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1 EXECUTIVE SUMMARY

As California’s water supply has become increasingly stressed in recent years by population
growth and lack of new sources, advances in desalination technology are making the
consideration of large-scale seawater desalination a viable option. West Basin Municipal
Water District (WBMWD), in tune to these developments as a result of its extensive
desalination facilities for wastewater reclamation, initiated a seawater desalination pilot plant
project in 2002. The project investigated the use of microfiltration (MF) membrane
processes as pretreatment to seawater reverse osmosis (RO). The objectives of the study
include the optimization of MF and RO operational parameters on open-intake seawater, as
well as characterization of product and waste streams produced by the membrane processes.
The study, operating on an open seawater intake near Los Angeles, produced data which will
not only be of value for West Basin’s planning and future implementation of desalination,
but also those applying these technologies at other locations.

This project, involving the operation of the MF and RO processes on the seawater intake of
the El Segundo Generating Station, was completed in 2004. The MF was a PVDF hollow-
fiber membrane in a submerged configuration. Two models of RO membranes were tested in
parallel systems. Through over ten thousand hours of operation, successful operating
parameters for the processes were developed and demonstrated. Highlights of the results

include:

e MF Operation: An MF operating strategy was developed which maximized operating
flux, while maintaining greater than 21 days between chemical cleanings.

e MF Filtrate Quality: The MF process was demonstrated to produce excellent filtrate
quality, despite variations in feed quality. As a result the RO membranes operated
with essentially no measurable fouling at flux rates varying from 8 to 11 GFD.

e RO Operation: RO operation of over 10,000 hours (415 days) did not require
chemical cleaning. This operation occurred over a complete seasonal cycle. The RO
process has demonstrated exceptionally stable performance. This performance is

credited to a relatively good quality raw water supply and consistent pretreatment
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performance. This performance is considered exceptional compared to many other

open intake seawater applications.

¢ RO Permeate Quality: The reverse osmosis systems demonstrated the ability to
produce consistently high quality (less than 300 mg/l. TDS, pre-stabilization),
meeting or exceeding most of the membrane manufacturer’s performance predictions.
The product water quality produced is excellent and meets all primary and secondary
MCL drinking water standards as well as CA-DHS Notification Levels.

e Boron Rejection: Data was generated on boron rejection by the RO process,
indicating somewhat different performance between the two membranes tested. One

membrane producing permeate boron typically 0.8 mg/L, the other 1.1 mg/L.

e Source Water Quality: From a desalination process perspective, the source water
quality at the test site was very good. Seawater turbidity following 130 micron
strainers was generally less than 2 NTU and averaged approximately 1 NTU. Salinity
of the feedwater exhibited very little variation. This is a relatively high-quality,
consistent feed source in comparison to many existing full-scale and other pilot

desalination facilities. "***

o Concentrate Water Quality: Concentrate water quality (undiluted) was confirmed to
meet all California Ocean Plan objectives, with exception of gross beta.
Determination of compliance for gross beta requires further analyses, which are
underway.

This study has demonstrated that seawater desalination using the MF pretreatment to RO on

power plant intake water can be successfully implemented.

! Pilot Testing of MF and UF for Seawater RO Pretreatment, Lisa Henthorne and Ryan Quigley, 2003 AWWA
Membrane Technology Conference Proceedings
2 Trinidad SWRO, Dr, Kenneth Irwin & John David Thompson, IDA Desalination & Water Rense Quarterly

November/December 2003

* Jeddah SWRO Plant Experience, Pretreatment, Saeed Saad H, Al-Harthi, SWCC, IDA Workshop: Importance
of Pretreatment in Reverse Osmosis Desalination March 26, 2004

* Spanish Desalination Experience, M. Farifias, F. J. Bemaola & F. Beltran, , [IDA Workshop: Importance of
Pretreatment in Reverse Osmosis Desalination March 26, 2004
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2 INTRODUCTION

Ocean water desalination will eventually play a significant role in the water supply equation
for Southern California. To date, the use of ocean water desalination in California has been
minimal, primarily due to relatively high cost. Recently, with improved performance and
costs, microfiltration (MF) has been proposed as an alternative to conventional pretreatment
processes for ocean water reverse osmosis (RO). Microfiltration has become a common
pretreatment method for RO installations treating municipal wastewater. MF removes
colloidal and suspended particulate matter that would pose problems for the reverse osmosis
desalination process. A demonstration plant program to evaluate the combination of MF and
RO, for the potential application of ocean water desalination in California for the domestic

water supply has been executed.

West Basin Municipal Water District’s (WBMWD) Ocean Water Desalination Pilot Plant
Program tested the capabilities of MF pretreatment in series with a spiral wound RO system.
It developed data to determine the optimum operating conditions and cleaning requirements
for MF operating on ocean water, as well as the ocean water reverse osmosis process

operating on microfitration filtrate.

The testing occurred at the El Segundo Power Generation Plant (Figure 1). Seawater
desalination is energy intensive and a full-scale seawater desalination plant co-located with
an existing ocean water cooled power plant has two advantages. The first advantage is that
power can be purchased at relatively low rates “within the fence” of the power plant. In
California, this can result in an energy savings of > $0.05/kWh. In addition, the seawater
desalination plant can also utilize the existing intake and outfall structures that allow

seawater to be brought into the power plant and returned to the ocean.
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Figure 1 - Test Equipment at the El Segundo Power Plant

West Basin Municipal Water District NWRI Final Report
Ocean Water Pilot Plant Project Page 4 of 69



3 TEST OBJECTIVES

The objectives of the Ocean Water Pilot Test Program were as follows.

1. To determine the optimum membrane operating flux and in-situ membrane cleaning
frequency for a MF system operating on Southern California coastal ocean water.
Investigate cleaning formulations and techniques for the removal of contaminants

found in ocean water, which foul the MF membranes.

2. To determine the optimum membrane operating flux and in-situ membrane cleaning
frequency for an ocean water RO system operating on MF filtrate. Investigate
cleaning formulations and techniques for removal of contaminants found in

microfiltered ocean water, which foul RO membranes.

3. Characterize the MF backwash and RO concentrate streams to develop data suitable

for evaluation of waste stream disposal options.
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4 PROCESS FLOW DESCRIPTION

The pilot plant was located on the California coast in the City of El Segundo at the El
Segundo Power Generation Plant. Ocean water was brought through an existing open intake
to the power plant cooling system (=200 mgd). Existing treatment by the power station
consisted of a coarse traveling screen (>1 inch) and intermittent chlorination. Standard
power plant practice consisted of two treatment techniques for controlling organic activity in
the cooling loop. Chlorination was manually initiated two times per week for a duration of
~two hours. The addition rate resulted in a total chlorine concentration at the plant outfall
(condenser effluent) of approximately 0.06 mg/L. This dosage translated to a trace chlorine
amount (<0.1 mg/L) to the pilot plant feed water. Secondly, approximately every two to
three months the power plant cooling loop was “heat treated” to control biological
growth/attachment. Duration of this treatment is one hour at 105 — 120 9F, The pilot

equipment was shut down during the heat treat events.

The feed water was Pacific Ocean water with average characteristics as indicated in Table 1.

Table 1 - Ocean Water Quality

Calcium 407 Bromide

Magnesium 1,335 Boron 3.8
Sodium 10,963 Nitrate (as N) <25
Potassium 404 Fluoride 0.9
Ammonia (as N) 0.05 Silica <10
Barium <0.025 Total Dissolved Solids 34,500
Strontium 7.7 pH 8.1
Bicarbonate (as CaCO,) 115 TOC 1.2
Sulfate 2,537 Temperature (°C) 15.5-24
Chloride 19,080 Temperature (OF) 60 -75

All values in mg/L except pH and temp
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From a desalination process perspective, the source water quality at the test site is very good.
Seawater turbidity following 130-micron strainers was generally less than 2 NTU and
averaged approximately 1 NTU (figures 16 and 17). Salinity of the feedwater exhibits very
little variation. This is a relatively high-quality, consistent feed source in comparison to

many existing full-scale and other pilot desalination facilities.'?**

The overall pilot treatment process is indicated in the Initial Process Flow Diagram (Figure
2). Originally, the first component of the pilot treatment process was a transfer pump, which
provided sufficient head for delivery of ocean water through an 800-micron duplex basket
strainer to the microfiltration system. The ON/OFF operation of the transfer pump was
controlled by the MF system. The strainer design allowed cleaning of one basket while the
other was in operation, without interruption of the treatment process. Initially, 1 mg/L
sodium hypochlorite was injected prior to the microfiltration system by a flow paced sodium
hypochlorite addition system. Data from MF pilot operation at other ocean water pilot sites

indicated a benefit to the MF performance due to the presence of free chlorine.

The MF system was a US Filter CMF-S system, utilizing 0.1 micron nominal pore size
polyvinylidene fluoride (PVDF) hollow fiber technology. The PVDF membrane chemistry
has a high tolerance of chlorine and other oxidants, providing a wide range of options for the
control of biological growth within the system and the prevention of membrane fouling due
to organic matter. The CMF-S process consisted of four modules submerged in a process
tank. Suction was applied to the lumen of the fibers by the MF filtrate pump, drawing water
though the walls of the fibers while particulate matter accumulated on the outside surface of
the fibers. The CMF-S process included periodic interruption of filtration for backwashing
of the fibers. The filtration period was 15 minutes at the start of the testing. Following the
filtration period, the fibers were backwashed by reversing the filtrate flow and introducing an
air scour across the membrane’s outside surface. Subsequently, the process tank was drained
and refilled. The entire backwash operation consumed ~2.5 miunutes. A critical MF process
parameter is the operating flux (filtrate flow per unit area of membrane). Initially the MF
was operated at filtrate flow setpoint of 20 gpm (5 gpm per module; 21.5 GFD instantaneous

flux). Details of the MF testing results are discussed in section 5.
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MF filtrate was directed to the 150 gallon covered Break Tank, which served as an
equalization tank between the intermittent MF production and the continuous flow RO
process. Prior to entry into the break tank, provision was made for chemical addition to the
MF filtrate stream. The chemical metering pump was suitable for the addition of either
ammonium hydroxide or sodium bisulfite, for chloramine formation or dechlorination,
respectively. Elimination of free chlorine was necessary to protect the polyamide RO

membranes, which are subject to damage from exposure to strong oxidants.

Initially, operation of the pilot included addition of ammonium hydroxide at this location.
The ammonium hydroxide dose was on a mole ratio of 2:1 NHy:HOCIL. This ratio provided
an excess of ammonia to ensure the combination of all free chlorine. The RO membranes

have tolerance to low concentrations of chloramine, but minimal tolerance to free chlorine.

A booster pump to the RO system then pumped MF filtrate from the break tank. The booster
pump discharge was approximately 35-50 psi, delivering RO feedwater through cartridge
prefilters and providing sufficient suction pressure to the RO high-pressure pumps. Excess
MF filtrate overflowed the Break Tank to the Combined Effluent Tank. 3mg/L Permatreat
PC-191 Antiscalant addition was injected downstream of the RO booster pump. 20 micron
cartridge filters followed the antiscalant addition and provided mixing and a barrier to debris

introduced at the break tank. No acid addition to the RO feed stream was used.

Following cartridge filtration the stream split to feed two identical RO units (Train 1 & Train
2). Each train consisted of a high-pressure pump feeding two, four-inch diameter pressure
vessels in series. Each vessel was capable of holding four elements in series. During this
study a spacer assembly was used in one vessel to allow operation of seven elements in
series. Concentrate flow was manually adjusted to the flow setpoint using the concentrate
control valve. The RO units were fed using positive-displacement high-pressure pumps.
Therefore, permeate flow was manually adjusted to a setpoint using the H.P. pump recycle
control valve. The RO system included ancillary cleaning and flush systems. Upon

shutdown the RO system was automatically flushed with RO permeate.
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Hydranautics and DOW-Filmtec were selected to provide RO membranes for this study as
these two companies had products meeting the treatment requirements and had a substantial
share of worldwide reverse osmosis membrane sales. RO performance is discussed below in

sections 6 and 9.

Many process and equipment challenges were experienced over the course of this study.
Some of these, as described in the appendix, required modifications to the process flow of the
pilot equipment. Figure 3 below contains the final process flow diagram for the pilot
equipment. See the appendix for a discussion of the major issues that required process flow

modifications.
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5 MICROFILTRATION OPTIMIZATION AND PERFORMANCE
Figure 4 - US Filter CMF-S Microfiltration Pilot System
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The US Filter CMF-S system was initiated in June 2002, with the first month used as an
equipment troubleshooting period. The first stable run started on July 19. The MF trails are
summarized in the following Tables 2 and 3. The testing was divided between different test
“trails” and “runs.” A trial is defined here as a significant process change. A run is simply
operation between chemical cleaning events, module replacements or operational changes.

Table 2 - MF Testing Trials

MF Testing Process Description

Trials
MF I Continuous chlorination in MF feed water

MF IT Operation without chlorination 1
MEF II1 Operation with no chlorine in the feed but with chlorination of backwash ‘

T MFIV Redesigned MF module, operation with chlorination of backwash '
MF VvV Arkal 130um strainer in front of MF, operation with chlorination of
backwash and redesigned MF module
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5.1 Permeability of Original CMF-S Module Design

The US Filter CMF-S system runs at constant flux and thus as the membrane fouls, the trans-
membrane pressure (TMP) required to maintain throughput rises. However, because
transmembrane pressure is also influenced by water temperature and variations in flow, the

appropriate method of monitoring membrane fouling is to plot the temperature corrected

permeability or specific flux.

Permeability 1s the filtrate flux divided by the temperature corrected transmembrane pressure and
is typically reported in units of GFD/psi. The terminal transmembrane pressure (transmembrane
pressure where membrane cleaning is required) for the CMF-S system is 12 psi. Thus, at a
filtrate flux of 22 — 26 GFD, and a temperature of ~20 °C, the unit should be cleaned when the
permeability reaches ~2 GFD/psi. At a flux of 34 GFD, the unit should be cleaned at 2.6

GFD/psi.

5.1.1 Trial i-Continuous Prechlorination

MF runs | and 2 were performed with continuous chloramination at conditions indicated in table
3. The MF demonstrated very stable operation during this period. After an initial 3 week run,
the MF membrane was cleaned, the flux increased to 24 GFD and the unit was restarted, This 24
GFD run with continuous chloramination lasted over 6 weeks without requiring a chemical
cleaning. The continuous chloramination was discontinued following MF Trial I as the NaOCl
- MF - NH4OH > RO process resulted in oxidation of the RO membranes. The bromide ion
naturally present in ocean water interfered with the intended formation of chloramine and
bromamine was formed. Bromamine is a stronger oxidant that chloramines and the bromamine

damaged the downstream RO membranes. See the appendix for further details.
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Figure 5 - Permeability of Microfiltration System with Continuous Prechlorination (MF
Trial T)
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In many past ocean water RO installations on open intakes with conventional filtration
pretreatment, a reducing agent, such as sodium bisulfite is added after significant chlorine
contact time to neutralize the oxidant before it contacts the RO membranes. However, as

demonstrated in a 1996 article in Desalination and Water Reuse, this chlorination/dechlorination

process has been shown to enhance the tendency towards biological fouling.” Therefore, this

process was not considered a viable option for this study.

5.1.2 Trial ll-No Chlerination

Once prechlorination was abandoned, attempts were made to run the US Filter CMF-S system at
the same conditions with no chlorination at all. Rapid fouling was observed in two consecutive
runs as shown in Figure 6. Note that neither of these runs lasted ten days before reaching
terminal permeability. Operation at 24 GFD failed miserably without the chloramination and
demonstrated how beneficial the oxidant is to the stable performance of microfiltration

membrane process on this feed source.
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Figure 6 - Permeability of Microfiltration System with No Chlorination (MF Trial IT}
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5.1.3 Trial lll-Chlorinated Backwashes

Recognizing the benefit of chlorine to the MF process but accepting that the attempted
chloramination of the feedwater (Trial I) presented an adverse impact on the RO membrane, an
alternative approach to the use of chlorine was attempted in MF Tral III.  Chlorinated
backwashes were implemented. 10 mg/L NaQOCl was attempted in every backwash and again
rapid fouling was observed as depicted in figure 7. A stable run condition was finally achieved
in run #6 by increasing the dose to 40 mg/L NaOCl in every backwash. This run showed a slow
fouling rate over two weeks. When the chlorination was decreased from 40 to 25 mg/L. NaOCl
every backwash in run #7, the MF operated for an additional month without requiring a shut

down for a chemaical clean in place (CIP).

> “Controlling Biological Fouling in Open Sea Intake RO Plants Without Continuous Chlorination,” by Hamida and
Moch, Desalination and Water Reuse, Navember/December 1996.
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Figure 7 - Permeability of Microfiltration System with Chlorinated Backwashes (MF Trial
1)
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The filtrate flow was then increased from 22 gpm to 24 gpm for run #8, corresponding to a flux

increase from 24 to 25.8 GFD. Numerous attempts failed to demonstrate a run time longer than
3 weeks at this flux. This was compounded by the fact that the CMF-S c¢lean-in-place (CIP)
heater was disabled for a period of time and the cleanings done to start runs #10 and #11 did not

restore the membrane permeability effectively.

Run 13 was started with a fully heated CTP. However, this run had a very short run time. Two
things were now evident:
1. A filtrate flux of 25.8 GFD was not sustainable with these original CMF-S
membranes
2. The membranes had been fouled to the point that the normal heated CIP process did
not restore the permeability to a “fully clean™ condition or ~6 GFD/psi.
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During run 14, the filtrate flow and hence the flux rates were varied as shown in Figure 8.

Figure 8 - Microfiltration Run #14 Specific Flux and Permeate Flux
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The run was started with a filtrate flux of ~25.8 GFD and demonstrated rapid fouling, similar to
the previous runs. Dropping the flux down to ~22 GFD resulted in an improvement in
permeability. Subseguently, the flux was increased to ~24 GFD and the fouling rate increased.
Close examination of this data reveals that the acceptable filtrate flux on this water is 22 GFD to
24 GFD with these original CMF-S membranes.

5.2 Cleaning Effectiveness

Examination of Figure 7 shows that the “clean” or post “Clean-In-Place” microfiltration
permeability’s have declined since January 23, 2003. This is a sign of an ineffective CIP
procedure. The problem was initiated when the CMF-S heater failed, and the two subsequent
cleans were performed with cool water on January 23 and February 5, 2003. These cleans were
not effective as shown in Figure 7 where the clean permeability’s are only 4 GFD/psi, whereas

with previous heated CIP’s, the clean permeability’s were consistently ~6 GFD/psi.

West Basin Municipal Water District NWRI Final Report
Ocean Water Pilot Plant Project Page 18 of 69



W W W W WY WY W W W W W W W w w ow w e e -

At the completion of run #14, an enhanced CIP process was undertaken in an attempt to restore
the clean permeability of the membranes to the ~6 GFD/psi range. Hydrochloric acid was
utilized in addition to the normal citric acid and chlorine steps. This enhanced process showed
improvement, but failed to fully restore the membranes. Examination of Figures 5 and 6
demonstrates that the following normal heated CIP was quite effective at restoring the membrane
permeability. It was not until the CMF-S heater failed that the membranes were fouled to the

point that not even an enhanced CIP process couid restore them. Therefore, each CIP must be

heated to be effective.

Table 4 - Effective Microfiltration Cleaning Procedure

St‘ep- Cﬁ ? ' 'Eempesatul;ea Lo Procedure ‘
Syt
1 2% C:tnc Amd 36 38 Perform reverse filtration until
2 400 — 600 20 membrane cell is filled with MF
mg/L chlorine Filtrate. Add chemicals, heat

solution and aerate every 2
minutes. Perform filtrate
recirculation for 30 minutes.
Repeat 5 minute aeration/5

minute soak cycles 9 times.

5.3 US Filter PVYDF Membrane Module integrity-Original CMF-S Modules (MF
Trials I-li)

The US Filter CMF-S unit utilized for this study contains four S10V PVDF modules. Over the

course of trials I - ITI, two of these modules required replacement. The first was replaced on

December 10, 2002 due to numerous fiber breakage events, and the second on January 7, 2003

after it developed a crack in the epoxy that isolated the feed from the filtrate water. Furthermore,

one of the replacement modules demonstrated fiber breakage events as well.
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Broken fibers were easily detected during the manually initiated pressure decay test (PDT).
During the PDT, the unit was isolated and the lumen (filtrate) side of the modules is drained. Air
was then injected to the lumen at 15 psi, and then a valve on the feed side was opened to
atmosphere. Intact wetted fibers retain the air pressure as the pressure decay rate across an intact
fiber is diffusion controlled. Broken fibers pass air at a drastically greater rate than normal
diffusion, resulting in significant pressure decay. The intact US Filter system with no fiber
breaks displays a PDT rate of ~0.5 psi/minute. To quantify the broken fiber problems observed
during th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>