0.86 0.41 

Electrical power 
1st pass 0.41 0.60 0.35 
2nd pass 0.09 

Total 0.50 0.60 0.35 

Chemicals 0.23 0.35 0.24 

Total, $/1,000 gal 2.95 4.16 2.37 

Performance 
Recovery, percent 

1st pass 30 
2nd pass 87.5 

* Overall 27.7 17 25 
Pressure, psig 

1st pass 900 1000 840 
2nd pass 470 

• 
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4.3 MEMBRANE AND PROCESS SELECTION 

A review of the manufacturers' responses revealed: 

• Both one- and two-stage.systems were selected 

• Only one of the three manufacturers took, advantage of 
feed preheating 

• There was a large difference in product water cost. Pri-
marily this difference was due to the cost of the modules 
and membrane replacement 

The system by Manufacturer A was selected as representative of current mem-
brane technology and also for the cost factors that might exist for a proj-
ect of this size. The pricing of membrane systems (and desalting plants 
in general) is dictated strougly by prevailing conditions at the time of 
the bid. These conditions specifically include market conditions and cur-
rent economic factors. It is not uncommon for desalting plant price quotes 
to vary by a factor of 2 between the high and low cost. Thus, it is dif-
ficult to gauge whether the prices stated for the membranes are reasonable 
in comparison with an actual quote on a specific job. In addition, esti-
mation of what membranes will be available and their future cost are 
equally difficult. As a result, in the cost estimate section, the lowest 
cost membrane system was used as a basis for future system improvements. 

The selected plant design is a two-stage system with an overall recovery 
ratio of 42 percent for the Caribbean and 27.7 percent for the Persian 
Gulf site. A membrane life of 3 years was estimated. Operating pressure 
is 900 psi for the first stage and either 470 psi (Persian Gulf) or 450 
psi (Caribbean) for the second stage. 

Two of the manufacturers did not take advantage of the increased membrane 
flux attainable with the warmer temperatures. Using warmer water requires 
less press. . to be applied to the membrane. This causes increased 
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salinity and decreased productivity from the first-stage elements, result-
ing in a higher product water cost. 

The water cost quoted by manufacturer C was the lowest for both sites, pri-
marily because the membrane cost was the lowest. However, their membrane 
is currently being produced in a semicontinuous pilot plant, and full-scale 
manufacturing equipment is not yet in operation. Thus, it was judged not 
yet sufficiently commercialized for use as the basis of this economic analy-
sis. However, this membrane was selected for use to show the potential 
cost improvement obtainable in the near future (see Section 6.2.2, Process 
Improvements). 

The third manufacturer's prices represent a list price and do not reflect 
possible discounts that could be obtained. 

The cost estimating procedure is believed to be a good relative comparison 
between the different manufacturers but not highly accurate for absolute 
values of cost. Comparison of the capital cost results with the results 
obtained in Section 6 must take into account the final selected values for 
economic criteria and the cost adjustment for construction at the two sites. 
The simplified procedure yields lower costs after adjustment for cost of 
construction at the different site. If the value of indirect costs were 
included in the estimate, results within about 20 percent of the final cost 
would have been obtained. The costs for product water also require further 
refinement, primarily in the area of electric power cost and chemicals. 
However, the procedure used is sufficiently accurate to select the membrane 
system; but further refinements may change the selected performance param-
eter slightly for the selected membrane system. 
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Section 5 

CONCEPTUAL PLANT DESIGN 

5.1 BASE CASE DESIGN BASIS 

The objective of this section is to develop the conceptual design for a 
25 Mgd base case plant at each of two sites: The Caribbean and the Persian 
Gulf. From these designs, the capital and operating costs for the plants 
can be determined. 

The primary criteria for the conceptual design were as follows: 

• A nuclear plant Is available as a source of steam and 
electrical power 

• The desalination plant must be highly reliable 

• The membranes and process conditions selected in Sec-
tion 4.3 will be used 

• No nuclear isolation requirements exist 

The requirement for high reliability dictates an availability factor of 
greater than 90 percent. To achieve this, multiple units are provided for 
all major operating equipment and standby pumps are provided for all pumping 
systems. Typically, three 50 percent capacity pumps would be provided, with 
two operating to obtain the required flow. 

RO systems can show high availability factors due to their modular design 
and minimal requirements for additional operating equipment. For example, 
the largest present operational seawater RO system (75,000 gpd) has an 
availability factor of 94 percent (Reference 5-1). It should be noted that 
availability is not the same as capacity factor (see Appendix B). Capacity 
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factor is affected by availability but also performance and the demand far 
product water. For this study, a capacity factor of 90 percent was used. 

In some nuclear generating p3.ants, isolation from radioactive streams may be 
required. This could be either for the steam supply to the turbines or for 
the warm water from the condenser if it is used as feed to the RO plant. 
Additional equipment requirements for this purpose were not considered in 
this study. When specific requirements are established, consideration of 
these factors is required as they could add additional cost to the system. 

A membrane life of 3 years has also been assumed, although it has not been 
demonstrated for the selected system. At the present time, membrane sys-
tems must be guaranteed and sold based on undemonstrated long-term 
performance. 

5.2 SEAWATER PRETREATMENT SYSTEM 

All reverse osmosis systems have very strict Influent water quality require-
ments. Of particular concern for seawater membranes are temperature, pH, 
chlorine, suspended solids, and biological organisms that attack some mem-
brane material. Chemicals must also be added to prevent precipitation of 
calcium carbonate. For the membranes selected for this study, the follow-
ing limits apply: 

5.2.1 Background 

There are minimal data available on methods for treating seawater as feed-
water to reverse osmosis units, particularly with actual testing on RO 

Pressure 
Temperature 
PH 
Free Chlorine 
Turbidity 

120°F* 
2 to 12 
0 ppm 
1 JTU 

1000 psig* 

*Not simultaneous 
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modules. Pilot plant evaluations have been made by Ralph Stone and Co., 
Inc. (Reference 5-2) at Wrightsville Beach, North Carolina and Chula Vista, 
California, and by Permutit Co., Inc. (Reference 5-3) at Wrightsville Beach 
and several pretreatment schemes have been suggested. 

Ralph ->ne evaluated seven alternatives at both Wrightsville Beach and 
Chula Vista. At both locations, it was concluded that two processes were 
clearly superior to the other five. These are: 

• Chlorination, detention, alum coagulation, sedimentation, 
sand filtration, and activated carbon filtration 

• Chlorination, detention, sand filtration, and activated 
carbon filtration 

Permutit found two pretreatment procedures acceptable: 

• Coagulation/flocculation in an upflow sludge blanket 
precipitator, followed by polishing filtration, acid 
addition, cartridge filtration, and activated carbon 
purification 

• On-line coagulation followed by filtration with sand, 
manganese zeolite, cartridge, and activated carbon 

Permutit*s baseline pretreatment system — consisting of two-step sand and 
manganese zeolite filtration — was an unacceptable method of pretreating 
seawater. Ralph Stone found alum superior to both the iron salts and 
lime for coagulation; Permutit preferred an iron salt, but stipulated 
that it should be used with a cationic polyelectrolyte. 

The Wrightsville Beach Test Facility of the Office of Water Research and 
Technology (OWRT) is used cor RO seawater testing. A report on the pre-
treatment at this test facility is in Reference 5-4. There are three pre-
treatment plants on the site. Two plants have sand and greensand filters 
and are used for testing of inline coagulation methods. The third, the 
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Central Pretreatment Plant was installed in 1975 and includes the following 
major units: 

• Solid-Contact Clarifier. This clarifier, with a rated 
capacity of 400 gpm, consists of an inverted conical 
vessel with a separate recirculation drum for mixing 
raw seawater, coagulant and settled sludge; a conical 
flocculation zone; and a sludge blanket-clarification zone. 
At a seawater flow rate of 400 gpm, an Approximate 
detention time ln the clarifier is 70 minutes and 
approximate rise rate based on the largest area of the 
clarification zone is 0.83 gpm/ft2. The actual operating 
loading is 0.4 gpm/ft2 at 200 gpm. 

• Chevron Tube Clarifier. A secona clarifier with a rated 
capacity of 400 gpm is operated in parallel with the 
solid-contact clarifier. At a seawater flow rate of 
400 gpm, an approximate detention time is 36 minutes and 
approximate rise rate based on the area of the chevron 
modules is 3.28 gpm/ft2. « 

• Central Filtration Plant. The filtration plant includes 
two sand filters, two greensand filters, and one carbon 
filter 

One advantage of operating with the clarifier was the consistent quality 
of water supplied to the filters. This resulted in a better quality 
effluent than the Inline coagulated water and lengthened the filter runs 
between backwashlng. 

5.2.2 Selected Pretreatment System 

A pretreatment system has been designed to meet the influent quality 
requirements of the selected membranes. It is based on clarification 
using alum and polyelectrolyte followed by gravity sand filtration. 

The seawater is prechlorlnated at the Intake to the system to destroy 
organisms that can attack the R0 membranes and organic materials that 
interfere with the clarification process. The clarified and filtered water 
is then treated with sulfuric acid and sodium hexametaphosphate (SHMP) to 
prevent scaling and is dechlorlnated with sodium bisulfite to prevent 
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chlorine attack on the membranes. A bank c idge filters acts as a 
safety filter to remove any traces of suspe' erial before the 
seawater enters the RO units. A sunansry of ..esign criteria for this 
system is shown in Table 5-1. 

Both the Persian Gulf and Caribbean plants will use this system, with the 
Caribbean system having a lower capacity. Since specific sites with 
definite water quality data have not been selected, solids contact type 
clarlflers have been Included. The actual need for these clarifiers is 
dependent on the water analysis, intake design, frequency of high 
turbidity caused by storms, and other site-related considerations. If 
the normal suspended solids are less than 50 ppm, it may be possible to 
eliminate the clarifiers and use only filtration. 

The system flow is based on returning the clarlfier sludges to the sea-
water source. If this is environmentally unacceptable, the sludges would 
require considerable treatment prior to disposal. Concentration of alum 
sludges is a very difficult operation, and much more information and 
research is required before accurate estimates of cost can be made. For 
this reason, the treatment of the clarifier sludge is considered beyond 
the scope of this study. 

Three half-size intake pumps are required to supply water to the pre-
treatment systems. Onsite sodium hypochlorite solution generators will 
supply the chlorine solution to the Intake of these pumps. These gener-
ators manufacture dilute sodium hypochlorite solution electrolytlcally 
from seawater, thus eliminating the need for purchasing liquid chlorine. 

Alum is fed to the seawater at the inlet of the premix tank. The premix 
tank is sized for 3 minutes retention. Coagulant aid is then added to 
the seawater prior to entering the four circular clarifiers. These clari-

2 
fiers are designed for a rise rate of 0.5 gpm/ft . This rise rate is 
required because of the difficulties in settling alum sludges. The 
higher density of seawater also adds to this problem. 
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Table 5-1 
Pretreatment System 

SUMMARY OF DESIGN CRITERIA 

Equipment Design Criteria 

Clarifier 

Gravity Filters 

Clearvell 

Backwash Receiver Tank 

Bulk Storage of Chemicals 

Day Storage of Chemicals 

Mixing & Feed Tank Except 
Polymer 

Polymer Mixing & Feed Tanks 

Dry Chemical Feeders 

Chemical Feed Pumps 

Premix Tank 

Intake Pumps 

Clearwell Pumps 

Backwash Receiver Tank Pumps 

Cartridge Filters 

Filtered Water Storage Tank 

Surface rate of 0.50 gpm/ft^ 

Surface rate of 2 gpm/ft^ 

30 minute retention 

2 times backwash volume from one filter 

60 day supply 

1.5 day supply 

1 hour retention per tank 

3 hour retention per tank 

To deliver at 4 times chemical feed rate 

Chemical Feed Pump Cone. Cone. In Water 

Sulfuric Acid 
Alum 
Polymer 
SHMP 
NaHS03 

66° Be' 
20% 
1Z 
10% 
5 Z 

126 ppm 
20 ppm 
1 ppm 

2.5 ppm 
2 ppm 

3 minute retention 

3 half size to allow reduced flow operation 

2 full size to allow for recirculation at 
reduced flow 

2 full size 

202 spare filter vessels 

60 minute retention 
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The clarified water then flows by gravity to the sand filters, which 
have been sized for 2 gpm/ft . From here, the filtered water flows to 
a clearwell, from which it is pumped to the filtered water storage tank. 
The clearwell and clearwell pumps have been sized for backwashing the 
filters. This backwashing water is collected in the backwash receiving 
tank and pumped to the inlet of the clarifiers. The premix tank, clari-
fiers, filters, clearwell, backwash receiving tank, and filtered water 
storage tank are all constructed of concrete to minimize cost and cor-
rosion problems. The clarlflers and filters have been sized to process 
the R.0 system inlet demands plus water lost by clarifier blowdown 
(5 percent maximum). 

The filtered water is pumped from the storage tank and treated with sodium 
hexametaphosphate, sulfuric acid, and sodium bisulfite. Bulk storage has 
been included for a 60-day supply of all chemicals. The chemically treated 
water is then filtered through 25-micron cartridge filters prior to entering 
the reverse osmosis system. The cartridge filters have been sized to in-
clude 20 percent spare capacity for maintenance purposes. 

5.2.3 Areas of Improvement 

Direct filtration or inline coagulation of waters (other than seawaters 
that are low in turbidity, color, and organic material) is a comparatively 
low-cost option that should produce good quality feedwater for reverse 
osmosis units. The chief advantage of direct filtration is the savings in 
capital costs (see Section 6.2) that results from eliminating equipment. 
This includes sludge-collecting equipment, settling basin structures, floc-
culation equipment (clarifiers), and flocculation-basin structures, with 
thair attendant pumping and piping facilities. 

Direct filtration may also save chemical costs because less alum is usually 
required to produce filterable floe than to produce a settleable floe. 
Operation and maintenance costs are reduced, because there is less equipment 
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Co operate and maintain. DirecC filtration produces less sludge than con-
ventional clarification, and the sludge is more dense. The collection of 
waste solids is simplified, as waste solids are all contained in a single 
stream — the waste filter-backwash water. 

Filter runs are generally shorter in direct filtration than in filtration 
preceded by settllrg but the cost savings may not be significant. However, 
the ability to handle suspended solids in direct filtration is limited. 
Because of increasing operating difficulties with increasing loading, it 
becomes advantageous to reduce the load to the filters by introducing 
settling into the pretreatment train. 

5.3 DRIVER, PUMP, AND ENERGY RECOVERY 

The largest user of power In the RO plant is the pump that provides the 
pressure for the RO elements. It accounts for about 90 percent of the 
energy consumed. However, since only about 30 to 40 percent of the feed 
stream is produced as product water, the remaining flow is still under 
pressure and is available for recovery of the pressure energy. A study 
was undertakn to select the appropriate driver-pump recovery system. For 
this study, current was assumed to be available at a frequency of 60 Hz. 

5.3.1 Background 

A comprehensive review of pump and energy recovery systems was made for the 
OSW in 1969 (Reference 4-2). The purpose of the study was to determine the 
state-of-the-art with respect to pumping equipment and the technical and 
economic feasibility of recovering energy from RO systems. 

The study concluded that the cost of energy (steam or electricity) should 
be carefully evaluated at each plant site to select the most economical 
driver. On the basis of energy costs used in the study, steam-turbine 
drivers produced the lowest pumping system costs for the larger desalina-
tion planes (106 gpd to 10^ gpd). The driver selection was less critical 
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for 10^ gpd plants. For large plants, multiple pumps were used, since no 
single large pump was available for 107 gpd applications. 

The study also concluded that cost savings resulting from adding a hydraulic 
turbine to the system depended on the following parameters, in order of 
descending importance: 

• Fresh water production rate 

• Fresh water recovery factor 

• Membrane pressure level 

• Efficiency of the energy recovery system and type of 
energy recovery arrangement 

• Service and maintenance costs 

• Good matching of the various shaft speeds 

However, the economics factors used in the report have changed considerably 
since 1969. A comparison of these costs with those used in this study is 
shown in Table 5-2. As some of the conclusions based on the 1969 figures 
may no longer be valid, a review was made of existing information on pump-
ing systems. 

Table 5-2 

ENERGY COSTS COMPARISON 

Cost Item Reference 4-2 This Study 
Base Case 

Electricity ($/kW-Hr) 0.007 0.023 (1977) 

Steam ($/106 Btu) 0.55 — 

Steam resale price ($/106 Btu) 0.15 — 

Membrane life 6 months 3 years 
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f.3.2 Approach 

Each element of the driver-pump-energy recovery system (DPER) was analyzed 
separately and the following alternatives were studied for each element: 

• Driver 
_ Number 

— Steam turbine 

— Electric motor 

• Pumps 

— Multiple small units 

— Few large units 

• Energy Recovery device 

— Type 

— Number 

— Direct drive 

— Electrical generation 

Based upon the design criteria of excess capacity, two DPER systems were 
selected for analysis based upon the Persian Gulf site, which requires 
65,000 gpm of feed flow at 900 psi for the first stage. The alternatives 
considered were: 

• Three 50 percent capacity units (two running and one 
standby) 

• Twelve 10 percent capacity units (ten running and two 
standby) 

5.3.3 Pumps 

Manufacturers were contacted about supplying pumps, and information they 
supplied was limited to presently available designs. 
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For pumps driven by a directly connected 1800/3600 rpm motor and capable 
of developing 2100 foot head (900 psi), they offered multistage units 
limited to approximately 4000 to 6500 gpm, with efficiencies of approxi-
mately 80 percent. Other pumps offered were sized from 10,000 to 30,000 
gpm, with pump efficiencies of 86 percent to 87.5 percent respectively; 
they are designed to operate from 3900 to 5200 rpm. These larger pumps 
could be used if driven by steam or gas turbines. For motor drive, gear 
sets with an efficiency of 96 percent would be required. The resultant 
efficiency would be approximately 83 percent (0.86 x 0.96), which is 
similar to smaller pumps with direct motor drive. 

Operating costs would be affected by the amount of throttling required to 
obtain the desired membrane supply pressure. With few pumps, throttling 
could be required to get the desired operating pressure, which would lower 
the operating efficiency. With many pumps, some can be shut down to obtain 
the desired operating pressure, thus maintaining better operating efficiency. 

5.3.4 Driver 

The choice of driver available at the nuclear plant is limited to either 
steam turbine or electric motor drives. 

Steam Turbines. The primary advantage of the steam turbine system is the 
large unit size which increases efficiency and lowers unit costs (Reference 
4-2). Additional equipment will be required for the steam supply and 
return system. Steam availability is affected by the requirements of the 
nuclear plant. The plant requires yearly refueling operations of 3 to 4 
weeks. This down time could be eliminated by using an auxiliary steam 
generator but this may mean additional equipment. Potential for nuclear 
contamination could require auxiliary heat exchangers. 

The cost of operation for a steam turbine system is site specific. It 
depends upon the type of reactor, whether it is a plant retrofit or 
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constructed in conjunction with the plant, and the method of evaluating 
the steam cost. 

Electric Motors. A source of electricity is the nuclear power plant. If 
the nuclear plant is shut down, electricity should be available from the 
power grid supplied by the nuclear plant. Advantages of electric motors 
are in the smaller unit size, as larger units are more expensive and pre-
sent more problems with starting and control of operating pressure. Cost 
of operation is determined by efficiency of the selected motor and cost 
of electrical power. 

5.3.5 Energy Recovery 

Impulse turbines (Pelton Wheel turbines) were selected for the energy 
recovery device based upon the available head and flows. Two manufac-
turers were contacted for pricing and efficiency information. The operat-
ing speed of impulse turbines determines whether they can be directly con-
nected to the electrical motor or are used to drive an electrical generator. 
It appears that the turbines must drive an electrical generator as the 
speed of the impulse turbine, for good efficiency, is inherently lower than 
the pump speed required to achieve the high pumping head without gearing 
or increasing the number of pump stages. The desirable pump speed without 
gearing would be 1800 rpm; the speed of a 50 percent capacity turbine 
would require a 720 rpm pump with a single set or possibly 900 rpm for a 
two jet unit. 

If the available recovery horsepower was divided among six or seven tur-
bines, the speed of turbines would only increase to 1200 rpm. To make 
this alternative viable for all direct drive would necessitate obtaining 
six pumps rated for 11,000 gpm at 1200 rpm. 

Other energy recovery systems are also available (References 5-5 and 5-6). 
The flow work exchanger directly recovers the pressure energy. However, 
it is not commercially available at the present time. The brine from the 
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second stage of a two-stage system can be pressurized to feed the first 
stage. This is feasible and should be studied further. 

5.3.6 Capital Costs 

Capital costs of the operating systems were compared for the base case 
plant at the Persian Gulf site. The basic system alternatives, with 
variations, were estimated. The results are given in Tables 5-3 and 5-4. 

The two alternatives are as follows: 

• Alternative A. A system utilizing three large pumps, 
each with 50 percent of the total required capacity, 
and related energy recovery systems. 

• Alternative B. A system of twelve small pumps, each 
with 10 percent of the total required capacity, and 
related energy recovery systems. Each of the alterna-
tives requires a total capacity of 65,000 gpm and 
900 psig discharge pressure. 

• Variations for each alternative 

— Pump drivers: both electric motors and steam 
turbines were estimated. 

— Energy recovery: hydraulic turbines with direct 
drive and with electric power generation were 
estimated. 

Each alternative has four possible combinations. These are: 

e Al and Bl. A pumping system with steam turbine drivers 
and hydraulic turbines, and direct-drive energy recovery. 

• A2 and B2. A pumping system with steam turbine drivers 
and hydraulic turbines, and electric generator energy 
recovery. 

• A3 and B3. A pumping system with electric motor drivers 
and hydraulic turbines, and direct-drive energy recovery 
system. 

A4 and B4. A pumping system with electric motor drivers 
and hydraulic turbines, and electric generator energy 
recovery system. 
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Table 5-3 

COMPARATIVE COST SUMMARY: ALTERNATIVE A ( a ) 

Cost Element 
System Variations 

Al A2 A3 

Cb) 

A4 

Direct field costs 
Building and site work 500 500 500 500 
Pumps and valves 3,800 3,800 3,800 3,800 
Pump drivers 

Steam turbine 2,500 3,600 
Electric motor 2,100 5,000 

Energy recovery 
Hydraulic turbine and direct drive 1,400 1,400 
Hydraulic turbine and generator 2,500 2,500 

Direct field.cost 8,200 10,400 7,800 11,800 
Indirect costs 700 800 700 800 

Total field cost 8,900 11,200 8,500 12,600 
Engineering services 1,100 1,300 1,000 1,500 

10,000 12,500 9,500 14,100 
Allowance for uncertainty 2T500 2,900 2,400 3.500 

Total construction cost K$ 12,500 15,400 11,900 17,600 

(a) For all cases: three pumps, each with 50 percent of total capacity; 
total capacity 65,000 gpm; discharge pressure 900 psig; total horse-
power 43,500 hp. 

(t) Al: Three 12,000 hp steam turbine drivers with three 9,800 hp Pelton 
Turbines and direct-drive energy recovery systems. 

A2: Three 22,000 hp steam turbine drivers with three 9,800 hp Pelton 
Turbines and three 7,700 kW generators energy recovery systems. 

A3: Three 12,000 hp motor drivers with three 9,800 hp.Pelton Turbines 
and direct-drive energy recovery systems. 

A4: Three 22,000 hp motor drives with three 9,800 Pelton Turbines and 
three 7,700 kW generators energy recovery systems. 
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Table 5-4 

COMPARATIVE COST SUMMARY: ALTERNATIVE B ( a ) 

Cost Element 
System Variations 

Bl B2 B3 

(b) 

B4 

Direct field costs 
Building and site work 500 500 500 500 
Pumps and valves 4,100 4,100 4,100 4,100 
Pump drivers 

Steam turbine 3,800 5,000 
Electric motor 1,400 2,500 

Energy recovery 
Hydraulic turbine and direct drive 1,600 1,600 
Hydraulic turbine and generator 2,500 2.500 

Direct field cost 10,000 12,100 7,600 9,600 
Indirect costs 800 1,000 800 1.100 

Total field cost 10,800 13,100 8,400 10,700 
Engineering services 1,300 1,600 1,000 1,300 

12,100 14,700 9,400 12,000 
Allowance for uncertainty 2.400 2,900 1,900 2,400 

Total construction cost K$ 14,500 17,600 11,300 14,400 

(a) For all cases: twelve pumps, each with 10 percent of total capacity 
65,000 gpm; discharge pressure 900 psig, total horsepower 43,500 hp. 

(b) Bl: Twelve 2,400 hp steam turbine drivers with twelve 1,950 hp Pelton 
Turbines and direct-.drive energy recovery systems. 

B2: Twelve 4,300 hp steam turbine drivers with twelve 1,950 hp Pelton 
Turbines and twelve 1,600 KW generators energy recovery system. 

B3: Twelve 2,400 hp motor drivers with twelve 1,950 hp Pelton Turbines 
and direct-drive energy recovery systems. 

B4: Twelve 4,300 hp motor drivers with twelve 1,950 hp Pelton Turbines 
and twelve 1,600 kW generators energy recovery systems. 
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5.3.7 Energy Recovery Cost Benefits 

Energy recovery appears to be a valuable addition to the reverse osmosis 
seawater conversion process. The benefits of energy recovery can be 
approximated by calculating the present worth of euergy savings. Thus, 
given a return on investment rate of 12.5 percent, a 30-year life, and a 
uniform series of payments with electric power valued at $.023 per kWh, 
the present worth can be calculated as follows: 

19,500 hp x .746 ~ x 24 hours x 330 days x - $2,600,000 per year 

The present worth of savings over the life of the plant is represented by 
the present worth factor or 7.8 times the annual savings of $2,600v000. 
This gives $21,000,000, which is several times the initial capital cost of 
the energy recovery systems. Even without detailed analysis of the system's 
operating costs, it is apparent that energy recovery is desirable. This is 
even more true if one assumes that the value of electricity will not be a 
uniform value, but will increase over the project's life. 

For purposes of the present worth calculation, it has been assumed that the 
energy recovered through direct drive has the same value as that recovered 
through electric generation. 

5.3.8 Study Conclusions 

The following conclusions can be drawn from this study: 

• The cost difference between a small number of large pumps 
and a greater number of small pumps is not a decisive 
factor. The equipment cost differences of $3,800,000 and 
$4,100,000, respectively, are within the accuracy of a 
conceptual estimate; also, future design and estimate work 
could reverse the small cost advantage of Alternative 'A'. 
The choice of large versus small pumps should more logically 
be based on evaluations of operating cost, reliability, 
and availability. The choice must be reevaluated as the 
state-of-the-art for large, high pressure, salt water 
pumps advances 
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• Turbine pump drivers are more economical Chan electric 
motors for large pumps 

• Energy recovery systems are economically desirable. Re-
covery using the hydraulic, turbine with direct-drive is 
the most economical, because it does not require a gener-
ator, and because the steam turbine or motor pump driver 
size can be reduced by the amount of direct-drive energy 
recovered 

5.3.9 Selected System for Pump and Energy Recovery 

The pump and energy recovery system selected for the first stage for the 
Persian Gulf site was twelve electric motor drives and pumps and an energy 
recovery system of three impulse turbines with electric generators. A. pump 
efficiency of 83 percent and recovery turbine efficiency of 87 percent was 
used. Pumps were selected for the other applications so that the pump flow 
was over 4000 gpm/pump and the efficiency was of comparable value. 

The system was selected for the following reasons: 

• The selected system will not strongly influence the 
capital cost 

• The cost of operation for steam turbine drives is site 
specific, whereas electric motor operating costs are only 
a function of the assumed electric power rate. If tur-
bine drives are used, they would be most advantageous in 
large units, e.g., two-pump, due to their higher effi-
ciency and lower unit cost. Pumps are available in this 
size 

• Electric drives are more advantageous in multiple units, 
e.g., ten 

• Quoted pump efficiencies ranged between 80 percent and 
87.5 percent for pumps between 4000 and 30,000 gpm 

• The ten pumps, each with a capacity of 10 percent of the 
desired plant flow, will provide flexibility in meeting 
any variations from the design total flow; i.e., starting 
or stopping of one pump will provide closer control and 
would avoid any major changes in the equipment to adjust 
for any differences between actual field operating condi-
tions and design conditions 
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• The smaller size pumps are within the present range of 
standard design with operating speeds which match elec-
tric motor speeds, thereby eli-inating the need for gearing 

• The operating electric power requirements for the motors 
of 6500 gpm pumps would be about 3,300 kW. The motor name-
plate rating of the required motor would be about 4,000 
kW. The starting current requirements for across-the-
line, full-voltage starting would be great but would not 
present the starting problem that would be incurred with 
larger unies, e.g., two 20,000 kW pump motors 

• Maintaining the 10 percent capacity pumps with salt water 
operation will be greatly simplified. The malfunction of 
one pump or motor would only cause a temporary drop of 
10 percent plant flow. It could be quickly replaced by 
the startup of one of the standby units. A maintenance 
program of rotating scheduled removal of one unit for dis-
assembly, inspection, and overhaul would not interrupt 
100 percent plant operation. Operation would be ensured 
by the availability of the second standby unit 

The analysis of pump and energy recovery systems in Reference 4-2 should 
be reviewed in light of recent developments in large pumps and changes 
in energy costs. 

5.4 PIPING MATERIALS 

High-pressure piping for the RO units represents about 10 percent of the 
equipment cost.* Due to the high pressures and large flows, piping for the 
first pass is large diameter with heavy wall requirements — about 40 inches 
in diameter and 1.5 inches thick. A review was made of available metallic, 
coated, and nonmetallic material to select the most economic alternative. 

The conditions established for piping are: 

• Flow of seawater or concentrated seawater 

• Numerous flange connections 

• Water is filtered, saturated with oxygen, has a pH of 5.5, 
and a maximum design pressure of 1000 psi 

• Velocities are a maximum of 15 ft/sec 
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5.4.1 Copper Alloys 

Copper alloys such as alloy 706 (90-10 CuNi), alloy 715 (70-30 CuNi), and 
the aluminum or nickel aluminum bronzes are normally recommended for neutral 
seawater applications. Copper nickels may experience severe corrosion in 
seawater having a pH of 5.5 and a velocity in excess of 15 ft/sec. Test 
work (not yet released) by the United Kingdon Atomic Energy Authority 
indicates that aluminum bronze, Ampco (CDA 614 made to CDA 613 require-
ments) , may be an accepted piping material for applications in a reverse 
osmosis plant. In the inlet waterbcx of a desalination heat exchanger, 
where there was high turbulence, a velocity of 8 to 12 ft/sec, and 6 to 
8 ppm of dissolved oxygen; corrosion rates of 0.6 mpy or less were 
obtained during a 2-month test. In that application, the pH was normally 
adjusted to 6.0. However, the system was subjected to a daily acid 
cleaning for 1 to 2 hours at a pH of 4 to 4.5. The system was also 
acid cleaned (pH 4) for 24 hours every 3 weeks. 

Aluminum bronze has also been used in chemical plant applications at pH 
levels near 4.0 where corrosion rates of 3 to 4 mpy are expected. 

5.4.2 Stainless Steel 

Type 316L stainless steel is sometimes used in seawater applications. How-
ever, it is very susceptible to pitting and crevice corrosion in seawater 
and susceptibility increases as the velocity decreases. Pitting corrosion 
should not be a problem if the seawater is cleaned and filtered and if the 
flow will be truly continuous with a rate of 3.5 to 15 ft/sec. Stagnant 
seawater conditions (which occur during outages unless the piping is drained 
and flushed with fresh water) or velocities less than 3.5 ft/sec initiate 
pitting. Crevice corrosion may occur, regardless of the velocity, in the 
crevices that occur at flanged joints. This problem can be reduced by 
weld-overlaying the flanges with crevice corrosion resistant materials, 
e.g. Inconel 625, Hastelloy C-276. 
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5.4.3 High-Bake Phenolic Coatings 

High-bake phenolic coatings are used primarily for high-temperature appli-
cations, such as tank and pipe linings. They have been used for many years 
and consist of organic, paint-type materials applied to sandblasted surfaces 
by conventional spray methods. The lining is used for severe chemical expo-
sures, and tanks lined with the material have been in service for as many 
as 15 to 18 years without problems. The coating has a very smooth, glass-
like surface which helps prevent scale buildup or fouling. 

The lining is quite brittle and care must be exercised to prevent mechanical 
damage. It is very difficult to repair, and field repairs — particularly 
overseas — would present a serious problem. Heat curing of the lining is 
critical, and large masses of metal, such as tank support saddles or heavy 
flanges, can act as heat sinks and cause uneven or incomplete curing of the 
coating. Flanged lengths up to 40 feet can be handled. 

5.4.4 Epoxy-Anhydride Powder Coatings 

Epoxy-anhydride powder coatings have been highly successful as exterior 
pipe coatings. Since 1972, they have been used to line the interior of 
downwell injector tubing. This piping operates at a pressure of 1800 psi 
in highly corrosive service with excellent results. 

The state-of-the-art has not progressed as rapidly for Interior linings as 
it has for exterior coatings, and the maximum diameter that can be success-
fully lined at this time is 8 inches. 

5.4.5 Fused Glass Linings 

Fused glass linings are some of the oldest successful linings in common use 
today and the manufacturer anticipates no exposure problems. Glass-lined 
pipe would have to be flanged and the anticipated massive bulk of the steel 
flanges for 1000 psi pressure would cause problems in applying the glass 
lining. The heating ovens can handle a maximum of 10-foot lengths, which 
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would result in a very high investment in flanges along. Glass is very 
brittle and would have to be carefully crated and handled during shipment 
and installation, and repairs in the field would be almost impossible. 
About the only feasible answer to the field repair problem would be to 
stock spare spool pieces that could be inserted to replace a damaged section. 

5.4.6 Hard Rubber Linings 

Rubber linings are available in soft or hard rubber. Soft rubber has a 
much higher permeation rate than hard rubber and, at 1000 psi, would prob-
ably blister and lose adhesion. Hard rubber should be able to handle the 
problem, as the highest pressure application chat can be identified is 
700 psi. Hard rubber linings can be applied by several applicators in 
the U.S. and undoubtedly in Europe as well. 

Hard rubber linings, under certain conditions, tend to become brittle on 
aging, but they can be repaired in the field. The repair procedure is 
difficult but not impossible. Fianged sections would normally be required, 
although spool lengths of up to 20 feet or more can be lined. 

5.4.7 Metallizing 

Steel can be metallized with practically any common metal. The end result, 
no matter how thick, is very porous and is generally sealed by the applica-
tion of an organic coating on the metallized surface. Since the metal 
coating is so porous, the coating resistance to a sudden pressure drop from 
the 1000 psi operating pressure down to atmospheric is questionable. Metal-
lizing could be investigated further, but there appears to be very little 
actual field experience under conditions similar to the proposed plant. 

5.4.8 Polyethylene Lined Ductile Iron 

Polyethylene lined ductile iron pipe is manufactured only up to 24 inches 
in diameter. 
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5.4.9 Concrete Pipe 

Concrete lined steel cylinder pipe is manufactured to a maximum pressure 
rating of 400 psi. It is possible that steel pipe could be cement mortar 
lined to handle the pressure, but this is normally a field application. 
Because of the relatively small quantity of large-diameter pipe involved, 
field application would probably not be economically feasible. 

5.4.10 Fiberglass Reinforced Plastic (FRP) 

Fiberglass Reinforced Plastic is not a recommended material of construction 
for 1000 psi or 500 psi pipe in the system. These pressures exceed the 
pressure ratings for currently available FRP pipe. For the remainder of 
the system, at or below 150 psi, FRP pipe is a viable candidate material. 

5.4.11 Piping Material Selected 

Stainless steel was selected for the piping system. Under suitable operat-
ing conditions, it can be used in seawater. It is better than lined systems, 
which are susceptible to imperfections in the linings. This is important, 
as the integrity of high-pressure piping is vital for a high availability 
factor for the water plant. 

Flushing systems must be incorporated into the design to prevent pitting 
during shutdown. The flush water must be of low chloride content and is 
obtained from the product water tank. Further studies should be made into 
metallic systems, as there remains a need for improvement in these systems. 

Lined pipe materials are potentially feasible for some parts of the system. 
The choices, in order of merit are: 

• Hard rubber 

• High-bake phenolic 

• Fused glass 
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Rubber or phenolic linings should only be considered on pipe diameters of 
30 inches and larger. This diameter would allow a workman to enter to in-
spect and repair the pipe. This subject requires further investigation. 

5.5 DESALTING PLANT DESCRIPTION 

Seawater is obtained from the nuclear plant intake system. The seawater is 
chlorinated. It then enters the premix tank prior to entering the four 
clarifiers. From the clarifiers it goes to the gravity filters, followed 
by storage in the filtered water storage tank. Chemical additives are 
added prior to introduction of the feedwater to the RO system. The water 
is pumped from the filtered water storage tar.k through cartridge filters 
and then to the first stage high-pressure pumps. From the high pressure 
pumps, the water is fed through high-pressure stainless steel piping to the 
RO trains. Each of the numerous trains can be controlled or shut down 
individually. For the first stage, the trains are about 400,000 gpd ln 
size. The product water enters the intermediate product storage tank, and 
the brine is rejected back to the sea. The water from the intermediate 
product storage tank is pumped to the second stage of the two-stage system 
wnere these waters are blended with product water from the first stage. 
The resulting product is then decarbonate and chemically treated before 
it enters the product water storage tank. The reject brine from the first 
and second stage enters the turbine building where it is expanded through 
Pelton Wheel turbines to generate electricity. This electricity is used 
within the plant to provide power. The brine from the second stage is 
reused in the first stage. 

The RO building has a central pipeway for feeding seawater to, and collect-
ing brine from, the RO elements. Membrane modules are mounted on both sides 
of this pipeway. Space is provided at each end of the modules for replace-
ment of elements if necessary. In the event a complete module must be 
replaced, a portion of the side of the building can be removed. 

Additional space is provided for -membrane storage and for a cleaning facil-
ity. The membrane storage provides for a 3-month supply of RO elements. 
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This space is air-conditioned to protect these elements. The cleaning 
facility, which has a 5,000-gallon tank, is used for monthly cleaning of 
the SO elements. 

Instrumentation is provided to control the reject flow through the various 
RO control blocks. This assures that the desired recovery ratio is obtained 
on Che various trains (control blocks). The computer-controlled system 
monitors the performance of all trains and alerts operators to take correc-
tive action in ehe event of unacceptable water quality. This computer also 
controls the high-pressure feed pumps so that the required number are in 
operation for the required operating conditions. 

An administration building is provided that also includes a laboratory and 
machine shop. 

An electrical switchyard is provided that obtains its electrical power 
from the nuclear plant. The switchyard is arranged so that in the event 
of a shutdown of the nuclear plant, electrical power is still available 
from the power supply grid. 

Space is provided adjacent to the site for another parallel train of the 
same size as the base plant. Common usage with the base plant of chemical 
offloading systems and operating and maintenance centers is planned. 

5.6 PERSIAN GULF PLANT 

On the basis of the selected membrane system and the information presented 
in the preceding sections, a conceptual design was developed. The design 
is a two-stage system with an overall recovery of 26 percent. No preheating 
of the feed water takes place. There is a first-stage operating pressure 
of 900 psi and a second-stage pressure of 470 psi. A total of 95 Mgd of 
seawater is required co produce the 25 Mgd of product water. 
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5.6.1 Process Description 

Figure 5-1 illustrates the symbols used in the conceptual piping and instru-
mentation (P&ID) drawings, of Figures 5-2 and 5-3. Figure 5-2 (Drawing P-l) 
shows the pretreatment system; Figure 5-3 (Drawing R-l) shows the reverse 
osmosis system. These two drawings also show the major pipe sizes and in-
strumentation. 

The major equipment is presented in Tables 5-5 through 5-7. Table 5-5 
describes the pretreatment system equipment; Table 5-6 describes the mem-
brane system; and Table 5-7 describes the piping for the RO system. 

5.6.2 Facility Layout 

A plot plan for the Gulf site is shown in Figure 5-4 (Drawing S-l) and an 
artist's rendering of the facility is shown in Figure 5-5. These drawings 
depict the arrangement of buildings, the pretreatment system, and the pump and 
energy recovery system, as well as the space allocated for future expansion 
for an additional 25 Mgd plant. 

The plant site occupies 32 acres (exclusive of intake and outfall facilities), 
a substantial part of which is for the clarifiers in the pretreatment system. 
If clarifiers were not needed (as would be the case with in-line floccula-
tion), only 18 acres of plant area would be required. 

5.6.3 Operation and Maintenance 

The chemical requirements are given in Figure 5-2. A total 
pounds of chemicals are needed each day, and of this total, 
pounds are sulfuric acid. 

of 127,140 
102,000 
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INSTRUMENT SYMBOLS 

PRIMARY PROCESS LINE C I CONDUCTIVITY INDICATOR 

01 RESIDUAL CHLORINE 

SECONDARY PROCESS LINE 

CONTROL SIGNAL 

REFERENCE 

LORA . OR PANEL MOUNTED 
INSTRUMENT OR DEVICE 

A P PRESSURE DROP 

F I FLOW INDICATOR 

LI LEVEL INDICATOR 

pH pH 

P I PRESSURE INDICATOR 

T I TEMPERATURE INDICATOR 

T U TURBIDITY 

V S VARIABLE SPEED 

f'NG 
i 
TOR 

RS 

HANDLING EQUIPMENT 

PRESSURE VESSELS 

ds Drawing 

PIPING 

XX - XX - XX 

BR BRINE 
C L CLEANING 
F D FEED 
FL FLUSH 
P R PRODUCT 
RT RETURN 

PIPE MATERIAL 
LINE SIZE- INCHES 
SERVICE 

SS-316 SSL 

FR - FRP 

BECHTEL 



EQUIPMENT 

HORIZONTAL CENTRIFUGAL PUMP 

VERTICAL PUMPS 

LINES 

CUD TANK OR PRESSURE VESSEL 

0 
CHEMICAL FEED PUMP 

/ / / / / / DRY FEEDER 

RADIAL INFLOW TURBINE DRIVE 

GnlVE^ATOR 

MIXER 
n \ 

CONTROL VALVE EQUIPMENT NUMBEI 
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CYLINDER ACTUATED VALVE C CHLORIN/ 

t NORMALLY OPEN) 
F FILTERS 

CYLINDER ACTUATED VALVE 
G GENERATE 

(NORMALLY CLOSED J K TURBINE 

CHECK VALVE 
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T TANKSOR 
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Figure 5-1. Symb 
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Table 5-5 

GULF SITE - PRETREATMENT SYSTEM 
MECHANICAL EQUIPMENT LIST 

Equipment Daicrlptlon 

Intake Pimps 
P-l 

Quantity 
Jyp« , 
Capacity Efficiency Driver Material 

Three Vertical 
39.300 gpn at SO faat 851 
Induction motor 600 HP 116 aa 

Preaix Tank 
T-X 

Quantity 
Voltna 
Slse 
Material 

Ona 
237.000 gallona 
52 ft. dicaecer * 16 fe. 
Concrete 

Clarifier 
T-J 

Quantity Dlaaaear 
Dapth 
Typa 
Material 

Four 
22S faac 
12 feat 
Sludge blanket, integral floculaeor 
Concrete tank, seeel bridge, coated ataal 
aechaalaa 

Clearvall 
T-3 8 8 8 2 * 

Size 
Material 

Ona 
2,230,000 gallons 
100 fe. E loo fe. x 30 ft. daap 
Concrete 

Gravity Filters 
P-l 

Quantity 
Area/Filter 
Surface Xaea 
Plow Control 
Backwaah 
Slaanalons 

32 (8 groups of 4 filter*) 
1190 ft* 
2 gpn/ft1 
Adjustable cverflow well 
Puaped <aax. 4 filter* siaultanaoualy) 
34' 6" x 34' 6" x 16' daap 

Clearwell Puop* 
W 

Quantity Typa 
Capacity Efficiency Driver Material 

Two 
Vertical 
75.000 ggm ac 30 ft. 851 
Induction motor 1200 HP 316 aa 

Filtered Water 
Storage Tank 

T-4 

Quantity 
Voluaa Size Material 

Ona 
4.300,000 gallona 130 fe, dlaaeeer x 50 ft. tall 
Concrete 

Backwash Receiver 
Task 

1-5 

Quantity 
Voluaa 
Size 
Material 

Ona 
1.300.000 gallon* 90 fe. X 90 fe. X 23 fe. deep Concrete 

Backwash Raceiver 
Tank Puap 

Quantity 
I** . 
Capacity 
Efficiency 
Driver 
Material 

TWO 
Vertical 
21.000 gin at 50 faat 
s n 
Induction ooeor 330 HP 
316 aa 
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Table 5-5 (Continued) 

GULF SITE - PRETREATMENT SYSTEM 
MECHANICAL EQUIPMENT LIST 

Equipoenc 
t 

OaicrLpcion 

Altai Feed Syteam 
Bulk Storage 

T - S 

Quantity Voliae Size Material AuxiUariai 

One 10,000 ft' 
30 ft. diaaecer x JO ft. Rubber lined concrete 
Pnetmatlc conveying system, to day hoppar and cop of *llo, level indicator, bin activator, duet collection syecaa 

Day Hopper 
7-1 

Quantity VollMe Size 
Meterlal 
Auxiliaries 

One 100 ft> 10 fe. diaaater, 60° cone., 13 ft. atr. •Ida 
316 •* Juat collector, eve faad lege, bin activator, level indicator 

Bry Feeder 
H-l 

Quantity 
*rpe Size Material 

Two Volumetric 90 fcl/hour 316 •• 

Mis Tank 
T-« 

Quantity Slza Material Auxiliaries 

Ona 
2000 gallon* 316 *s Cover. di»*olving baakat, level controller, high low level alarm contacta, fill drain and affluent connaccioao 

reed Tank Quantity Slza 
Material Auxiliaries 

One 2000 gallon* 316 u Cover, level controller, high low and puap cutoff level contact* 

Feed Tiape 
P-5 

Quantity 
Capacity Driver Material 

Five Diaphragn 600 gpti 
Induction oocor 3 HP Vetted part* 316 a* 

Mixer 
M-2 

I 

Quantity ! Two Type Tank aotmted, propeller Size ; 1 HF 
• 

1 Polyoer Feed 
( Syacea 

Day Hopper 
T-iO 

i 

Quantity One Voluae 100 £e3 
Size diameter. 60° cone. 10 tt. itr. side Material Carbon S c a e l Auxiliaries Laval indicator, dust collaccor, bin accivacor. cuo feed leg* 
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Table 5-5 (Continued) 

GULF SITE - PRETREATMENT SYSTEM 
MECHANICAL EQUIPMENT LIST 

E q o l p a e n c D e s c r i p t i o n 

D r y T—dmi 

H - J 

Q u a n c i c y 
T y p e 
S i z e 
M a t e r i a l 

Tua 
V a l i n e e r i c 
32 f t 3 / h o u r 
C a r b o n S c a e l 

Mix Tank 

T - l l 

Q u a n t i t y 
S U a 
M a t e r i a l 
A u x i l i a r i e s 

One 
1500 t a l l o u 
304 s s 
C o v e r , l e v e l c o n t r o l l e r , h i g h l o w a l a r a 

c o n t r a c t s 

r e a d t a n k 

T - 1 2 

Q u a n t i t y 
S t u 
M a t e r i a l 
A u x i l i a r i e s 

Oaa 
1500 g a l l o n s 
3 0 4 » • 
C o v e r , l e v e l c o n t r o l l e r . h i g h l o w and 

poop c u t o f f l e v e l c o n e s e C s 

F e e d M f 

M 

Q u a n t i t y 

fsk'* 
M a t e r i a l 

Two 
D i a p h r a g m 
600 a n 
I n d u c t i o n n o c o r 3 BP 
W e t t e d p a r e s 316 s s 

K U e ? 

K-4 

Q a a n c l t y 
& 

Two 
Tank a o u n t e d , p r o p e l l e r 
1 / 2 W 

A c i d r e e d i r m 

• o i k S t o r a g e 
T a n k 

t - 1 3 

Q u a n t i t y 
V o l u a a 
S i u 
M a t e r i a l 

On* 
3 0 0 . 0 0 0 g a l l o n s 
}U> d i a a e t e r x 3 0 ' u U 
C a r b o n S e a a l 

A d d Day 

T - 1 4 S i z e 

One 
1 2 . 0 0 0 g a l l o n s 
1 2 ' d i a a e t e r z I S ' s c r . s i d e 

A o i d f u a p e 

! 

Q u a n t i t y 
* n > e , 

M a t e r i a l 

TVo 
D i a p h r a g x 
410aSr 
I n d u c t i o n a o e o r 3 Bf 
A l l o y 20 v e t t e d p a r t s 

S o d l u a l U i — c a -
s h e s p h a t e ! « • < 
I j n c a 

B o p p e s 

J»-S 

l 

E S S " 
S i t e 
A<a:«r laL 
A u x i l i a r i e s 

One 
J , 0 « 0 « e 3 

1 2 ' i t a w e e c . « 0 ° c o n e . 30 fie. s t s . s l d a 
3 0 4 «a 
O u s t e o l l a e e o r , b i n a c t i v a t o r , l e v e l 

i n d i c a t o r , two Seed Legs 

i 
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Table 5-5 (Continued) 

GULF SITE - PRETREATMENT SYSTEM 
MECHANICAL EQUIPMENT LIST 

• 

Equipment Description 

Dry Feeder 
M-6 

Quanelcy 
Type 
Size 
Material 

Two 
Voluoeeric 
9 fcJ/hour 
316 as 

Mix Tank 
T-15 

Quantity 
Size 
Material 
Auxiliaries 

One 
100 gallons 
304 as 
Dissolving basket, cover level controller, 
high low level alarms 

Faad Tank 
T-l« 

Quantity 
Site 
Material 
Auxiliaries 

One 
100 gallons 
304 ss 
Cover, level controller, high low and 
pump cutoff level controls 

Faad Piatps 
p-8 

Quantity 
Typ* 
Capacity 
Driver 
Macarlal 

Two 
Diaphragm 
120 gph 
Induction aocor 
316 ss waccad pares 

Sodlua Siaulfita 
Faad Syaeaai 
Koppar 
t-17 

Quantity 
Voluae 
Slxa 
Materia L 
Auxiliaries 

One 
1960 fc3 
12' dlaaeeer, 60° cone, 20' ser. slda 
304 as 
Dusc collection syeeaa, bin activator, 
level indicator, two feed legs, 
pnauaaclc loading syaeaa 

Dry Faadar 
M-7 

Quanticy 
S F * Site 
Macarlal 

Two 
Volunecrlc 
6 £c.J/hour 
316 ss 

Mix Tank 
T-1B 

Quanelcy 
Size 
Material 
Auxiliaries 

One 
130 gallon* iOk ss 
Dissolving basksc. covar. level controller, 
high low level controls 

Faad Tank 
T-19 

Quantity One 
Site j ISO gallon* 
Material j 30b is 
Auxiliaries ! Cover. Laval controller, high low and 

1 pump cue off controls 
i 
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Table 5-5 (Continued) 

GULF SITE - PRETFEATMENT SYSTEM 
MECHANICAL EQUIPMENT LIST 

Equipaent Description 

Feed Pus? 
P-9 

Quanciey Tyua Capacity Driver Material 

Two 
Diaphragn 1.90 gph Induction notor 2 HP 316 ee vetted parte 

Mixer 
M-» 

Quantity is: Too Tank novated. propeller L/U Ht 

Cartridge Filter* 
r-z 

Quantity Slxa 
3ft 
25 Micron 

Chlorlnatora 
C-l 

Quantity Type 
Two SodluB hypochlorite eolation generator 

Boo*car Pump 
P-l 

Quantity In* , 
Drjver'* Efficiency 
Material 

Two 
Centrifugal 65.000 gpa/113 feet head Induction aotor/2300 HP 
316 so 

Sludge Pusp 
P-4 

Quantity 
J7*' . 
Capacity Driver Efficiency Material 

•too 
Cencrlfugel 3.300 gpa/20 feet Induction aotor/25 HP 
SOX 316 ss 
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Table 5-10 

GULF SITE - RO UNITS, POST TREATMENT & CLEANING SYSTEM 
MECHANICAL EQUIPMENT LIST 

Equipnent Description 

First Pass Faed 
pumps 
P-U 

Quantity 
Typa 
Capacity/Head 
Orivar 
Bfficianey 
Material 

12 
Horizontal Centrifugal 
6900 9PM/2100 feet 
Induction Motor/4S00 Hp/1780 RPM 
83% 
316 55 

roapi 
P-12 

Quantity 
typa 
Capacity/Head 
Orivar 
Material 
Efficiency 

] 
Horizontal Centrifugal 
8300 gpa^llOO feat 
Induction Motor/1000 BP 
316 SB 
83* 

First Fasn Energy 
Recovery Turbine 
i Generator 
K-l, G-L 

Quantity 
Typa 
Flow 
Efficiency 
teMntat 
Efficiency 

3 
Xapulsa (Felton) 
22,300 gpa 
87* 
1,500 SM/0.9 P.T. 
96« 

Second fasa Enerqy 
Recovery Turbine 
t Generator 
K-2, S-2 

Quantity 
Typa 
Flow 
Efficiency 
Generator 

2 
Xnpulsa (Felton) 
.7,100 « a 
05% 
2S0 Ew/0.9 P.F. 

First Pui BO 
Doit 
SO-1 

do. of Modulas 
Elements/Module 
Eleaanta 
Masrtirsna Typa 
Capacity 

63 
336 
6* Spiral Hound 
Casvoaita 
430,000 GFD/Nodula 

Second (ul 10 
Unit 
to-i 

Bo. of Modules 
Slaaanta/Kadule 
Elaaanta 
Mssibrana Typa 
capacity 

14 
336 
8* Spiral Hound 
Ceapoait* 
1,400,000 GPO/Nodule 

Turbine Bypass 
Valve for 1-1 

Quantity 
Capacity 
Typa 
Sisa 

3 
22,500 ggm 
Sleeve 
IS inch 

Turbine Bypass 
Valve for T-2 

Quantity 
Capacity 
Typa 
Size 

2 
2,100 gpea 
Sleeve 
6 inch 

Decarbonator 
X-20 

Quantity 
Capacity 
Size 
Hatarial 
Miscellaneous 

3 
18,000 gpa total 
12* 00 x 10' height 
Rubber Uned Carbon Steel 
Blower, 1 eacb, 4000 efa/l.J HP 
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Table 5-5 (Continued) 

GULF SITE — RO UNITS, POST TREATMENT & CLEANING SYSTEM 
MECHANICAL EQUIPMENT LIST 

Equipment Deacriptioa 

i B w m d l t c i 
Product Surg* 
Tank 
T-21 

Quantity 
Capacity 
Size 
Materiel 

One 
540,000 gallons 
60' x 60' x 20' haiq.1t 
Concrete 

Product Water 
Surge Tank 
T-22 

Quantity 
Capacity 
Slxa 
Matarial 

One 
240,000 gellons 
40' x 40' x 20' 
Concrete 

Llaa^Mdltlon 

Balk Storage 
T-23 

Quantity 
Voluae 
Site 
Material 
Auxiliary 

One 
2.400 ft3 
12* OO x 24' height 
Steel 
Hopper agitator, dust collector, level 

indicator 

Say Boppar 
M 4 

Quantity 
voluae 
Sixe 
Matarial 
Auxiliary 

One 
«0 ft3 
3.S OD x 7' height 
Steel 
Cover, level controller 

Dry reader 
H-9 

Quantity 
Type 
Sixe 
Katarial 

Two 
voluaetrie 
10 ftJ/hr 
316 SS 

Cleaning Syetaa 
Cleaning 
Solution raad 
Tank 
T-26 

Quantity 
Voluae 
Size 
Auxiliary 

On* 
5,000 gallona 
11' OD x 6* B 
Fiberglass 

Cleaning 
Solution reed 
Puap 
P-13 

Quantity 
Type 
Capacity/Head 
Drive? 
Material 

Two 
Centrifugal 
2,000 gpa/lSO feat 
Electric Hotor/100 bp 
316 SS 

read Hopper 
Screw Feeder 
s-10 

Quantity 
Type 
Size 
Matarial 

Two 
Voluaatrlc 
SO ft3/hour 
316 SS 

Fluah Puap 
P-14 

Quantity 
Type 
Capacity/Head 
Driver 
Material 

Thrae 
Centrifugal 
7,000 gpo/140 ft/SOO gpa/140 ft 
Electric Motor (2) 350/(1) 25 OP 
316 SS 



64 

Table 5-5 (Continued) 

GULF SITE - RO UNITS, POST TREATMENT & CLEANING SYSTEM 
MECHANICAL EQUIPMENT LIST 

Squipaent oaacripelon 

Product f»t«r 
Puap 
P-1S 

Quantity 
*yp« 
Capacity 
Driver 
Material 

Two 
Centrifugal, vertical 
19,000 gpa/20 ft 
•leotric Motor, 123 BP 
•root* 

Bypui water top Quantity 
Capaoity 
Driver 
Natarial 

Two 
Centrifugal 
3200 gpa/40 ft 
Electric Motor, 40 BP 
31C SS, «0 
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Table 5-10 

GULF SITE - RO UNIT 
MAJOR PIPING LIST 

Description 
Dia. 
(in.) 

Schedule or 
Ihlckaass (in.) 

Length 
(Ft) Material 

lse Pass Feed 

1st Pass Brine 

2nd Pass Feed 

2nd Pass Sriss 

Produce 

46 
30 
16 
12 
40 
28 
14 
24 
16 
8 
6 

72 
60 

24 
10 

1.3 
1.23 

80S 
80S 

1.23 
1.23 

SOS 
80S 
8 OS 
SOS 
80S 

270 
100 
100 
80 

200 

330 
120 
120 

120 

120 
330 

1600 

600 

700 
800 

316 L 

TO 

Miscellaneous 6 
6 

4 
1% 
6 
1% 

80 
40 
40 
40 

9360 
1010 
300 
1C00 
5700 

600 

316 I. 

FHP 

Valves 

Dia. (in.) Bating 

600 lb. 
300 lb. 
600 lb. 
300 lb. 

Siafeer Description 

195 
42 
65 
14 

Motor operated 
Motor operated 

check 
check 
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Figure 5-4. Drawing S-l — Conce 
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The net electrical usage is 26.2 MWe. 

Usage 
Intake, pre- and post treatment 
RO system 
Miscellaneous 

Gross power 
Energy recovery 

Net power 

5.7 CARIBBEAN PLANT 

On the basis of the selected membrane system and the information presented 
in the preceding sections, a conceptual design was developed. The design 
is-a two-stage system with an overall recovery of 40 percent. No preheating 
of the feed water takes place. There is a first-stage operating pressure 
of 900 psi and a second-stage pressure of 450 psi. A total of 61.9 Mgd 
of seawater is required to produce the 25 Mgd of" product water. 

5.7.1 Process Description 

Figures 5-6 and 5-7 are conceptual piping and Instrumentation (P&ID) draw-
ings. Figure 5-6 (Drawing P-2) shows the pretreatment system; Figure 5-7 
(Drawing R-2) shows the RO system. These two drawings also show the major 
pipe sizes and instrumentation. (See Figure 5-1 for list of the symbols on 
the drawings.) 

The major equipment is presented in Tables 5-8 through 5-10. Table 5-7 
describes the pretreatment system equipment; Table 5-6 describes the mem-
brane system; and Table 5-7 describes the piping for the R0 system. 

5.7.2 Facility 

A plot plant for the Caribbean site is seen in Figure 5-8 (Drawing S-2). 
This drawing shows the arrangement of buixdings, the pretreatmect system, 

This is composed of the following: 

MWe 

3.2 
36.9 
0.8 

40,9 
(14.7) 
26.2 



nmmni 

6i 

— ffliuMiiiiiuiiiMiigiM'iiMi m! J J J J J J J • 1 1 i i i i i i i i J i i f|") I I I I 111.' I11111 m i i i i i 

OUKfilT̂ .̂ i 
nosau nu • • 0 • ' m w 'i n n n n 
pjm um am tm MM u 

am *.» i» m m.% 
utmm ff m am nw mm nm • H »« ti u i? 

— " - ~ 

Figure .5-6. Drawing P-2 — Pretreatment System, Conceptual P&I ) 



cay-:,'," 
m„ 

sir--

ttirnammmmmm 

i J i n n m i i M i i i i i i frn i i i i i i 

if--"if • 

rf'Z&t: t'' > 

day--. 

1 t ) 4 
• a ( • w n n n 
m an m 
M m 2. It 
,tn n,i9 MM n.m ii at 11 if 

• -

OttKUJttrTMS MO. mnm M'l 
» OUi Ml ASCI, 1 MM 
• <UM • 
» wia 1 m 
• 
Mwiai-mAMMMMn t« m 

• UUWKKI9 M* •• 111 mm 
0 MIMMIrtWflt I am CMCMftttM 0» 

System, Conceptual P&I Diagram, Caribbean Site 



BLANK PAGE 



BLANK PAGE 



70 



70 

i uu f n I 1 1 ! 1 ! J 1 J 1 I I 1 ! J 1 

I0<t 
—n» iwi to. MiiiaoMii -
in- inm (.imaMi/amu 

u« m a inn 
i-» r-ii tKMMIMai MJMO 10 

u«iM«wm 

1 sua i B IJ® mmarn fT 1 m w 
r r a 

'i^yS '»" 

.fir 

H P 

— I—'tig 
WHHL III HIICIIII 

-mmiaiaiMBaant 

Conceptual P&I Diagram, Caribbean Site 

m> 
CMW 
ROMUl 1 IIIIMH mm in • r m r=-

• d • -I [T 
1 " * 



71 

Table 5-10 

CARIBBEAN SITE - PRETREATMENT SYSTEM 
MECHANICAL EQUIPMENT LIST 

Equlpaanc •• - - 1 Deecrlpcion 

Intake Papa 
P-l 

Quantity 
Typa • 
Capacity 
Efficiency 
Drlvar 
MaearUl 

Thraa 
Vartical 
26,000 spa at SO feet 
831 
Induction aotor 400 HP 
316 SS 

Praaix Tank 
T-l 

Quantity 
Voliaa 
Slza 
Material 

Ona 
136.000 «allon» 
61 faat dlaaatar x 16 faat 
Concrata 

Clariflar 
T-2 

Quantity 
Slaaatas 
Dapch 
W Matarlal 

Four 
180 fait 
12. faat 
Sludge blankat, integral floculator 
Conor*ca tank, ataal bridge, eoatad ataal 
aachanlaa 

duu.mll 

1.1 
Quantity 
Voluaa 
Slza 
Material 

Ona 
1,500,000 zallona 
90 feet x 90 feet x 23 faat daap 
Concrete 

Scarier Filtara 
T-l 

Quantity 
Araa/Flltar 
Surface Rata 
Plow Control 
Backvaab 
Dlaaoalona 

32 (8 groupa of 4 flltara) 
784 ft2 
2 apa/ft* 
Adjuatabla overflow walr 
Piapad (maxiaua 4 flltara aiaulunaoualy) 
29 seat x 28 faac x 16 faat daap 

Claaxvall Puape 
P-2 

Quaatley 
T7P« , 
Capacity 
Efficiency 
Drlvar 
Matarlal 

TWO 
Vertical 
49,000 gpa at 30 faac 
831 
Induction aotor - 750 HP 
316 SS 

Flltarad Wacar 
3toraga Task 

T-4 

Quantity 
Voliaa 
Slza 
Matarlal 

Qoa 
3,000,000 gallona 
110 faat dlaaatar x 43 teat tall 
Concrata 

Backvaab Raceivar 
Tank 

T-5 

Quantity 
Voluaa 
Slza 
Matarial 

One 
1,000,000 gallon* 
75 faat x 75 faat x 25 feat daap 
Concrata 

Sacfcwaeh Receiver 
lank puapa 

M 

Quantity 
Capacity 
Efficiency 
Orlvas 
Matarlal 

Two 
14.000 apa at 50 faat 
83S 
Induction aotor - 250 HP 
316 SS 
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Table 5-5 (Continued) 

CARIBBEAN SITE - PRETREATMENT SYSTEM 
MECHANICAL EQUIPMENT LIST 

Equipment Description 

Alum Feed Syataa 
Bulk Storage 

T-6 

Quantity 
Volume 
Size 
hacerlal 
Auxillariaa 

One 
20.000 £c3 
25 faac disaster x 50 feet 
Rubber lined concrete 
Pneumatic conveying syatan to day hoppar 
and top of silo, level Indicator, bin 
activator, duet collection system 

Day Hopper 
T-7 

Quantity 
Voluaa 
Slza 
Material 
Auxiliaries 

One , 
530 ft3 
8 feet disaster, 60° ccne, 13 feet 
straight slda 

316 aa 
Dust collector, two feed lags, bin 
activator, level indicator 

Dry Faadar 
M-l 

Quantity 
Type 
Size 
Material 

Two 
Volumetric 
55 ft3/hour 
316 aa 

Mix Tank 
T-8 

Quantity 
Slza 
Materiel 
Auxlliarlea 

One 
1.200 gallona 
316 as 
Cover, dissolving basket level controller, 
high low elans contacts, fill drain and 
affluent connectlona 

Feed Tank 
T-9 

Quantity 
Size 
Material 
Auxlliarlea 

Ona 
1.200 gallona 
316 ss 
Cover, level controller, high low and puap 
cutoff level contacts 

Faad Puaps 
P-5 

Quantity 
I"1" , 
Capacity 
Driver 
Material 

Four 
Diaphragm 
600 gph 
Induction motor • 3 HP 
Wetted Parte - 316 sa 

Mixer 
M-2 

Quantity 
Type 
Size 

Two 
Tank Mounted, propeller 
1/2 HP 

Polymer Feed 
Syieaa 
Day Hopper 
T-10 

Quantity 
Voluoe 
Size 
Material 
Auxiliaries 

One „ 
67 ft3 
3 ft. die.. 60° cone, 13 ft. str. side 
Carbon steel 
Level indicator, duet collector, bin 
activator, two feed legs 
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Table 5-5 (Continued) 

CARIBBEAN SITE - PRETREATMENT SYSTEM 
MECHANICAL EQUIPMENT LIST 

Equipment Description 

Dry Feeder 
M-3 

Quantity 
Type 
Siza 
Material 

Two 
Volumeeric 
32 ftJ/hour 
Carbon aceei 

Mix Tank 
T-ll 

Quantity 
Slza 
Material 
Auxlllarlae 

Ona 
1,000 tallona 
304 aa 
Cover, lavel controller, high low alarm 
contacta 

Feed Tank 
T-12 

Quantity 
Siza 
Macaxlal 
Auxiliaries 

One 
1,000 gallona 
304 ss 
Cover, leva! controller, high low and 
puap cutoff level contacta 

Faad Puap 
P-6 

Quantity 
Capacity 
Driver 
Material 

Two 
Diaphragm 
400 gph 
Induction motor - 3 HP 
Uatted parts - 316 aa 

Mlaer 
M-4 

Actd Faad Syaeaa 
Bulk Storage 
Tank 
T-13 

Quantity 
Type 
Size 

Two 
Tank mounted, propeller 
1/2 HP 

Mlaer 
M-4 

Actd Faad Syaeaa 
Bulk Storage 
Tank 
T-13 

Quantity 
Volume 
Size 
Macerial 

Ona 
323.000 gallona 
44 ft. diameter x 30 feat call 
Carbon steel 

Acid Day Tank 
T-14 

Quantity 
voltxae 
Slza 
Maearlal 

One 
3.000 gallona 
10 ft. diameter x 14 ft. ttr. aide 
Carbon steel (1/2" plate) 

Add Puops 
P-7 

Quantity 
Type 
Capacity 
Driver 
Material 

Two 
Diaphragm 
270 gph 
Induction motor - 2 HP 
Alloy 20 watted parte 
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Table 5-5 (Continued) 

CARIBBEAN SITE - PRETREATMENT SYSTEM 
MECHANICAL EQUIPMENT LIST 

Equipment Description 

Sodium Hexaaata-
phoaphata Faad 
Syetem 
Hoppar 
M-5 

Quantity 
Volume 
Site 
Material 
Auxiliaries 

Ona 
2.030 ft3 
12 ft. disaster, 60° cone, 20 ft. str. slds 
304 as 
Dtiat collector, bin activator, laval 
Indicator, two feed legs 

Dry Faadar 
M-G 

Quantity 
Type 
Size 
Material 

Two 
Volumetric 
6 ftVhour 
,316 ss 

His Tank 
T-15 

Quantity 
Size 
Matarlal 
Auxiliaries 

One 
73 gallons 
304 *s 
Dtaaolving baakat, cover, level controller, 
high low laval alaraa 

Faad Tank 
T-1S 

Quantity 
Sice 
Matarlal 
Auxiliaries 

One 
73 gallons 
304 ss 
Cover, level controller, high low and 

p u m p cutoff level contacts 

Faad Pumpe 
P-8 

Quantity 
I7** < 
Capacity 
Driver 
Material 

Two 
Diaphragm 
SO gph 
Induction motor - 1 HP 
316 aa wetted parts 

Sodi-as Bisulfite 
Faad System 
Hoppar 
T-17 

Quantity 
Volume 
Slza 
Material 
Auxiliaries 

One , 
1,310 ft3 
12' diameter, 60° cone, 12' scr. side 
304 ss 
Dust collection system, bin activator, 

level Indicator, two faed lags, 
pneumatic loading system 

Dry Faadar 
M-7 

Quantity 
Typa 
Size 
Matarlal 

Two 
Volumetric 
4 ft3/hour 
316 ss 

Mix Tank 
T-l« 

Quantity 
Size 
Matarlal 
Auxiliaries 

Ona 
100 gallons 
304 sa 
Dissolving basket, cover, laval controller 
high low level contacts 
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Table 5-5 (Continued) 

CARIBBEAN SITE - PRETREATMENT SYSTEM 
MECHANICAL EQUIPMENT LIST 

Equlpoant | Qaacription 

Tfi link 
T-l» 

Quantity SUa Matarlal AusUlarlaa 

Ona 100 gallons 304 ia 
Covar, laval controllar. hl*h low and pump cutoff controls 

load Ptap 
W 

Quantity 
Capacity Orlvar 
Matarlal 

Two Slaphran 
123 (ph Induction motor - 2 HP 316 •• vactad parta 

Mixar Quantity 
liK 

Two 
Tank mounter. propallar 1/4 HP 

Cartrldga 
riltara r-i 

Quantity Sit* 
24 
25 Micron 

Cblextaatota 
0-1 

Quantity Typa 2 
Sodlus hypochlorite solution generator 

Scoiur Piap 
r-3 

Quantity 
Capacity Drtvar Efficiency Macarlal 

Two Centrifugal 
43.000 tpo/113 faat Induction Kotsr/1300 HP »n 116 •» 

Slud(* Punp 
P-4 

Quantity 
I"* . 
Capacity 
Drlvar 
Efficiancy 

Two Centrifugal 2,200 gpa/20 faat Induction motor/20 HP SOX 
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Table 5-10 

CARIBBEAN SITE - RO UMITS, POST TREATMENT, & CLEANING SYSTEM 
MECHANICAL EQUIPMENT LIST 

Equipaent Description 

Firat lui Feed 
Puap* 

P-U 

Quantity 
Type 
Capacity/Bead 
Driver 
Efficiency 
Material 

12 
Horizontal Centrifugal 
4,300 gpa/2,100 feet 
Induction Motor/3,000 HP 
43% 
316 SS 

Second Paes Paad 
Puape 
P-12 

Quantity 
Typa 
Capacity/Head 
Driver 
Efficiency 
Material 

3 
Horizontal Centrifugal 
7, SOO gpa/1,050 fee". 
Induction Motor/2,S00 HP 
83% 
316 SS 

Pirat Paaa Energy 
Slacovsry Turbine 
t Generator 
K-1. 0-1 

Quantity 
t y p * 
Now 
Efficiency 
Generator 

2 
Xapulaa (Pelton) 23,300 gpa 
87% 
7,900 W/r .9 PF 

Sacond Paaa 
Enarqy Bacovery 
Turbine t 
Generator K-3, 0-2 

Quantity 
S K 
Efficiency 
Generator 

2 
lapulae {Palton) 
1,900 ana 
85% 280 mt/o.9 pr 

Pirae Paaa BO 
Unit 
BO-1 

No. of Nodules 
tleaanta/Modula 
Ueaanta 
Haahrana Type 
Capaeity 

64 138 
6* Spiral Mound 
Costeaita 
432,000 GFD/Modula 

Second Paaa to 
Unit 
BD-2 

Ho. of Modules 
81 —anta/Modula 
Eleaanta 
Naa*-;ana Typa 
Capacity 

13 
336 
8' Spiral Hound 
Coapoaita 
1,440,000 Cpo/Modula 

Turbine Bypass 
Valve lor T-l 

Quantity 
Capaeity 
Typa 
Siza 

2 
23,500 9pB 
Sleeve 
18-

Turbine Bypsas 
Valve for T-2 

Quantity 
Capacity 
Typa 
Siza 

2 
1,900 qpn 
Slaava 
S" 

Dacarbonator 
T-20 

Quantity 
Capacity 
Slza 
Material-
Miscallaneoua 

5 
18,000 9pn total 
12* QD x 10' Height 
Rubber Lined Carbon Steel 
Blowar, 1 each, 4,300 CFM/1.5 HP 
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Table 5-5 (Continued) 

CARIBBEAN SITE - RO UNITS, POST TREATMENT, & CLEANING SYSTEM 
MECHANICAL EQUIPMENT LIST 

Equipment Daacription 

Intermediate 
Vroduet Surge 
Tank 
T-21 

Quantity 
Capacity 
Siia 
Matarlal 

Ona 
$40,000 gallons 
SO• K 10' x 20* Might 
Concrete 

Product water 
Surge Tank 
T-22 

Quae'.ity 
Capacity 
SJj» 
Material 

One 
240,000 gallona 
40* x 40* * 20• 
Cone rate" 

Uaa Addition 
lyitti " 
Bulk Storage 
Capacity 
T-IJ 

Quantity 
Volume 
Bite 
Matarlal 
Auxiliary 

One 
2.400 ft3 
12* 00 x 24' height 
Steel 
Bopper agitator, dust coilactor, level 
indicator 

Oar Hopper 
T-24 

Quantity 
Volume 
Sise 
Maearial 
Auxiliary 

One 
<0 ft3 
3.3 00 x I' height 
Steel 
Cover, level controller 

Dry reader 
H-9 

Quaneity 
Typo 
Slsa 
Maearial 

Two 
Voluaatrie 
10 ftVhour 
3 IS SS 

Cleaning Byataa 
Cleaning 
Solution Peed 
Tank 
t-2« 

Quantity 
Volume 
Sise 
Auxiliary 

One 
S,000 gallons 
12> O D x (' B 
Tiber?laaa 

Cleaning 
Solution Mad 
Fuap 
P-13 

Quantity 
Typa 
Capacity/Haad 
Drivar 
Matarlal 

Two 
Centrifugal 
2.000 gea/150 feet 
Electric Motor/100 HP 
316 SB 

read Hopper 
Screw Feeder 
M-10 

Quantity 
Type 
Slsa 
Material 

Two 
Volumetric 
SO ft'/hour 
116 SB 

riuah Pwp 
P-14 

1 

Quantity 
Type 
Capaclty/aead 
Driver 
Material 

Three 
Centrifugal 
7,000 gpm/140 ft/iOO gpa/140 ft 
Electric Motor(2) JSO/il) 25 hp 
316 SS 
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Table 5-5 (Continued) 

CARIBBEAN SITE - RO UNITS, POST TREATMENT, & CLEANING SYSTEM 
MECHANICAL EQUIPMENT LIST 

Squipoant Oaaeripelon 

Product tfatar 
?uap 
P-H 

Quantity 
fyp* , 
Capacity 
Drivar 
Mat*rial 

Two 
Cantxifueal. Vertical 
19,000 ipa/20 ft 
Klactcie Ho tar, 125 HP 
Bransa 

Bypaaa tratar 
Puap 
9-lt 

Quantity 
Typ« , 
Capacity 
Orivar 
Katarial 

TWO 
Caatrlfugal 
4,400 apa/40 faat 
Elactrle Motor, <0 HP 
U S 88, (0 
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Table 5-10 

CARI3BEAN SITE - RO UNIT 
MAJOR PIPING LIST 

Dla. Schadula or Langeh 
Description (In.) Thieknaia (in.) (re) Material 

lac ?a*a Faad 42 I.S 270 31i L 
26 1.25 100 
16 SOS 100 
10 80S 80 

I»t Faaa Iris* 32 1.25 200 
24 1.25 350 
14 SOS 120 

tad Paaa Faad 2ft 80S 120 1 
16 SOS 120 

2nd Paaa Brlna 8 SOS 120 
6 SOS 350 

Product 54 1600 n P 
48 600 
24 700 
10 800 

Miacalla&aoua 6 80 9240 31< ' L 
6 40 1990 
4 40 500 
14 40 1000 
6 5340 r UP 
H 600 •• 

Ola. (In. Bating il unbar Daacripeloe 

Valvaa 6 600 lb. 192 Motor oparatad 
6 300 lb. 39 Motor oparacad 
6 600 lb. 64 ehack 
6 300 lb. 13 ehaek 

( 
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and the pump and energy recovery system, as well as the space allocated 
for future expansion for an additional 25 Mgd plant. 

The plant site occupies 30 acres (exclusive of intake and outfall facili-
ties) , a substantial part of which is for the clariflers in the pretreat-
ment system. If clariflers were not required (as would be the case with 
Inline flocculatlon), only 17 acres of plant area would be required. 

5.7.3 operation and Maintenance 

The chemical requirements are given in Figure 5-6. A total of 82,850 
pounds of chemicals are needed each day, and, of this total, 66,000 
pounds are sulfuric acid. 

The net electrical usage is 21.0 MWe. This is composed of the following: 

Usage MWe 

Intake, pre- and post treatment 
RO system 
Miscellaneous 

2.6 
25.4 

0.8 

Gross power 
Energy recovery 

Net power 

28.8 
(7.8) 
21.0 
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Figure 5-8. Drawing S-2 - Conceptual 
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Section 6 

CONCEPTUAL COST ESTIMATE 

The conceptual designs developed in Section 5 were i-sed to estatu_dn cne 
cost of the base case plants for seavater desalting. The plant capital 
cost was annualized and operating and maintenance coins determined so that 
a product water cost could be developed. The bases for the conceptual 
estimates are summarized in Section 6-1 and the results are shown in 
Section 6.2. 

6.1 BASIS FOR THE CONCEPTUAL COST ESTIMATE 

6.1.1 Capital Costs 

Capital costs include all expenses necessary to construct a seawater desalt-
ing plant. Included are costs for construction, engineering services, 
contingency, interest during construction, and operator training and startup. 
The following paragraphs give the basis for these costs in summary form. 

Field Construction Costs. Field construction costs are as follows: 

• Plant equipment (from vendors' estimates and Bechtel data) 

• Reverse osmosis modules (from estimates provided by the 
RO manufacturers) 

• Material such as piping, concrete, wire, etc. (quantities 
estimated from each site, with costs from historical data) 

• Construction labor (from recent productivity rates, using 
an average wage rate of $12.50/hr) 

• Indirect field costs (65 percent of direct labor costs) 
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Engineering Services. Engineering services are taken as 12 percent of 
total field costs, from historical data. These have been incorporated 
proportionally i_i capital cost items. 

Contingency. Contingency is taken as 20 percent of total field costs and 
engineering and home office costs. 

Interest During Construction. Interest during construction is approximated 
by applying 9 percent per year to the total construction cost, over 
one-third of the 30-month construction schedule. 

Operator Training and Startup. Operator training and startup costs for 
plants can vary between 1 and 10 percent of total construction costs. For 
the purposes of this study, a figure of 2 percent of the capital cost was 
used. 

Annual Capital Costs. To arrive at a product water cost, the total capital 
cost must be determined in terms of an annual capital cost. This is done 
by applying a fixed charge rate that is the equivalent levelized rate of 
annual variable charges over the 30 year life of the plant. The components 
making up the fixad charge rate are return on investment, depreciation, 
insurance, property, and income taxes. For this study, fixed charge rates 
of 12*s and 16 percent vera used as specified in the work scope. It is 
assumed the plant will operate with a plant capacity factor of 90 percent 
throughout the year. The product water cost is then found fron the annual 
capital cost divided by the annual production expressed as thousands of 
gallons of product water. 

6.1.2 Operating and Maintenance Costs 

In addition Uo capital costs, annual operating and maintenance costs are 
required to arrive at the cost of product water. Operating and maintenance 
costs are for materials, supplier, and labor needed for the desalting plant. 
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These annurl charges are based on an onscream factor of 90 percent. The 
bases for the operating and maintenance costs are summarized in the follow-
ing paragraphs. 

Supplies and Materials. Operating and maintenance costs are calculated 
at 0.7 percent of the total plant cost. 

Membrane Replacement. The membranes have a limited life. A life of 
3 years was used for the membrane in both stages. Both membrane replace-
ment cost and membrane life are based on manufacturers estimates. The 
annual cost was determined by dividing the replacement cost by the expected 
life in years. 

Chemicals. Chemicals are required for water treatment and membrane clean-
ing. The quantities are shown on the pretreatment system drawings and the 
prices used in this report are shown below. > 

CHEMICAL COSTS 

Alum 
Polyelectrolyte 
Sodium Bisulfite 

Chemical 
Cost 
$/lb 
0.08 
1.80 
0.13 

Sodium Hexametaphosphate 0.33 
Sulfuric Acid 
Chlorine 
Calcium Oxide 

0.025 
0.06 
0.02 

Electric Power. Power Is required to supply the pressure for the RO ele-
ments and to transport the feed and product water. Electric power rates 
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of 2.5, 4.0, and 5.5 c/kWh were used. The net power required at each site 
is shown below. 

NET ELECTRICAL POWER 

Site MWe . 1,000 gal 

Persian Gulf 26.2 25 
Carribbean 21.0 20 

Operation and Maintenance Labor. This cost is based on an estimate of 70 
personnel for the base case plants at both sites. 

6.1.3 Pricing Levels 

The estimates are shown in 1978 dollars, when construction is assumed . 
begin. Construction is completed 2% years later. The product water cost 
is based on operation and maintenance costs for the first year only, in 
1978 dollars. 

6.1.4 Site Cost Adjustment 

Actual labor rates and productivity factors for each of the two sites were 
not determined. To obtain a total project cost, the U.S. Gulf Coast esti-
mates were multiplied by a conversion factor to arrive at the construction 
cost for each site. The factors are: 

Caribbean 1.0 
Persian Gulf 1.66 

The Caribbean factor is based on Bechtel experience in Puerto Rico. The 
savings from world-wide purchasing tend to offset ocean freight costs; 
lower productivity and higher indirect costs are compensated for by lower 
rates. 
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The Persian Gulf factor is based on Bechtel experience in Algeria and Saudi 
Arabia, corroborated by miscellaneous other data (Reference 6-i). Generally, 
freight costs and lower productivity are offset by worldwide purchasing and 
lower wage rates, as they are in the Caribbean. However there are substan-
tial indirect costs that account for the 66 percent extra premium for some 
overseas sites. Some of these factors are: 

• Greater contractor risk 

• High camp costs 

• High construction equipment rental costs 

a Incentives and living expenses for expatriates 

o Higher labor burdens 

o Weather 

a High costs of mandated locally purchased bulk materials 
(cement, pipe, etc.) 

9 Delays 

These selected site cost adjustment factors represent estimations consistant' 
with the work scope. A more detailed study with site specific conditions 
could show a large range of value for these adjustment factors and it is 
expected they could range from less than the U.S. price to more than double 
this value. 

The operation and maintenance costs have been adjusted by the same site 
cost adjustment factor. A more detailed study could itemize the individual 
cost components. For this study, it is assumed the same factors which 
effect the capital cost effect the operation and maintenance cost equally. 

6.1.5 Seawater Intake and Outfall 

A primary assumption is that the intake and outfall structures will be 
common with those of the nuclear plant and will be built to the same 
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standards and specifications. There are no "typical" designs. Factors 
such as tide, exposure, currant, condenser height above sea level, redun-
dancy, and environmental considerations can radically affect the design 
and cost. The designs of several different systems built by Bechtel were 
analyzed, and the costs that were used for this study reflect an "average" 
condition, i.e., one with no major departure from other facilities. 

6.L.6 Exclusions 

The following items are excluded from the project scope and therefore are 
not included in the estimate: 

Client engineering, financing, and other costs 

Process royalties and licenses 

Site investigation and land acquisition 

Pilot.plant testing 

Pretreatment sludge disposal requirements 

Customs and do ties 

Product water conveyance 

Land cost 

Construction to nuclear code standards (except for the 
intake/outfall structure) 

6.2 RESULTS 

6.2.1 Base Case 

Table 6-1 shows the capital, operating and maintenance, and total product 
water costs in 1978 dollars for the two feed salinities and the two sites. 
They are shown paranetrically as a function of the electrical power cost 
and the fixed-charge rate (FCR). The capital cost (1978 $) is S128 million 
(5.12 S/gpd) for the Persian Gulf feed salinity and $108 million (4.32 S/gpd) 
for the Caribbean feed salinity. The first two columns represent the plant 
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coses based on U.S. construction costs with the feed salinities for the 
Persian Gulf and Caribbean locations. The cost difference between Che two 
sices arises from Che Increased saliniCy of Che feed (46,000 ppm vs 35.000 ppm). 
The recovery raclo is decreased for Che higher salinity system so that only 
a slightly higher average osmotic pressure is present with the Persian Gulf 
feedwater. Thus, the membrane cost is nearly the same while the pretreatment 
and pumping system costs are substantially increased for the Persian Gulf. 
The third column gives the adjustments for site specific costs. Total product 
water cost is also shown parametrically as a function of the electrical power 
cost and the FCR. 

The operating and maintenance cost and total water cost are shown graphi-
cally in Figures 6-1 and 6-2 as a function of energy cost and fixed 
charge rate. 

6.2.2 Process Improvements 

Various means of decreasing the product water cost were Investigated. 
These costs are shown in Tables 6-2 and 6-3. The values discussed in the 
following paragraphs refer to improvement over the base case cost at a 
FCR of 12.5 percent and a power cost of 2.5 c/kWh. 

With Preheating. If higher temperature membranes are developed so that 
Che base case plant can use wacer from the power plant condenser discharge, 
a decrease in the cost of wacer can be obtained. This results from an 
Increase in feedwater temperature of 15°F which increases the membrane 
flux and thus decreases the required membrane area. This results in a 
9 percent reduction in the water cost at the Caribbean Site and 8 percent 
reduction at the Persian Gulf Site. 

Improved Membranes. If the improved membranes proposed by Manufacturer C 
were to be selected, then a decrease in water cost could be obtained 
because of the lower cost membranes, increased feedwater temperatures, and 
single-stage operation. This would result in a 26 percent decrease in the 
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product water cost at the Caribbean Site and a 16 percent decrease at the 
Persian Gulf Site. 

Minimum Pretreatment. Elimination of the clarifiers from the pretreatment 
system will reduce the cost and substantially decrease the land area 
required for pretreatment. The clarifiers can be removed if the feedwater 
turbidity is not too high or does not sustain large variations. The 
clarifiers are replaced by inline flocculation by which the flocculants 
are injected directly into the feed line upstream from the filters. Both 
the clarifiers and premix tank are eliminated. If Inline flocculation is 
used with the base case plants, a water cost reduction of four percent 
for the Persian Gulf Site and three percent for the Caribbean Site can 
be obtained. 

6.2.3 Other Considerations 

Other factors which would effect the product water cost were also considered. 

Onsite Manufacturing. Two of the three responding manufacturers have indi-
cated in discussions that the dual-purpose plant would not be large enough 
to warrant the capital investment required for a membrane manufacturing 
facility at the site. The third manufacturer indicated a willingness to 
consider membrane manufacturing but did not provide the economic informa-
tion needed to evaluate the process economics. 

Future Expansion. In the case of provision for future expansion, it was 
determined that only the structures, piping, and ducts associated with the 
Intake and outfall system would be constructed for larger capacities 
as would be required for future expansion. 

No economic advantage would be gained in the RO plant since it is built 
as a modular system. The effect on the water cost would be small. The 
cost of the initial 25 Mgd increment would be slightly higher than for the 



Table 6-1 

PRODUCT WATER COST (FIRST YEAR OF OPERATION) 

Plant Construct ion January «978-July 
U.S. Cost l a a i a ($1978) 

i«ao P l s a t Construct ion 
January 1978-July 1980 

f e r a i a n Gulf Site<a)(31978} 

Pers ian Culf S a l i n i t y Caribbean S a l i n i t y 

Hater Cost Water Cost Weter Coat 
<«/K ga l (c/K g a l . ) (c /« gal ) 

($*) FCR-12. 5X FOM6X ($k) FCR«I2. 51 FCI>I6I (SIC) FC8-I2.SZ FCX-I6X 

Capi ta l l i m w a n t 

Saawatar In t ake /Out fa l l 2,800 4 5 1,600 2 3 4,700 7 9 

Wrter FratraatMBC Systea 21,800 33 42 14,100 22 29 16,100 SS 70 

Mcabrana Syatea 34.300 52 67 33,400 51 65 56,900 87 I I I 
Puaping i Energy laeovary 13,400 20 26 10,300 16 20 22,200 14 41 

ripl«|, Valvaa i Iaatruaantat toa 9,000 14 18 8,500 11 17 14,900 21 29 
Poat Treataant 1.200 2 2 1,100 2 2 2,000 1 4 

E l e c t r i c a l 8 .400 13 16 6,100 9 12 11,900 21 27 

C i v i l / S t r u c t u r a l 6.400 10 12 6,400 10 12 10,600 16 21 

Contingency 19.500 29 38 16.400 25 32 12.400 49 63 

116.800 177 226 98,600 150 192 191,700 295 177 

I n t e r a a t During Conatruction 8,800 13 17 7,400 II 14 14.600 21 29 

Operator Training i S ta r tup 2.400 4 5 2,000 1 4 4.000 6 8 

Total Cap i ta l Coat 128.000 194 248 108,000 164 210 212,100 124 414 

Operation 4 Maintenance (SK/yr.) 
Operation 4 Maintenance Labor 1.400 1/ 1,400 17 

Naabrane Kcplaceaent 4.800 58 4,600 56 

Chcatcala 2,500 11 1,600 20 

Supplies i Mater ia ls 1.000 12. 800 JO 
Subtota l 9.700 118 8,400 103 16,100 196 

E l e c t r i c i t y 1) 2.5«/kWb 5.200 61 4,200 50 5,200 61 

2) 4.0c/kWb 8,300 101 6,700 81 8,100 101 

1) S . J tA ' Jb 11,400 I M 9,200 111 11,400 I1B 

Total Product Water Cost 
1) 2.5c/kUh e l e c t r i c i t y 175 429 317 161 583 673 

2) 4.0</kWh e l e c t r i c i t y 413 467 348 194 621 711 

}) 5.Sc/kWh e l e c t r i c i t y 450 504 179 425 658 748 

O 

Hotel ( a ) S i t e Fac tor :1 .66 



Table 6-2 

PERSIAN GULF SITE - PARAMETRIC COST VARIATIONS (1978$) 

Kith Preheating (•proved Mtabrauss Miniaua Pretreatment 
U I 6 U K (FCR-12.5Z) (FCR-I2.5Z) (FCR-I2.5Z) 

Hater Cost(c/K eel.) / i i r l Hater Cost f A S K l Hater Cost VA4IM Hater Coat ISKJ FCR*12. 5X FCR-16Z (6c/K gal.) (6C/K gal.) lawj (AC/K gal.) 
Capital Invaataent Capital Invaataent 

Seavatar Intaka/Outfall 4,700 7 9 ( 400) ( 1) ( 1.000) ( 2) - -

Ha tar Pretreatmnt System 36,100 SS 70 — — 3,300 S (11,500) (18) 
Msabrane Syetea 56,900 87 ill (11.500) (17) (17,400) (26) - -

Fueptng and Energy Recovery 22,200 34 43 — — ( 7.600) (12) - -

Piping. Valves and Instruasntatjoo 14.900 23 29 — — ( 2.800) ( 4) — — 

Post Treatment 2,000 3 4 — — - - - — 

electrical 13.900 21 27 — - ( 5.300) ( 8) — -

Civil/Structural 10,600 16 21 — — 

Contingency 32.400 49 63 ( 2.400) ( A) ( 6.200) ( V ( 2.300) iii Contingency 
193.700 29S 377 (14,300) (22) (37.000) (56) (13.800) (22) 

Interest During Construction 14.600 23 29 ( 1.000) ( 2} ( 2.800) ( 4) ( 1,000) ( 2) 
Operator Training and Startup 4.000 6 8 ( 300) ( 0) { 800) lil ( 200) i_21 

Total Capital Coat 212.300 324 414 <15.600) (24) (40,600) (61) (15.000) (24) 

Operation and Hstnteuance (JS/yr.) (A$K/yr.) (A$K/yr.) (A$K/yr.) 

Operation and Maintenance Labor ( 100) ( 1) ( 200) ( 2) - -

Heabrane Replacement ( 1.700) (21) ( 2.300) (28) - -

Chealcala — — 500 6 — — 

Supplies and Materials ( 100) ( 1) ( 300) ( 4) ( 100) ( t) 
Subtotal 1 6 , 1 0 0 196 ( 1.900) (23) ( 2.300) (26) ( 100) ( 1) 

($K/yr.) ($K/yr.) ($K/yr.) (tt/yr.) 
Electricity 1) 2.S c/KWh 5.100 63 - - ( 300) ( 3) — -

2) 4.0 </KUh a. 300 101 - - ( 400) ( S) — -

3) 5.5 C/KWh 11,400 130 — — ( 600) ( 7) — — 

Total Product llater Coat 

1) 2.5«/KHh 
electricity SB3 673 (47) (92) (25) 

2) 4.0c/KHh 
(92) (25) 

electricity 621 711 (47) (94) (25) 
3) 5.5c/KHb 

(94) (25) 
electricity 658 748 (47) (96) (25) 



Table 6-2 

CARIBBEAN SIT2 - PARAMETRIC COST VARIATIONS (1978$) 

($K) 

Base Cat 

Hater Coat(c/K gal.) 
FCR-12.5Z FC8-16X 

With Preheating 
(FCR-12.5Z) 

,.(r. Water Coat 
< 4 5 K ) (««/* gal.) 

Iaproned Meabranes 
(FCR-I2.SZ) 

Water Cost 
' 6 5 K ) (AC/K gal.) 

Mlnlaua Fretrcataent 
(FCR-I2.5Z) 

Water Coat 
(45K) (4C/K gal.) 

Capital Investment 

Seavater Intake/Outfall 1,600 2 3 ( 300) ( 0) ( 500) ( 1) - -

Uater Pretreataent Syatea 14,800 22 29 — - 700 1 (4,700) ( 7) 
Membrane Syatea 33.400 SI 6S ( 7,000) (II) (16,500) (25) — 

Puaplng and Energy Recovery 10,300 16 20 — — ( 4.300) ( 7) — 
— 

Piping, Valves and Inatruaentation 8,500 13 17 — — ( 1,700) ( 2) —" 

Post Treatment 1,100 2 2 — — — - — — 

Electrical 6,100 9 12 — — ( 1,200) ( 2) — — 

Clvl1/Structural 6,400 10 12 - — - - — 

Contingency 16,400 25 32 < 1,500) LJ1 ( 4,700) lil ( 900) U i 
98,600 ISO 192 < 8,800) (13) (28,200) (43) I 5,600) ( 9) 

Interest During Construction 7,400 11 14 ( 600) (1) < 2,100) ( 3) ( 400) ( 1) 
Operator Training and Startup 2.000 3 4 < 200) ( 0) ( 600) IJ1 f 100) — 

Total Capital Cost 108,000 164 210 ( 9,600) (14) (30,900) (47) ( 6,100) (10) 

Operation and Maintenance ($K/yr.) (ASH/yr.) USK/yr.) (A$K/yr.) 

Operation and Malntenenca Labor 1,400 17 ( 100) ( I) ( 100) ( 1) - -

Membrane Replacement 4,600 56 < 1,000) (12) ( 2,200) (27) — — 

Chealcala 1,600 20 — 100 1 — — 

Supplies and Materials 800 10 i 100) Lil { 100) UL — — 

Subtotal 3,400 103 < 1,200) (14) ( 2,500) (30) - -

($K.'yr.) <«K/yr.) ($K/yr.) ($K/yr.) 

Electricity i) 2.Sc/KNh 4,200 SO - - { 400) ( 5) - -

2) 4.0c/JCWh 6,700 3! — - ( 600) ( 8) — — 

1) S.Sc/KWh 9,200 112 — — ( 900) ( ID 
Total Product Water Cost 

1) 2.S?/lCWh 
electricity 

2) 4.0c/KWh 
electricity 

3) 5.5</KUh 
electricity 

317 

348 

379 

363 

394 

425 

(28)' 

(28) 

(28) 

(82) 

(85) 

(88) 

(10) 

(10) 

(10) 
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2.0 3.0 4.0 
Elaetricity Cost, i /kWh 

Figure 6-1. Cost of Product Water, Caribbean Salinity, 1978 $ 
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2.0 3.0 4.0 
Electricity Cost, i /kWh 

Figure 6-2. Cost of Product Water, Persian Gulf Salinity, 1978 $ 
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base case. The cost of Che final 25 Mgd Increment of capacity would be 
slightly smaller than for the base case (In terms of constant dollars). 

Effect of Nuclear Plant. An estimate of the effect of building the RO 
plant without the benefit of the nuclear plant was made. For comparison, 
the cost of an entirely separate intake and outfall structure was esti-
mated. The costs are shown below: 

Although savings are achieved with intake and discharge structures common 
with a nuclear plant, they are not as substantial as might be expected. 
A major reason is the stringent environmental (long outfall lines) and 
safety-related (e.g., pump specifications and backup systems) requirements 
associated with a nuclear plant. 

Other considerations not taken into account are: the extent to which a 
major nuclear project will usurp available labor, thus increasing labor 
and Indirect costs for the smaller desalting plant; effects of nuclear 
standards on construction cost; and additional conveyance costs for water 
from the nuclear site to the point of usage. 

Train Size. In determining the optimum train size, a tradeoff was made 
between instrumentation, piping, and valve costs on the one hand, and 
lost production revenues on the other. It was found that the dominant 
consideration was valve coats. 3ecause marginal valve costs increase 
faster then marginal valve capacities, the preferred train si2e turns out 
to be the smallest one considered. The plant was designed using a train 
size of about 0.4 Mgd in the first stage. 

Intake/Outfall 
Structure Million $ (1978) 

Common with Nuclear Plant 
Separate System 

1.7 
2.5 
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6.3 FUTURE COST 

Tables 6-2 and 6-3 show the effects on product water costs resulting from 
potential future improvements. As shown in these cables, the membranes repre-
sent the largest potential area for cost improvement. The future competitive 
effects on membrane costs are difficult to predict and were not considered 
as part of this report. In about five years, there will exist: long-term 
experience on existing membranes which should allow more accurate projec-
tions of membrane life and performance; a lapse of patents on some membrane 
formulation may increase competition (although new patented formulations 
may exist); increased foreign competition: potentially new membranes with 
increased performance and increased membrane life; and decreased pretreat-
ment requirements. 

6.4 COST COMPARISON TO MULTISTAGE FLASH DESALTING 

Cost comparisons for reverse osmosis and thermal desalting processes are 
still difficult to make because of the scarcity of representative cost 
information, particularly for RO units. Economic studies conducted by 
various institutions appear quite favorable with respect to the future 
competitiveness of RO seawater desalting. However, various factors need 
to be taken into consideration to yield a satisfactory comparison. Some 
of the factors are: 

• Significant technological improvements are anticipated 
in reverse osmosis 

• Cost of multistage flash (MSF) desalting is strongly 
size-dependent, encouraging large-scale construction 
(up to 10 Mgd presently) for single train unit. Because 
of its modular design, RO costs are not strongly in-
fluenced by economy of scale 

• Reverse osmosis is a more energy efficient process than 
thermal processes 

• Thermal desalting can provide extremely low salinity 
product water. Reverse osmosis product water has a 
higher salinity 
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• For dual purpose thermal desalting, both the power plant 
and the desalting plant need to be at the same site. For 
reverse osmosis, the power plant and the water plant can 
be at different sites, possibly minimizing water transport 
costs 

• Because of its modular design, delivery and con?:ruction 
times would be expected to be shorter for RO units than 
for thermal desalting units. A smaller labor force would 
be required 

• Dual purpose operation can provide larger savings for 
thermal desalting plants. However, the power and water 
demand must be balanced for optimum economic operation 

A comparison of the two processes can only be satisfactorily made after 
these factors are taken into account. 
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Appendix A 

REVERSE OSMOSIS SEAWATER MEMBRANE MANUFACTURERS 
CONTACTED IN THIS STUDY 

Dow Chemical, USA 
2800 Mitchell Drive 
Walnut Creek, Ca 95498 

E. I. duPont 
"Permasep" Products 
5500 Onion Pacific Avenue 
Los Angeles, Cs 90022 

Envirogenics Systems Co. 
9255 Telstar Avenue 
El Monte, Ca 91731 

Fluid Systems 
2980 North Harbor Drive 
San Diego, Ca 92101 



BLANK PAGE 
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Appendix B 

GLOSSARY 

ANNUAL COST — The total yearly cost of owning and operating a desalting 
plant. This cost includes carrying charges on the investment, taxes, 
insurance, interest on working capital, operating and maintenance 
labor, energy costs, consumable supplies, repair and replacement 
costs, and the cost of brine disposal. 

AVAILABILITY — The amount of time the system is available for operation. 
(Operation is not necessarily at full capacity.) 

BRACKISH WATER — Saline water having a salt concentration ranging from 
1,000 ppm to that of seawater. 

BRINE REJECT-BRINE STREAM — The concentrated wastewater flow from a 
desalting plant containing most of the salts from the original 
feed water. Also called waste brine, concentrate, and blowdown. 

CAPITAL COST — Total capital cost includes the indirect costs associated 
with owner's costs of studies, engineering, licenses, interest on 
working capital, insurance during the construction period as well 
as the direct capital costs. It is the owner's total investment 
up to the point that the plant is put into useful operation. 

CAPACITY FACTOR - See Plant Capacity Factor. 

DUAL-PURPOSE PLANT — One constructed to produce both electric power and 
desalted water. 

ELEMENT — The smallest membrane assembly in a module. This Is a single 
RO unit. 

FIXED CHARGES — Charges associated with operation of a desalting plant 
which continue to accrue whether the plant is operating or not. 
This cost includes interest, amortization, taxes, and insurance. 

FLUX — Term used in reverse osmosis to indicate the race of water permea-
tion through the membrane. Usually expressed as gallons per square 
foot per day. 

GENERAL AND ADMINISTRATIVE COSTS - An expense usually calculated as a 
percent of labor cost plus payroll additives to cover the cost 
associated with timekeeping, payroll, overhead, and administration. 

INDIRECT CAPITAL COSTS — The owner's costs associated with such items 
as studies, planning, enga leering, construction supervision, licens-
ing, startup, public relations, and training. These costs are a 
part of the cost of placing the plant in operation and are in 
addition to the direct capital costs associated with equipment 
and contracts for construction. 
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MGD — Million gallons per day 

MICRON' — A unit of length equal to one thousandth of a millimeter. 

MODULE — A complete assembly of elements, pressure .essels, vessel 
supports, and interconnecting piping to feed, brine, and product 
manifolds. There is one connection on each module for these flows. 
Sized for easy transportation and assembly. 

MWE (MWe) — Megawatts electric, or million watts of electric power, or 
1,000 kilowatts. 

PLANT CAPACITY FACTOR - Also known as "Plant Factor" and "Load Factor." 
The fraction (or percentage) of full-scale annual design capacity 
that is actually produced by a desalting plant. 

POWER RECOVERY — A possible energy saving in reverse osmosis whereby 
the effluent stream, under pressure, Is used to drive a turbine 
which in turn helps to supply power to the high-pressure feed 
pump. 

PRETREATMENT — The processes such as chlorination, clarification, coag-
ulation, acidification, and deaeration that may be employed on the 
feed water to a desalting unit to minimize algae growth, scaling, 
and corrosion. 

RECOVERY RATIO (Y) — Desalting flow process parameter which is the ratio 
of the output product waterflow rate to the input of feed water. 
This ratio is sometimes called the conversion ratio. 

SALT REJECTION - A factor expressing the ability of RO membranes to 
reject dissolved solids. Usually given as: feed concentration 
minus product concentration divided by feed concentration expressed 
as a percent. 

TDS — Total dissolved solids. The sum of all dissolved solid substances. 

TURBIDITY — Opaqueness or cloudiness caused by the presence of suspended 
particles in water, usually stirred-up sediments. The turbidity 
of a water is measured by its capacity for absorbing or scattering 
light. 
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Appendix C 

DEVELOPMENT OF SIMPLIFIED COST ESTIMATE 

Based on the economic conditions established in Section 4.1.1, the capital 
and operating costs can be estimated. These costs are subdivided into four 
major catagories: 

• Capital 

• Membrane replacement 

• Electrical power 

• Chemicals 

CAPITAL COST (ITEM 1 AND FIGURE C-l) 

The plant capital cost is composed of direct costs for the membrane system, 
pretreatment, pumys, piping, instrumentation, etc. The RO modules (defined 
as membranes, membrane housing, piping, and rack) are estimated by the mem-
brane manufacturers. The remainder of the plant is estimated based on pre-
viously published computer studies on seawater RO plant costs (Reference 
4-1). Thus the capital cost is assumed to be composed of two terms: 

• Modules 

• Feed system 

Those capital cost items not estimated by the membrane manufacturers were 
divided into classifications as either a function of flow or independent of 
flow. This is shown in Table C-l. The cost of flow dependent equipment 
such as the pretreatment system and pumps (feed system) was assumed to be 
independent of the operating pressure. The remaining equipment in the 
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plant was assumed to be the same for all systems and was not computed. 
Indirect costs were assumed to be the same for all systems. As a result, 
a cost value ln terms of $/gpd and recovery ratio could be established. 
Thus: 

Fl Feed System Cost ($/gpd) recovery ratio 

where: 

Fl - Cost of feed flow related items - 0.50 $/gpd 

Table C-l 

SEAWATER DESALTING PLANT CAPITAL COST BREAKDOWN 
AS PERCENTAGE OF TOTAL DIRECT COST 

Percent Percent 
Components of Total Flow 

Cost Dependent 
Modules and housing 49.58 0 
Pumps and motors 10.49 10.49 
Valves and piping 8.97 8.97 
Instrumentation 3.72 3.76 
Electrical equipment 4.01 4.01 
Pretreatment system 13.17 13.17 
Posttreatment system 0.35 0 
Seawa.ter intake or wells 6.08 6.08 
Site and buildings 2.43 0 
Power recovery turbine 1.20 1.20 
Total 100.00 48% 
(a) See Reference 4-1, 12.5 Mgd plant 

As shown in Table C-l, about 48 percent of the plant direct capital cost 
was related to the plant feed flow. The selected sample plant from Refer-
ence 4-1 had a capital cost of $4.08/gpd. The feed system capital cost is 
1.96 S/gpd for the referenced plaut operating with a recovery ratio of 
25 percent. Thus, a factor Fl used to determine the feed system cost for 
a plant operating with any other recovery ratio.is 0.50 S/gpd divided by 
the new recovery ratio. 
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If no additional intake structure was required, as would be the case when 
using the condenser to heat the R0 system feedwater, a decrease in this 
factor was allowed. In that case, the factor F1 was reduced to 0.44, which 
allowed for a 6 percent point decrease due to the intake structure. 

In order to obtain product water cost, the total capital cost must be mul-
tiplied by other factors to obtain an annualized cost which is then divided 
by the annual production of water. This is found to be: 

Product water cost ($/1,000 gallons) 

- 1,000 x C R F F 2 F l * Capital cost 

• 0.54 x Capital cost 

where: 

Capital cost - Sum of membrane and feed system costs 
CRF - Capital recovery factor - 0.125 
Fl » Increase in cost due to foreign construction 

(an average value of 1.35 was estimated for the 
two sites) 

F2 • Capacity factor x 365 days/yr 
* 0.85 x 365 (A capacity factor of 90Z was used in 
m 2iq the final evaluation) 

MEMBRANE REPLACEMENT COST (ITEM 2) 

The membrane replacement cost was also provided by the membrane manufac-
turer. It should be noted that the membrane replacement cost is different 
than the module cost since it includes only the element cost and not the 
cost of piping, rack assembly, etc. This can be equated to the product 
water cost when the element life and site-specific conditions are known. 
The membrane manufacturers were requested to give a guaranteed membrane 
life, which was used to obtain a rate of replacement. 
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Product water cost ($/1,000 gallons) 
- $/GPD x R R x F l 
- $/GPD x S S x 3.22 

where: 

$/'GPD » Total replacement element cost for each stage 
(Supplied by manufacturer) 

RR - Rate of Replacement (by manufacturer) 
_ 1 

Guaranteed membrane life in years 
1,000 F1 Capacity factor x 365 days/yr 

1,000 
.85 x 365 3.22 

ELECTRICAL POWER COST (ITEM 3) 

Another factor In determining the cost of product water is the electrical 
power required for pumping energy. The electrical power cost is determined 
by the cost of power, by motor, pump, turbine, and generator efficiency, 
and by the design variables of recovery ratio, operating pressure, and sys-
tem design (one- or two-stage). It is assumed energy recovery is required. 
The values of pumps, energy recovery turbine, generator, and motor effi-
ciency were obtained from Reference 4-2. The values selected are shown 
in Figure C-l along with the equation used to determine the cost of electri-
cal power. Thus, by selecting a product flow from each stage, including 
the operating pressure and a recovery ratio, the electrical power cost can 
be determined. 

OPERATION AND MAINTENANCE COST (0 & M) (ITEM 4) 

This cost is composed of 0 & M labor cost, chemicals, membrane replacement 
materials, and other supplies and materials. Membrane replacement costs 
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4 x 10'5 

3 x 10"5 

o "S 

J 2 * 10"5 

I 
£ 

i * to"-
9*10"* 
8 * 10 

20 

Basis: 
C - Electricity 0.023 S/kWh 
Y • Power recovery 
T?p • Pump efficiency » 82% 
t^ » Turbine efficiency • 86% 
T}m - Motor efficiency - 93.5% 
r?g - Generator efficiency - 94% 

40 60 

Recovery Ratio (Y). percent 

80 100 

Net Electric Power Con (S/1000 GAL) » Power Contumed—Power Recovered 

0.76x106 x 24 xC 1 Produa Flow (MGD) x Pressure {PSII x 25,000 x Yx 1714 x 1440 

Defined as Power Cost Factor 

Figure C-l. Power Cost Factor 
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have been computed In Item 2 of Table 4-1. For this simplified procedure, 
it was assumed the only other 0 & M cost are for chemicals; other costs 
being constant among the various systems. The cost for chemicals is then 
determined by the selected recovery ratio. From Reference 4-1 and other 
calculations, this was found to be 0.24 $/l,000 gallons with a 25 percent 
recovery ratio. Thus, a value of 0.06 $/1,000 gallons of feed was estab-
lished and used in Item 4 of Table 4-1. 

TOTAL (PARTIAL) COST OF PRODUCT WATER (ITEM 5) 

The cost of product water is determined from the summation of the capital and 
0 & M costs (Items 1 through 4). This represents a value to compare between 
the various systems. It should be noted this is not the complete cost of 
product water as some quantities have not been included in the calculations. 
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Appendix D 
MANUFACTURER QUESTIONNAIRE 

A. Element Information 

1. Description Literature Attached Q Yes 
P] No 

2. Allowable Operating Limits: 

Pressure psig 
Temperature °F 
PH 
Chlorine ppm 
Other: 

3. Storage requirements during plant construction 
with ambient temperatures to 110°F: 

B. Module Assembly Description* 

1. Pressure Vessel Description 
2. Actual Assembly Size W x L x H x x 
3. End Clearance and Layout Sketch attached Q 

Sketch or Description: 

4. Connection Size - Feed x Product x Brine 
x x 

* NOTE: Maximum allowable size is 8' x 
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How Shipped: Q Assembled 
• Disassembled 

Manhours to Assemble 

Delivery Time: Ordered October 1977 months 
For 25 MGD Ordered 1985 months 

Cleaning Requirements: Solution Requirements : 
Estimated Frequency: 

Shelter Requirement: 
Ambient Temperature 40 to 110°F 

• Roof 
O Enclosed Building 
• Other 



C. System Description 

111 

\ Site Caribbean The Gulf 
Elements \ ist pass 2nd pass 1 s t Pass 2»d pass 

1. Number of Elements/ 
module 

2. Production/Element 
GPD 

3. Production/Module 
6P0 

4. $/Module FOB Houston 
5. Guaranteed Membrane 

Life 
Years 

3. Replacement Rate 
1/Life 

7. Module $/GPD 
8. Element $/GPD 
9. Recovery Ratio % 

10. Special Pretreat-
ment Requirements 

11. Time to commission plant after completion o£ mechanical check-out 
weeks. 
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On Site Manufacturing 

For a 25 MGD Plant: 
1. Willing to supply equipment to build elements 

Comments: 

2. Plant Cost -
3. Manpower Requirement -
4. Raw Material Cost -
5. Estimated Element Cost -

Cooling Tower 

With seawater cooling tower as source of feedwater, 
what additional pretreatment requirements are 
necessary? (Turbidity and suspended solids are 
substantially increased}. 

Future Membrane Improvements: 

In 1985, estimated quantities as a result of improve-
ments in the membrane: 

on site? O Yes Q No 

Flux GFD 
Operating Pressure 
Temperature Limits 
Element Cost S/GPD 
Life years 
Other 
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