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June 8, 2010 

Mr. Hasan Abdullah 
East Bay Municipal Utilities District 
375 11th Street, MS407 
Oakland, CA 94607 
 
Subject:  Bay Area Regional Desalination Project 
 Pilot Plant Engineering Report, Final 
 
 
Dear Mr. Abdullah, 
 
The MWH Team is pleased to submit the final Pilot Plant Engineering Report for the Bay 
Area Regional Desalination Project.  Per your request, enclosed are two copies of the 
document.  Two copies have been sent under separate cover to Contra Costa Water District, 
San Francisco Public Utilities Commission, Santa Clara Valley Water District, and Alameda 
County Flood Control and Water Conservation District Zone 7.  Six copies and an additional 
CD were sent under separate cover to the California Department of Water Resources.  
 
The pilot study was conducted with a nominal 50 gpm pilot plant installed and operated at 
the existing Mallard Slough Pump Station.  Pilot testing verified the technical feasibility of a 
full-scale desalination facility at that site to meet the water quality targets of the four 
agencies, despite the complex feedwater quality.  Pilot testing also provided a set of design 
criteria for evaluating a full-scale facility at that site, including capital and operational costs.   
 
The pilot study demonstrates that the desalination treatment facility would experience a wide 
range of salinities due to the influence of the Sacramento River and San Joaquin River, and 
due to tidal effects within San Francisco Bay and Suisun Bay.  If the plant is located at the 
East Contra Costa Site, our team recommends for the plant to be designed for a maximum 
Total Dissolved Solids concentration between 11,500 mg/L and 12,000 mg/L, based on 
historical dry year conditions.  Data also indicate that the plant will be subjected to a normal 
TDS range between 500 mg/L and 5,500 mg/L during a dry year. 
 
Our analysis indicates that facility design should be based on pretreatment utilizing 
ultrafiltration membranes followed by a two stage reverse osmosis process.  Brackish and 
seawater membranes within the first and second stages will provide a high level of recovery 
exceeding 80% during average dry year TDS conditions. 
 
Capital cost for a facility that would utilize 25 mgd of feedwater to produce 19.8 mgd of 
treated water, including the intake and pipeline for conveyance to existing transmission 
system, is estimated to be $168.5M, or approximately $8.50 per gpd. This value includes 
contingencies and planning, permitting, engineering, and administrative costs which would 
be incurred during the course of the project.  With an annual operating cost estimated at 
$10.45M, the present worth of the facility is determined to be $373M, or approximately $550 
per acre-foot of water.   



 

 
We have thoroughly enjoyed working with the four agencies on this interesting project and 
look forward to assisting with future phases of work.  This report is the final outcome of 
extensive work which was initiated in 2007.  It reflects the combined efforts of MWH as well 
as all four agencies.  We are pleased with the final results, which could not have been 
possible without the time and effort spent by agency representatives to review the various 
interim draft reports and to insure conformance with project requirements and goals. 
 
Please contact me if you wish to discuss any of the findings or recommendations contained in 
this final report. 
 
 
Sincerely, 
 

 
 
Charles Bromley, P.E., BCEE 
Project Manager 
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1.0 EXECUTIVE SUMMARY 
 
The Bay Area’s four largest water agencies, the Contra Costa Water District (CCWD), the East 
Bay Municipal Utility District (EBMUD), the San Francisco Public Utilities Commission 
(SFPUC), and the Santa Clara Valley Water District (SCVWD) are jointly evaluating the 
development of a shared regional desalination facility to improve water supply reliability of the 
Bay Area and benefit approximately 5.4 million residents and businesses served by the four 
agencies. The goal of the Bay Area Regional Desalination Project (BARDP) is to develop one or 
more desalination plants operating on brackish water or on seawater to provide supplemental 
water supply during droughts, emergencies such as earthquakes and levee failures and 
maintenance-related outages.   
 
The four agencies have worked together to better utilize and leverage existing infrastructure and 
assets owned by the four water agencies to receive and distribute desalination product water.  By 
pooling resources together and leveraging existing infrastructure and assets, a regional treatment 
plant would:  
  

• Minimize potential adverse environmental impacts associated with the construction of 
separate desalination plants in close proximity to one another and construction of new 
facilities; 

• Provide substantial cost savings through economies of scale, such as pooling resources 
and sharing of project administration, as compared to individual projects conducted 
separately by the agencies; and   

• Promote a strong regional cooperation concept by joint ownership, operation, and 
management of a regional desalination facility that will serve the needs of four major 
water providers in northern California.   

 
Since 2003 the four agencies have worked together to conduct a Pre-Feasibility Study for the 
BARDP.  The Pre-Feasibility Study findings concluded that a regional desalination facility in the 
Bay Area is feasible.  The environmental, permitting, institutional, and public outreach aspects of 
such facilities need to be systematically addressed and the viability of the BARDP will depend 
on the commitment of each agency’s stakeholders, including board members, management and 
staff. 
 
Next, the agencies continued work on a Feasibility Study which was completed in June 2007.  
The Feasibility Study developed a process for evaluating regional desalination facilities. It 
evaluated institutional options such as Joint Powers Authority and other institutional 
mechanisms, developed a process and criteria to evaluate optimal desalination sites, and began 
the public stakeholder outreach for the BARDP.  The Feasibility Study concluded that there are 
at least three Bay Area locations that are suitable for siting such a regional desalination facility 
(see Figure 1-1). 
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The Feasibility Study recommended conducting a pilot test at CCWD’s Mallard Slough Pump 
Station site located in the eastern part of Contra Costa County.  The goals of the pilot test are to 
collect data on technical feasibility (pretreatment options, membrane performance, design 
parameters) and to assess the potential environmental impacts (brine disposal, marine life) of an 
East Contra Costa desalination facility.  Additionally, the East Contra Costa site was selected for 
piloting to fill in the data gap that currently exists regarding desalination piloting in an estuarine 
environment; other agencies have recently conducted pilot tests in the San Francisco Bay (Marin 
Municipal Water District) and the Pacific Ocean (Santa Cruz).   
 
The pilot test was started in October 2008 and continued through April 2009.  Approximately 50 
gallons per minute (gpm) were drawn from CCWD’s Mallard Slough intake.  Performance data 
were collected for treatment by two types of ultra-filtration pre-treatment membranes, two types 
of Reverse Osmosis (RO) membranes, and one Nanofiltration (NF) membrane.  This report 
presents the pilot test findings and provides recommendations for future steps. 
 
With the State of California facing water supply challenges, the State Department of Water 
Resources (DWR) provided grant funds to the four agencies to conduct a Feasibility Study 
through Proposition 50 — the Water Security, Clean Drinking Water, Coastal and Beach 
Protection Act.  Later, following successful completion of the Feasibility Study, another State 
Proposition 50 grant was awarded to conduct the Pilot Study.  The combined State grants paid 
for 50% of the projects’ costs.   In addition, the BARDP is authorized to receive $4 million in 
federal grants under the Water Resources Development Act of 2007, Section 5158 (88).  
Obtaining these grants underscores the importance of this BARDP effort. 

1.1 Pilot Study Objectives and Background 
 
The primary objectives of the Pilot Plant Study (PPS) were to: 
 

• Establish an organizational structure to implement the pilot study;  

• Maximize the efficiency of operating and maintaining a regional desalination facility 
including sludge/solids disposal evaluation and water quality testing; 

• Identify potential environmental impacts and evaluate methods to mitigate these potential 
impacts; 

• Identify the preferred pre-treatment for this site;  

• Identify the preferred RO system configuration for this site; and 

• Develop an information sharing platform to share test data, methodologies and project 
information with other interested parties in the State. 

 
The Mallard Slough Pump Station (MSPS) located in eastern Contra Costa was chosen as the site 
of the pilot study (Figure 1-1).  The MSPS site had several benefits: ready access to potential 
source water in the Suisun Bay; available power and related utilities; and ease of operations and 
site use as the site is owned by CCWD.  Existing fish screens that were already in use at the 
pump station intake were used for drawing water from the slough, eliminating the need for a 
dedicated pilot intake while minimizing biological or other potential environmental impacts.  
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Figure 1-1: Pilot Plant Location 

 
The MSPS serves to furnish untreated water to CCWD during periods of low salinity and so 
consequently does not operate for much of the year.  It is located in a remote area in 
unincorporated Pittsburg and is a fenced site with controlled access via several locked gates.  The 
site is shown in Figure 1-2.  For security purposes the piloting equipment was installed inside of 
the temporary containers and trailers within the area designated on the left side of the Figure 1-2. 
 
Water in Suisun Bay is a blend of fresh water from the Sacramento and San Joaquin Rivers and 
naturally occurring seawater entering tidally through the San Francisco Bay.  As evidenced by 
existing water quality monitoring stations, and confirmed during the pilot study, source water is 
subject to significant tidal influence, resulting in wide variations of total dissolved solids (TDS) 
observed on a daily, monthly and seasonal basis. 
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Figure 1-2: Pilot Plant at Mallard Slough Pump Station 

 

1.2 Pilot Description and Activities 
 
The overall pilot process was established to mimic a full scale treatment plant. To meet the pilot 
study objectives stated above, work was planned and conducted as shown in Table 1-1. 
 

Table 1-1: Summary of Project Objectives 

Objective Findings 

1. Establish an organizational 
structure to implement pilot 
study  

 

A memorandum of agreement between the four partner 
agencies was approved on May 22, 2007 to implement 
the pilot study.    
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Objective Findings 

2. Minimize potential adverse 
environmental effects to 
aquatic organisms. 

 
 
 
 
 

An evaluation of potential screens, including Aquatic 
Filter Barriers such as Marine Life Exclusion System 
(MLES) by Gunderboom, Inc., was conducted.  Based 
on the results of the evaluation, with DWR’s 
concurrence, existing screens at the MSPS site was used 
for piloting.  Using existing screens helped minimize 
potential adverse impacts associated with new intake 
construction.   
 

3. Conduct biological sampling 
and analysis to determine the 
existence or absence of 
biological species at the pilot 
study intake location 

Biological sampling and associated evaluations were 
conducted to gain an understanding of aquatic species 
populations.  Sensitive fish (Longfin and Delta Smelt) 
were found to be present during February and March 
2009.    

4. Verify level of screening 
required upstream of the 
pretreatment systems. 

The 100 micron screen was effective in protecting the 
pretreatment membranes from particulate fouling.  The 
automatic cleaning feature will be an important step in 
minimizing maintenance for the desalination plant 
operations and maintenance staff. 

5. Identify preferred pretreatment 
method. 

The pilot study confirmed that both pressurized and 
submerged membranes are able to meet filtrate water 
quality goals.  The pressurized system was able to 
operate at high sustained flux and could be acceptably 
cleaned.  The submerged system experienced fouling; 
however, acceptable operation was achieved once the 
fouled membranes were replaced. 

6. Evaluate disposal options for 
solids generated by the 
desalination facility. 

Solids produced in the pilot are suitable for thickening 
and dewatering using commonly available and 
commercially proven processes.  Final disposal into a 
landfill or potential reuse is feasible. 

7. Test technologies and methods 
to maximize the efficiencies. 

Desalination can be effectively achieved using a two 
stage membrane RO process.  Other potential innovative 
options are explored in this report. 

8. Identify and test concentrate 
toxicity levels and related 
impacts to receiving waters. 

Toxicity of the desalination membrane concentrate was 
tested utilizing bioassays with serial dilutions and three 
selected aquatic organisms.  No significant toxicity 
effects were found. 
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Objective Findings 

9. Test product water quality. Treated water quality was tested throughout this project 
for a wide variety of parameters.   All of the systems 
tested were able to meet agency water quality goals 
during period of low feed water salinity.  Nanofiltration 
membranes, however, were challenged during higher 
salinity periods and would require multiple stages or 
passes if considered in the full scale. 

10. Conduct water compatibility 
tests to evaluate whether the 
permeate is compatible with 
EBMUD aqueduct or CCWD 
multi-purpose pipeline water 

Water compatibility tests indicate the treated water can 
be safely stabilized and matched to existing waters in 
EBMUD aqueduct or CCWD multi-purpose pipeline. 
 

11. Conduct public outreach in 
support of the project. 

The following public outreach events were conducted 
during the course of this project.   
 

• Open House, San Francisco, SFPUC 
headquarters, December 16, 2008 

• Presentation to Richmond-Pinole Lions Club, 
San Pablo, February 18, 2009 

• Presentation to Walnut Creek Lions Club, 
Walnut Creek, April 8, 2009 

• Presentation to WateReuse Chapter meeting, San 
Francisco, December 4, 2009 

• Open House, EBMUD headquarters, Oakland, 
December 9, 2009 

• Presentation to SIR-51 meeting, Los Altos Hills, 
January 6, 2009 

 
Additional efforts and activities are planned by the four 
member agencies. 

 
All pilot objectives were met for this project.  Further discussions of key objectives are provided 
in the following paragraphs and may be found within this report. 
 
Initial studies, workshops, and technical evaluations were initiated in July 2007 and completed 
between August 2007 and September 2008 to evaluate water quality, obtain a permit to discharge 
pilot wastes to the sanitary sewer, develop pilot equipment specifications and arrangements, 
procure equipment, erect the pilot equipment, interconnect with available utilities, and complete 
startup operations.   
 
Based on this work, pilot systems were designed as illustrated in Figure 1-3.  Feed water was 
pumped through a 100 micron self-cleaning screen, followed by two parallel ultrafiltration (UF) 
units.  These systems featured Norit Americas, Inc. pressurized membranes and 
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Siemens/Memcor submerged membranes.  Equipment was fabricated and leased from Layne 
Christensen Company and Siemens Water Technologies Corporation. 
 
 

 

Figure 1-3: Pilot Plant Schematic 

 
 
Combined filtrate produced by these UF units was pumped into three parallel RO membrane 
desalination systems.  The configurations of the RO trains are as follows:  
 

• RO Train No. 1: Two-Stage RO desalination, brackish water membrane treatment 
followed by seawater membrane treatment.  Concentrate from brackish water membranes 
is fed into the seawater membranes to increase overall permeate recovery. 

• RO Train No. 2: Single stage RO desalination using seawater membranes.   

• NF Train No. 3: Single stage desalination using NF membranes.   
 
Permeate collected from these parallel desalination processes was stabilized and pumped into the 
CCWD untreated water supply pipeline.  Concentrate and other pilot plant wastes were collected 
and pumped to the nearby Delta Diablo Sanitation District (DDSD) sewer pipeline.   
 
The overall process was established to mimic a full scale treatment plant as it might be designed 
on behalf of the four agencies.  Chemicals were utilized for disinfection, coagulation, 
dechlorination, filtrate conditioning, membrane cleaning, and permeate stabilization.  Specific 
chemicals included sodium hypochlorite, aqueous ammonia, ferric chloride, sodium bisulfite, 
citric acid, antiscalant, and caustic soda. 
 
All pilot test work including water intake and discharge of wastes were conducted under current 
permits, therefore no new permits were required.  
 
Field operations, laboratory work, and special studies were conducted while the pilot plant was 
operational from October 2008 through April 2009.  Three separate runs of approximately six 
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weeks duration each were conducted and were designed in response to actual water quality 
conditions encountered at the site: 
 

• Run No. 1:  Operated during period from November 2008 to December 2008 to establish 
baseline system operating parameters. 
 

• Run No. 2:  Operated during high salinity period from January 2009 to February 2009 to 
establish higher flux and mid-challenge system operating parameters. 
 

• Run No. 3:  Operated during low salinity period from March 2009 to April 2009 to 
establish highest manufacturer recommended flux and challenge system operating 
parameters. 

 
Data were collected for each pilot run by observing and recording various piloting parameters, 
such as pressure, temperature, pH, chemical tank levels, and flow, at regular intervals and at 
various points in the treatment processes.  Computerized equipment was used to record and 
archive data, while manual entry forms were completed during daily pilot plant inspections and 
experiments.  Routine field analyses were performed for: 
 

• Physical parameters of the test water at various points in the process, 

• Silt Density Index (SDI), pressure decay tests, etc., and  

• Verification and calibration of various instruments and field devices.    
 

1.3 Key Pilot Study Findings 
 
The pilot study has led to a greater understanding of water quality and treatment issues for this 
potential water source. 

1.3.1 Water Quality Parameters 

Feed water quality observed during the pilot study exhibited significant seasonal and tidal 
fluctuations in salinity, with high salinity in the dry season and low salinity in the wet season 
with the freshwater influence.  Parameters are summarized in Table 1-2. 
 
The concentration of total dissolved solids (TDS) during the pilot testing period ranged as high 
as 12,000 mg/L in the dry season and below 1,000 mg/L in the wet season.   Conversely, 
turbidity was low in the dry season (5-15 Nephelometric Turbidity Units [NTU]) and high in the 
wet season due to runoff (20-30 NTU with spikes greater than 40 NTU).  Because of the shallow 
source water, water temperature patterns mirrored those of the ambient air temperature, ranging 
from approximately 46 deg F to 70 deg F. 
 



 Bay Area Regional Desalination Pilot Plant  Pilot Plant Report 

Prepared by 1-9 June 2010 

Table 1-2: Pilot Feed Water Quality Parameters 

 Dry Season1 Wet Season1 
Total Dissolved Solids (TDS) Up to 12,000 mg/L <1,000 mg/L 
Boron 1 mg/L 0.2 mg/L 

Sodium 1944 mg/L 198 mg/L 
Chloride 3259 mg/L 311 mg/L 

Turbidity 5 to 15 NTU 20 to 30 NTU with 
spikes >40 NTU 

Total Organic Carbon (TOC) 1.8 mg/L 2.4 mg/L 

Iron  406 µg/L 1040 µg/L 
Aluminum  249 µg/L 493 µg/L 
Note 1: Dry Season feedwater quality spanned November 2008 through February 

2009 (Runs 1 and 2).  Wet Season spans March and April of 2009 (Run 3).  
The seasons are further discussed in Section 4.1.2. 

 
During the pilot study, conductivity was measured continuously via online instruments. 
Conductivity as well as TDS were measured by offsite labs on a weekly bases. Based on these 
empirical lab results, TDS and conductivity are correlated, but the TDS:Conductivity ratio varies 
between waters, as shown: 
 

Pilot Plant Stream 
TDS:Conductivity Mean Ratio 

(with Standard Deviation) 
Brackish Water (pre-RO) 0.61 (SD = 0.05) 

NF/RO Concentrate 0.71 (SD = 0.05) 
NF/RO Permeate 0.49 (SD = 0.06) 

 

These ratios are used throughout the report to convert conductivity values (mS/cm) into TDS 
values (mg/L). 

1.3.2 Pretreatment 

The pilot data collected confirmed that both the pressurized and submerged UF membrane 
systems produced a suitable feedwater for the RO systems, meeting the filtrate water quality 
goals of SDI < 3 and turbidity < 0.15 NTU.  However, the pilot study was not of sufficient 
duration to fully optimize all operating parameters. 
 
The specific flux that the pressurized UF system was able to sustain was significantly higher in 
magnitude than that of the submerged UF system, indicating that more water could be produced 
per membrane area with a lower transmembrane pressure (TMP).  The trade-off for the higher 
specific flux is that the pressurized UF membranes required the use of small amounts of ferric 
chloride as a coagulant, adding iron to the backwash waste, and also featured a lower water 
recovery over the pilot study.  More feedwater was consequently drawn into the system to 
produce the same amount of filtrate.  Additionally, using coagulant in the pretreatment system 
will adversely affect solids handling by increasing the necessary size and cost of the facilities. 
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The submerged membranes experienced irreversible fouling that was not recoverable by CIPs, 
even after modifying the CIP procedures for more aggressive cleaning.  Replacement of the 
submerged membranes was required during the pilot study. The pressurized membranes, on the 
other hand, experienced consistent permeability and no significant fouling regardless of the flux.  
Because the long term operability of the submerged membranes is not clear, and since the 
pressurized membranes performed technically superior over the submerged type during the pilot 
study, the pressurized UF membranes were selected for the scale-up evaluation.      

1.3.3 Desalination 

Each desalination system had distinct operational advantages and disadvantages which are 
broadly summarized in Table 1-3.  Running the systems at pilot scale over the diverse feedwater 
conditions in the testing period provided specific performance data that can be used to project 
full-scale capital and operational expenditures. 
 
The RO Train No. 1 system was a 2:1 array (twice the number of vessels in Stage 1 compared to 
Stage 2) with brackish water membranes in the first stage and seawater membranes in the second 
stage.  Brackish water membranes were most suitable for the anticipated feedwater quality. A 
second stage, which received concentrate produced by the first stage, was used to increase 
recovery. Seawater membranes were selected for Stage 2 because of their higher rejection 
characteristics since the salt concentration in the Stage 2 feed was higher than the Stage 1 feed. 
 
The RO Train No. 2 system was a single vessel of seawater membranes.  Seawater elements 
were tested because they were potentially suitable when the feedwater salinity was at its highest, 
but it was also desirable to understand how the seawater elements would perform given low 
salinity feedwater in the wet season. 
 
The NF Train No. 3 system was a single vessel of NF membranes.   NF elements were tested 
because they were potentially suitable when the feedwater salinity was at its lowest, but it was 
also desirable to understand how the NF elements would perform given high salinity feedwater 
in the dry season. 
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Table 1-3: Desalination System Performance Comparison 

 Goal 
RO Train 

No. 1 
RO Train 

No. 2 
NF Train 

No. 3 

Description  

Two Stage 
Brackish and 

Seawater 
Membranes 

Single Stage 
Seawater 

Membranes 

Single Stage 
Nanofiltration 
Membranes 

Recovery High 70-82% 50-62% 50-63% 

Specific Flux, gfd/psi High Approx. 0.1 0.07-0.075 0.19-0.26 
Permeate TDS1, mg/L < 500 23-120 9.5-27 44-220 

Permeate Boron, mg/L < 0.5 0.14-0.48 0.08-0.2 0.2-0.69 
Permeate Chloride, mg/L < 100 19-67 6.5-11 56-130 

Permeate Sodium, mg/L2  12-43 2.8-7.8 13-82 

Permeate Turbidity, NTU2  <0.05 <0.05 <0.05 
Permeate TOC, mg/L2  <0.1 – 0.5 <0.1 – 0.5 <0.1 – 0.5 

Permeate Iron, mg/L2  < 0.011 < 0.011 < 0.011 
Permeate Aluminum, mg/L2  < 0.021 < 0.021 < 0.021 

Note 1: All water quality values are from dry season conditions (Runs 1 and 2). 
Note 2: No specific goal established. 

1.3.4 Desalination Alternatives Based on Pilot Findings 

RO Train No. 1 is a very suitable system for a full-scale plant because it achieves a high 
recovery, while providing very good water quality and meeting the four agencies’ goals for TDS, 
chloride and other parameters.  RO Train No. 2 features the best permeate water quality but is 
also subject to high feed pressure requirements.  NF Train No. 3, although having the lowest 
energy requirements, does not meet the project’s goal for chloride or boron in the dry season.  
The chloride goal in particular is exceeded by up to 30% based on pilot evidence.  Adding a 
second NF stage may provide advantages for improved recovery with lower total operating 
pressure during certain monthly periods, although degradation of permeate quality must be 
considered. 
 
Combining RO Train No. 2 and NF Train No. 3 into a single integrated system may nevertheless 
have advantages to the four agencies.  Operating an NF system during low TDS periods would 
presumably provide substantial operating cost savings due to low feed pressures.  However, in 
order to achieve sufficient recovery, the NF concentrate would be sent to the seawater 
membranes, even during low TDS periods, increasing the power requirements of the overall 
system. During high TDS periods, dividing the influent flow between the NF and seawater 
membrane could achieve water quality goals through blending of permeate produced by the two 
systems.  Consequently, two alternatives, both using pressurized pretreatment membranes, were 
evaluated further and subjected to a present worth analysis, as described below. 
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Alternative No. 1:  RO Train No. 1, as piloted   
Alternative No. 1 evaluates a two stage system designed to match the pilot RO Train No. 1. In a 
two stage system, concentrate from Stage 1 is sent to a second set of membranes (Stage 2) to 
increase the overall recovery. Brackish water membranes were determined to be most suitable 
for the Stage 1 feedwater quality. Seawater membranes were determined the most suitable for 
Stage 2 because of their higher rejection characteristics in response to the higher salt 
concentration in the Stage 2 feedwater. 
 
Because desalination is an energy intensive process, a number of techniques have been 
developed to reduce the energy consumption. For Alternative No. 1, a pressure exchanger will 
transfer the residual pressure in the Stage 2 concentrate to the Stage 1 feed, reducing the demand 
on the high pressure feed pump. In addition, an interstage boost pump with a variable frequency 
drive (VFD) will supply additional pressure to Stage 2 further reducing the demand on the high 
pressure feed pumps while improving the life of the membranes by balancing the flux between 
stages. 
 
Alternative No. 1 Summary 

• Brackish water RO membranes in Stage 1 and seawater RO membranes in Stage 2.   

• 2:1 array (twice the number of membranes in Stage 1 compared to Stage 2). 

• Approximately 70% total system recovery during high TDS conditions.  

• Pressure exchanger for energy recovery. 

• Interstage boosting with VFD. 

• Pressure exchanger to transfer residual pressure to Stage 2. 
 
Alternative No. 2:  A hybrid plant that has independent trains for RO Train No. 2 and NF 

Train No. 3.  
Alternative No. 2 is a combination of the piloted RO Train 2 and NF Train 3. Feedwater is split 
between the two types of membranes to meet treated water goals. During the dry, high salinity, 
season the seawater RO train will handle approximately 70% of the feed flow due to its superior 
salt rejection characteristics. During low TDS conditions the NF train would treat nearly 100% 
of the feed flow due to its lower feedwater pressure requirement. In order to achieve the highest 
recoveries possible, all NF concentrate will be sent to the seawater membranes.  

 
In order to reduce energy demands in Alternative 2, a pressure exchanger would be used on the 
seawater membranes, transferring pressure from the seawater concentrate to the seawater feed. 
 

Alternative No. 2 Summary 

• Two single-stage membrane systems operating in parallel: NF membranes in one train, 
and seawater membranes in the second train. 

• NF concentrate partially recovered by blending with feedwater being pumped to the 
seawater RO train. 

• Approximately 58% total system recovery during high TDS conditions.  

• Pressure exchanger to recovery energy in the seawater train. 
 
Process flow diagrams for both alternatives are furnished in Figure 1-4 and Figure 1-5. 
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1.4 Special Studies  
 
Three special studies were conducted during the course of the piloting effort to assist in resolving 
key issues which the design of a full-scale desalination plant would face. 

1.4.1 Finished Water Compatibility Study 

Finished water compatibility studies were conducted to verify the capability of the desalinated 
product water to be rendered compatible with water being conveyed in the EBMUD Mokelumne 
Aqueduct and the CCWD Multipurpose Pipeline.    Post-treatment is necessary to enable 
compatibility between water produced by the proposed desalination plant, water in the 
transmission systems, and the integrity of the transmission systems.  Several post-treatment 
options are available, such as lime in combination with carbon dioxide, which will result in 
suitable alkalinity, pH and appropriate corrosion indices. The study determined that treated water 
when mixed with existing supplies could be rendered compatible with the either transmission 
system with lime and carbon dioxide. 

1.4.2 Biological Sampling 

Biological sampling activities were initiated in November 2008 and continued into October 
2009, well beyond the end of the pilot study, so that an extensive array of data could be obtained 
from varying seasonal periods.  Samples of water from the slough and from the pilot intake were 
obtained to gain an understanding of species population and variability throughout these seasons 
and to identify the impact of the intake screens on aquatic life found in this Mallard Slough.  
Biological samples were collected during November and December of 2008 and February, 
March, July, and October of 2009.   
 
The species composition of larval fishes collected during entrainment and source water sampling 
was consistent with published life history information for species found in Suisun Bay.  The 
estimated small annual loss of adult prickly sculpin and bluegill/redear sunfishes is unlikely to 
affect adult populations.  Entrainment of longfin/delta smelts occurred during the sensitive fish 
period of January through June when these larvae are normally present in the vicinity of Mallard 
Slough.  Entrainment of these listed species at a full-scale desalination facility would require 
Endangered Species Act consultation with USFWS and CDFG for delta smelt and CDFG for 
longfin smelt.    

1.4.3 Concentrate Toxicity Study 

Concentrate toxicity studies were conducted using RO concentrate produced by the pilot plant to 
evaluate its toxicity to a variety of selected test organisms locally representing fish, crustaceans, 
and plant life.  Two tests were conducted with RO concentrate samples collected during 
November 2008 (high salinity period) and February 2009 (low salinity period).  Bioassay results 
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showed no significant effects on survival or growth of any of the species tested.  Assuming that 
concentrate samples tested in this study are representative of those produced by an operational 
desalination plant at Mallard Slough, there would be no expected toxic effects of the concentrate 
on biota were the concentrate to be discharged into the Delta. 

1.5 Full Scale Facility 
 
For the purposes of this project, it is assumed that a full-scale desalination plant would take 
advantage of the CCWD water right at Mallard Slough.   
 
The finished water production of a full scale facility will vary depending on maximum and 
average TDS conditions. To define potential TDS conditions, the last three years of Water Year 
Hydrologic Classification Index data compiled by DWR were analyzed.  For the San Joaquin and 
Sacramento Rivers, these years have been classified as either dry or critically dry year types.  
Conductivity data obtained from a DWR monitoring station in Suisun Bay, along with source 
water data obtained during the pilot study, are used to identify anticipated feed water conditions 
for the proposed desalination facility. 
 
Recovery and treated water production values for the two alternatives under consideration for 
this analysis are shown in Table 1-4.  Both Alternatives were developed based on the piloted 
pressurized UF pretreatment system. Recovery is defined as the percentage of feed water which 
is recovered as treated water and available for distribution to customers.  Alternative No. 1 
generally offers higher recovery because the first stage brackish membranes perform quite well 
for the anticipated water quality and because a high percentage of the first stage concentrate is 
recovered by the second stage.  The NF and seawater membranes which in Alternative No. 2 
have somewhat lower feedwater recovery and only a portion of the NF concentrate can be 
recovered.  This has a direct bearing on the unit cost of water. 
 

Table 1-4: Estimated Recovery and Treated Water Production 

Parameter Salinity Condition 
Alternative 

No. 1 
Alternative 

No. 2 
Recovery:    

 Total System2 Max. TDS Conditions1 68% 57% 
 Total System2 Avg. TDS Conditions1 79% 77% 

 RO & NF only Max. TDS Conditions1 70% 58% 
 RO & NF only Avg. TDS Conditions1 81% 79% 

Initial Capacity:    

 Feed Water  25 mgd 25 mgd 
 Treated Water (permeate) Max. TDS Conditions1 17.0 mgd 14.1 mgd 

 Treated Water (permeate) Avg. TDS Conditions1 19.8 mgd 19.2 mgd 
Note 1. Maximum TDS during historical dry years ranges between 11,500 mg/L to 12,000 

mg/L, with occasional peaks reaching as high as 15,000 mg/L.  Average TDS during 
historical dry years ranges between 500 mg/L and 5,500 mg/L. 

Note 2. Total system includes 88% average MF/UF recovery. 
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For the initial 25 mgd feed condition, Alternative No. 1 is able to produce 19.8 mgd total treated 
water at average conditions, but this declines to 17.0 mgd during the highest TDS period.  For 
Alternative No. 2, the production rate drops to 14.1 mgd. 
 
A potential layout for Alternative No. 1 is provided in Figure 1-6.  Alternative No. 2 would be 
configured in a very similar arrangement, requiring a slightly larger RO Building to 
accommodate additional skidded desalination equipment.  A total of approximately 7 acres is 
necessary for the arrangement illustrated in Figure 1-6.  The acreage does not include a buffer 
zone around the desalination facility, which may be desirable in the final design.  Due to 
groundwater and subsurface conditions in the vicinity near Mallard Slough, all tanks, clearwells, 
and other water-holding structures have been placed above-ground. 
 
Treatment processes included for each alternative are: 
 

Intake and Source Water Pumping Station which will draw source water and feed the self 
cleaning screens and MF/UF system at the proper flow rate and pressure. 
 
MF/UF System which will remove large particles, suspended materials, algae and large 
molecules from the source water and create a filtrate suitable for RO desalination.  The 
MF/UF system includes filtrate storage tanks. 
 
RO System which will remove dissolved salts and small organic molecules from the filtrate.  
The RO system includes cartridge filters, energy recovery, permeate storage and chemical 
cleaning systems.   
 
Energy Recovery in the form of a pressure exchanger mounted to each RO skid for capturing 
of waste energy present in RO concentrate. 
 
Clearwell and High Service Pump Station which will store and convey treated water.  The 
clearwell also provides a location for disinfecting the treated water. 
 
Solids Handling System consisting of thickeners, centrifuges and sludge pumping equipment 
will receive backwash generated by the MF/UF system and separate solids for final disposal 
in a landfill or other appropriate location.  Decant water from the thickeners (2 to 3 mgd) can 
potentially be recycled to the head of the plant, while centrate will need to be discharged to 
the sanitary sewer or other suitable alternatives. 
 
Ancillary Systems include chemical storage and pumping, and common neutralization tanks 
for use by both the MF/UF and RO systems.  Space will be required on-site for an electrical 
substation to serve the desalination power requirements. 

 
It is assumed that operations functions will be incorporated into the RO Building.  
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1.6 Unit Water Cost Estimate 
 
Capital and annual operating costs were estimated based present worth analysis for the project.  
Alternative No. 1 offers a significant advantage with respect to both capital and annual costs over 
Alternative 2.  It uses less desalination equipment and requires lower energy per unit of permeate 
to meet overall treated water production.  Although the NF membranes furnished with 
Alternative No. 2 are energy efficient and require low operating pressures, this advantage is 
minimized when the parallel seawater membranes are utilized during high salinity periods as 
necessary to maintain treated water chloride goals.  Based on historical dry year data, Alternative 
No. 2 actually presents a higher power requirement when it is compared to Alternative No. 1. 
 
For developing the cost estimate for the proposed desalination facility, four scenarios were 
developed based on the two alternatives.  Three implementation scenarios were developed using 
Alternative No. 1.  Scenario 4 was developed using Alternative 2, i.e. using the NF and SW 
treatment train.   The estimated costs for all four scenarios are presented in Table 1-5.  
 
In Scenario No. 1, the new desalination facility will be constructed near the Mallard Slough and 
will use the existing Mallard Slough Pump Station and intake to supply feed water.  CCWD’s 
existing source water transmission main will be converted for the conveyance of treated water 
from the site to the Multipurpose Pipeline.  Structures include a new source water pump station, 
MF/UF building, RO building, chemical buildings (2), clearwell, high service pump station, 
filtrate tanks, neutralization tanks, thickeners, and solids handling building. Structures are 
assumed to be placed on pile foundations due to the poor subsurface conditions in this area.  
Scenario 1 unit water cost ($525/acre-feet) represents the water cost for a continuously operating 
plant. 
 
Scenario No. 2 is similar to Scenario No. 1, with the exception that the desalination plant will be 
operated every third year, with minimal maintenance assumed to be performed during non-
operational periods.  It is assumed that in Scenario 2, the plant will be “moth-balled” during the 
wet years and will not produce any water ($0.5M was assumed for O&M costs during the wet 
years). Scenario 2 unit water cost ($1,020/acre-feet) represents the water cost for a plant 
operating only during droughts, i.e. 1 in 3 years on average. 
 
In Scenario No. 3, the new desalination facility will be constructed at an undetermined location 
away from the Mallard Slough and will require a new source water pump station and intake for 
supply of feed water.  New structures also include an MF/UF building, RO building, chemical 
buildings (2), clearwell, high service pump station, filtrate tanks, neutralization tanks, thickeners, 
and centrifuge building. Structures will not require pile foundations since it is assumed that the 
site will not be subject to poor subsurface conditions characteristic of land parcels closer to the 
bay or to the Delta.  Scenario 3 unit water cost ($540/acre-feet) represents the water cost for a 
continuously operating plant located in East Contra Costa but not use Mallard Slough.     
 
In Scenario 4, is based on Alternative No. 2 and is very similar to Scenario No 3:  an 
undetermined location will be found away from the Mallard Slough and which will not require 
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pile foundations.  Scenario 4 unit water cost ($650/acre-feet) represents the water cost for a 
continuously operating plant in East Contra Costa but not use Mallard Slough and use 
Alternative 2 treatment process.   
 

Table 1-5: Cost Summary 

Cost Item Scenario #1 Scenario #2 Scenario #3 Scenario #4 

Estimated Capital Costs $98,400,000  $98,400,000  $106,200,000  $114,400,000  

Contingencies (20%) $19,700,000  $19,700,000  $21,240,000  $22,880,000  

Planning, Permitting, 
Engineering & Administrative 

Costs (25%) 
$29,500,000  $29,500,000  $31,860,000  $34,320,000  

Land Acquisition $3,500,000 $3,500,000 $3,500,000 $3,500,000 

Concentrate Discharge 
Permit 

$1,000,000 $1,000,000 $1,000,000 $1,000,000 

Total Capital Costs $152,100,000  $152,100,000  $163,800,000  $176,100,000  

Annual Costs $10,450,000 1 $10,450,000 1 $10,450,000 1 $13,150,000  

     

Water produced (acre-feet) 
during the planning period 

680,000 227,000 680,000 664,000 

     

Present Worth Analysis     

Net Present Worth of Annual 
Costs - Continuous operation 

$204,900,000  $204,900,000 $257,800,000 

Net Present Worth of Annual 
Costs - Operation every 3 years 

 $79,000,000   

Total Present Worth Value $357,000,000  $231,100,000  $368,600,000  $433,900,000  

Net Present Worth per Acre-
Foot 

    

O&M Only $300 $350 $300 $390 

Capital + O&M $525 $1,020 $540 $650 

     

Annual Worth Analysis     

Annual Worth of Capital and 
O&M Costs 

$18,210,000/yr $11,790,000/yr $18,810,000/yr $22,140,000/yr 

Unit Cost of Water, Based on 
Annual Worth (Year 1), per 

Acre-Foot 
$800 $1,560  $830  $1,000  

Note 1: Annual cost during dry year operation.  A dry year is assumed to occur once every three years. 
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The following assumptions were made to develop the cost estimates presented in Table 1-5.   
  

1. All scenarios are based on 20 mgd production (25 mgd feedwater intake) during 
average TDS conditions from Table 1-4.  Except for Scenario 2, the other scenarios 
assume continuous operation for all years.  Scenario 2 assumes drought year 
operations, once every 3 years.   

2. The estimated costs do not reflect fully developed cost of water to each agency.  
Water rights costs to supply water to a facility with no pre-existing water rights are 
not included in this estimate.  The water rights costs along with other costs such as 
transmission, use of existing facilities, wheeling, and additional treatment (if needed) 
need to be negotiated as part of the inter-agency agreement to evaluate the full cost of 
water to each agency. 

3. Annual operating costs include power, chemicals, periodic membrane replacement, 
labor, concentrate disposal, and disposal of dewatered solids into a landfill. 

4. $1.0M was assumed for RO concentrate discharge permitting fees and $1.0M for 
upgrading unused pipelines to convey the RO concentrate to the discharge facilities. 

5. Preliminary discussions regarding facility information and availability have been 
conducted with Mirant, Shell, and wastewater agencies.  Costs were not discussed.    

6. Power cost is $0.10/kwh.  
7. Land cost is estimated to be $3.5M for 10 acres.   
8. The present worth calculations are based on 30 year project life, 5.0% interest, 2.0% 

inflation rate, and the total amount of water produced over the 30 year project life.   
9. All costs are in 2009 dollars. 
10. This estimate is consistent with a Class 5 estimate as defined by the Association for 

the Advancement of Cost Estimation.        

1.7 Conclusions and Recommendations 
 
The following conclusions and recommendations should be considered by the four agencies as 
the BARDP moves beyond piloting and into a subsequent preliminary design phase: 
 

1. Piloting at Mallard Slough provided data to suggest that a full-scale facility is viable in 
this location.  
 

2. Piloting demonstrated that both types of pre-treatment systems can produce a suitable 
filtrate quality.  The submerged UF system fouled during Run No. 2, and the membranes 
needed to be replaced for Run No. 3.  The pressurized UF system operated within 
acceptable operational and cleaning parameters at 88% recovery and more than 40 
gallons per square feet per day (gfd).  Other pretreatment systems might provide higher 
recoveries at much lower flux and may be considered further during detailed design 
phases of this project. After the full-scale site is selected, any pre-treatment membrane 
will require additional pilot-scale activities to determine appropriate flux and recovery 
parameters, with the possible exception of Norit pressurized membranes installed on 
Mallard Slough feedwater.   
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3. A two-stage desalination process, consisting of brackish RO membranes in the first stage 
and seawater RO membranes in the second stage, was demonstrated in the pilot study to 
meet treated water quality goals with high recovery throughout the wide range of salinity 
variation expected for this project. Single stage seawater and NF RO membranes each 
provide acceptable operation as well, especially during certain periods depending on the 
salinity, i.e., seawater membranes in high salinity conditions and NF membranes during 
low salinity conditions.  The former exhibits lower recovery and higher feed pressures, 
while the latter exhibits lower recovery and unacceptable water quality during higher 
TDS periods. 
 

4. The full-scale evaluation relied on a Norit pressurized pretreatment membrane.  There 
were two desalination alternatives evaluated due to the complex feedwater.  Based upon 
the present worth evaluation, the design of a full-scale facility should be based on RO 
Train No. 1, a two-stage system with brackish water RO (BWRO) membranes in the first 
stage and seawater RO (SWRO) membranes in the second stage. 

 
5. Several opportunities for managing desalination concentrate are available in the east 

Contra Costa region.  The opportunity for mixing the concentrate with wastewater 
effluent produced by DDSD and/or the Central Contra Costa Sanitary District (CCCSD) 
may be explored.  A variety of permits, including an NPDES permit, would be required 
for discharge of concentrate directly into Suisun Bay.  Comingling with spent cooling 
water from the Mirant power plant, which is located east of the Mallard Slough Pump 
Station, or discharge into the power plant’s intake itself, are both low cost and potentially 
acceptable options which the four agencies might consider.  Operational status of the 
power plant, as well as its continued use of once-through cooling, are important and 
should be investigated.   
 
Another key environmental concern is the availability, at each potential desalination 
facility site, for a new source water intake.  The Mallard Slough site, for example, offers 
an existing surface water intake of 40 mgd capacity which is already owned and operated 
by CCWD.  Other surface or subsurface intake types as described in Technical 
Memorandum No. 2A would likely be considered if the site were to shift from Mallard 
Slough to another location. 

 
6. Two methods for post-treatment stabilization were evaluated at the bench-scale using 

pilot plant permeate: liquid lime with carbon dioxide, and continuous flow through 
calcite bed filters. Both methods required sodium hydroxide to reach a suitable pH for the 
transmission systems.  Both methods tested produced a stable product water which could 
be blended with EBMUD aqueduct water and CCWD multi-purpose pipeline water. 
 

7. Site selection is very important for proper equipment sizing and selection.  Source water 
obtained from Suisun Bay is subject to wide salinity variations, with lower maximum 
TDS values encountered further up the Sacramento River delta.  This will have a direct 
bearing on total project cost and on operating costs.  Water quality, project economics 
and technical application will likely vary at another site. 
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For this segment of the Suisun Bay, a maximum TDS design range between 11,500 mg/L 
and 12,000 mg/L is recommended.  During historical dry years, the plant would normally 
operate between 500 mg/L and 5,500 mg/L. However, it is important to recognize that 
this pilot did not study water retrieved directly from the Suisun Bay but from the Mallard 
Slough, which is a dead-end, tidally influenced, narrow water body.  The pilot intake was 
located at the end of the slough approximately 3,000-feet from the bay itself.  The slough 
may have impacted water quality either by dampening the true impact of salinity 
variations induced by the bay, or by adding an organic carbon or algae load which is not 
present in the bay.  While a new desalination facility designed at the Mallard Slough may 
be based on these pilot results, using sufficient safety factors for flux, coagulant feed, etc. 
is recommended.  Additional pilot-scale activities are recommended if the final 
desalination process differs from what has been piloted or if the intake for the full-scale 
site is located elsewhere. 

 
8. Discussions with all the regulatory agencies with jurisdiction over the proposed project 

should begin early in the site selection and preliminary design process to ensure the 
facility addresses regulatory concerns and to minimize rework associated with potential 
mitigation measures. 

 
9. The four agencies have successfully brought this project forward from an initial concept 

and feasibility stage though piloting and identification of practical and viable technical 
solutions for removing salt from proposed source waters in the Suisun Bay water.  As a 
greater level of detail is created, as environmental impact documents are developed, and 
as a firm site is identified, it will be useful for the four agencies to establish the necessary 
formal agreements for defining roles, responsibilities, and obligations among each 
agency.  Key issues will eventually need to be resolved, such as ownership for the 
proposed desalination facility, intake and treated water conveyance facilities; operational 
responsibilities; and the transfer of treated water and other interagency water trades 
necessary to assure equity to each party.  
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2.0 INTRODUCTION AND BACKGROUND 
 
The BARDP will address the regional water reliability needs (emergency, drought, planned 
outages, and/or long-term water supply needs) of the four regional agencies. The project is 
intended to minimize potential adverse environmental impacts associated with the construction 
of separate desalination plants in close proximity to one another and could also provide 
substantial cost savings to the four agencies by pooling resources and sharing costs. The 
proposed joint ownership, operation, and management of a single desalination facility will serve 
the needs of four major water providers and is a unique concept without precedent in California. 
 
In order to properly evaluate the operations of a full-scale desalination plant located in an 
estuarine environment, a pilot plant study (PPS) was conducted. The pilot plant was located at 
CCWD’s Mallard Slough Pumping Plant (MSPS) site near Pittsburg, California, adjacent to the 
Estuary at Suisun Bay, as identified in Figure 2-1. The pilot project allowed for data collection 
and evaluation of potential technologies that may be used in a full-scale plant to be located in the 
San Francisco Bay Area. Data obtained from the pilot plant study will also benefit others 
considering desalination in an estuarine environment. 
 
Water diverted from the slough underwent treatment first by a self cleaning screen and 
pretreatment membrane system followed by passage through an RO or NF membrane. RO and 
NF permeate was discharged into an existing CCWD untreated water pipeline, and 
concentrate/reject streams were discharged into a nearby sanitary sewer.  
 
As a general set of project goals, the PPS was conducted to: 
 

• Minimize adverse environmental effects to aquatic organisms from the intake of source 
water, 

• Confirm requirements for pre-screening upstream of the pretreatment systems, 

• Make recommendations for a preferred pretreatment method, 

• Test pretreatment residuals to evaluate disposal options, 

• Test technologies and methods to maximize the efficiency of the plant (pretreatment and 
RO/NF configuration), 

• Identify and test concentrate toxicity levels, 

• Identify potential impacts of concentrate discharges, and 

• Test treated water quality. 
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Figure 2-1: Pilot Plant Location 

 

2.1 Study Objectives 
 
The project consisted of a series of tasks: complete the pilot study, perform supplemental field 
work, and develop a full-scale treatment configuration, including a life cycle cost analysis. These 
objectives are discussed below. 

2.1.1 UF System Performance 

Two UF systems were tested to evaluate the effectiveness and cost benefits of UF membrane 
filtration pretreatment on RO productivity. The two systems represented different arrangements 
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(pressurized vs. submerged), material types (polyvinylidene fluoride vs. polyethersulfone), flow 
direction (inside-out vs. outside-in) and backwashing strategies. 
 
Each system was operated for the full pilot period, utilizing a coagulant as appropriate and 
recommended by the system manufacturer, and utilizing various flux and recovery rates to 
determine: 
 

• water productivity, 

• water quality, 

• capital and operating costs, and 

• cleaning efficiency and frequency. 

2.1.2 RO and NF Performance 

Using the combined filtrate from the pretreatment systems, three parallel systems were used to 
test NF and RO elements under varied conditions. RO Train No. 1 was a two stage system with 
brackish membranes in Stage 1 and seawater membranes in Stage 2, shown in Figure 2-2. RO 
Train No. 2 was a single stage RO with seawater membranes. The NF train, called NF Train No. 
3, consisted of a single stage NF.  
 

 

Figure 2-2: RO Train No. 1 
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All three trains operated in parallel. Operating pressure and flux were recorded to enable 
comparisons between energy requirements and flux. A range of flux and recovery were evaluated 
to identify: 
 

• salt rejection, 

• operating pressures, 

• water productivity, 

• water quality, 

• chemical requirements, 

• capital and operating costs, and 

• cleaning efficiency and frequency. 

2.1.3 Source Water Biological Impacts 

Impingement and entrainment associated with the proposed pilot plant intake were studied by 
obtaining entrainment and source water samples during several seasons over a period of one year 
(six entrainment and four source water sampling events). Numbers of each species entrained into 
the intake system during operation of the pilot plant and full scale plant entrainment predictions 
are discussed in Section 5.2 of this report. 

2.1.4 Treated Water Compatibility 

A series of bench scale tests on the permeate produced by RO Train No. 1 was used to evaluate 
the compatibility of treated water with existing supplies in the EBMUD Mokelumne Aqueduct 
and the CCWD Multipurpose Pipeline. Post-treatment chemical requirements for pH and 
alkalinity adjustment were identified and recommendations were developed for the full-scale 
desalination plant. The details of this analysis are discussed in Section 5.1 of this report. 

2.1.5 Concentrate Toxicity 

One of the major potential issues associated with full-scale desalination operations is the 
discharge of the RO/NF concentrate, backwash and concentrate streams. Toxicity of the PPS 
concentrate was identified by initial testing. Sensitive species were determined and follow-up 
testing for both salinity and contaminant toxicity on those species was performed over a wide 
range of concentrations of the concentrate streams (0%, 2.5%, 5%, 10%, 25%, 50%, and 100%). 
Dry-season conditions represent highest ambient salinities, whereas wet-season conditions 
represent highest contaminant concentrations associated with storm runoff. The details of this 
analysis are discussed in Section 5.3 of this report. 

2.1.6 Full Scale Treatment Application 

Based on pilot results, a potential full-scale treatment configuration has been developed, 
complete with cost evaluations for two specific alternatives and four scenarios.  Capital and 
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annual average operating costs have been developed for implementation of the project in two 
stages: 
 

• Initial conditions:  With the water rights which CCWD currently maintains on the 
Mallard Slough, the proposed desalination plant would be initially capable of receiving 
up to 25 mgd of feed water.  Treated water production would depend on overall system 
recovery and actual salinity, but during average salinity conditions, it is anticipated to be 
approximately 19 mgd. Water rights issues and restrictions due to potential fisheries 
impacts, however, will need to be evaluated and may limit feed water to less than 25 mgd 

 

• Ultimate conditions:  Previous reports state that the proposed regional desalination plant 
would need to produce 71 mgd of treated water.  Expansion of intake capacity at Mallard 
Slough would require an increase in available water rights.  The full-scale treatment 
application is discussed further in Section 6.0.  

2.1.7 Marine Life Exclusion System Evaluation 

An evaluation of potential screens, including aquatic filter barriers such as the Marine Life 
Exclusion System (MLES) as developed and manufactured by Gunderboom, Inc. was conducted 
and is included within Technical Memorandum No. 2A (Appendix A).  Based on the results of 
the evaluation, and with DWR’s concurrence, existing screens at the MSPS site were used for 
piloting.  Using existing screens minimize potential adverse impacts associated with new intake 
construction. 

2.2 Treated Water Quality Goals 
 
To properly evaluate the RO technology, it is necessary to broadly consider the treated water 
quality which the BARDP will need to meet at full-scale. Table 2-1 summarizes the water quality 
goals for an RO system treating northern California Bay-Delta water.  
 

Table 2-1: Desalination Water Quality Goals 
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Note 1: TTHM and HHA5 values were selected based on a maximum of 80% of EPA drinking 
water requirements. 

2.3 Summary of Work 
 
The pilot plant study consisted of planning, developing, fabricating, installing, and operating all 
membrane pilot systems including feed water equipment, drainage equipment, and electrical 
power systems.  Other facilities necessary to support and maintain pilot operations include 
preliminary screening, chemical feed equipment, tanks and pumps, pipelines, lighting and 
temporary structures. 
 
The pilot plant is shown in the photograph included as Figure 2-3.  A complete description can 
be found in Section 3 herein. 
 

 

Figure 2-3: Pilot Plant Site 

2.3.1 Pilot schedule 

The pilot plant was operational from October 2008 through April 2009. Assessment of the UF, 
RO and NF membranes occurred in a series of three runs between November 2008 and April 
2009, as described below. For each run, set points (the operation goals), were established and 
followed.  Each run and set point is described in the following subsections.   
Data collection for the assessment of source water biological impacts and concentrate toxicity 
occurred throughout pilot plant operations. Data collection for treated water compatibility 
occurred during Run 2. 
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2.3.1.1 Run 1: Baseline 

Table 2-2 below is a summary of the set points for Run 1. Run 1 was a baseline run where fluxes 
and recoveries were based on manufacturer recommendations and Technical Memorandum No. 
4A. This run occurred during dry weather conditions with feed conductivities ranging from 10-
18 mS/cm. As discussed in Section 4.1.4, this can be converted to a TDS of approximately 6,000 
– 11,000 mg/L based on a TDS to conductivity ratio of 0.61. 
  

Table 2-2: Run 1 Set Points 

Duration Nov 6th 2009 - Dec 17th 2008

Submerged UF 32 gfd

Pressurized UF 40 gfd

RO Train No. 1 Flux 12 gfd

RO Train No. 1 Recovery 70%

RO Train No. 2 Flux 12.7 gfd

RO Train No. 2 Recovery 50%

RO Train No. 3 Flux 13.2 gfd

RO Train No. 3 Recovery 50%  

2.3.1.2 Run 2: Mid-Challenge Run 

After the conclusion of Run 1, the performance of each membrane system was evaluated and 
new, more challenging set points were established, as summarized in Table 2-3.  Water quality 
during this run was similar to Run 1, with feed conductivity ranging from 8 – 18 mS/cm 
(approximately 5,000 – 11,000 mg/L TDS). 
 

Table 2-3: Run 2 Set Points 

Duration Jan 8th 2009 - Feb 11th 2009

Submerged UF 32 gfd

Pressurized UF 44 gdf

RO Train No. 1 Flux 12 gfd

RO Train No. 1 Recovery 74%

RO Train No. 2 Flux 14.1 gfd

RO Train No. 2 Recovery 50%

RO Train No. 3 Flux 12.9 gfd

RO Train No. 3 Recovery 55%  

2.3.1.3 Run 3: Challenge Run 

In Run 3, fluxes and recoveries were increased to the maximums allowed by manufacturers 
without exceeding design warnings. Water quality was more representative of wet weather 
conditions during this run. Feed conductivities ranged from 0.5 – 5 mS/cm (approximately 300 – 
3000 mg/L TDS). 
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Table 2-4: Run 3 Set Points 

Duration March 17th 2009 - Apr 23rd 2009

Submerged UF 41 gfd

Pressurized UF 55 gfd

RO Train No. 1 Flux 12 gfd

RO Train No. 1 Recovery 82%

RO Train No. 2 Flux 14.1 gfd

RO Train No. 2 Recovery 62%

RO Train No. 3 Flux 12.9 gfd

RO Train No. 3 Recovery 60%  

2.3.2 Technical memoranda description 

Initial studies were conducted during pilot development to: 

• identify and resolve key issues associated with pilot operations, 

• develop and gain feedback from the staff from the four agencies regarding the approach 
for conducting special studies during the course of the pilot period, 

• summarize key permitting issues to be addressed before conducting the pilot study, 

• evaluate various membrane technologies potentially suitable for pilot evaluation and 
testing, 

• consider various intake configurations potentially applicable for use in the full-scale 
treatment facility. 
 

All technical memoranda (TM) are provided in Appendix A. 

2.3.2.1 TM No. 1A Discharge Characterization 

TM 1A was developed to document the anticipated nature of the pilot plant discharge and the 
options for disposal, as the first step in resolving potential permitting and discharge constraints.  
The TM provides an estimate of quantity, chemicals added, and doses for normal pilot plant 
operations and cleaning discharges.   
 
Three options were identified for disposal of the pilot waters, including CCWD’s source water 
line, Delta Diablo Sewer District’s (DDSD’s) sewer line, and a hybrid approach in which 
permeate is discharged to CCWD and all other flows discharged to DDSD.  For each option, 
flowrates, dilutions and TDS impacts were calculated during normal and worst-case scenarios.   
 
Based on this evaluation, and after consultation with staff from the four agencies, it was decided 
that CCWD would receive the pilot plant permeate, while DDSD would receive all other waste 
discharges.   

2.3.2.2 TM No. 1B Concentrate Toxicity Test Plan 

One goal of the pilot study was to develop an understanding of the potential toxicity of the RO 
concentrate relative to species found in surrounding waters.  TM 1B was prepared to document 
the proposed concentrate toxicity testing plan.  Toxicity testing was designed to focus on the 
environmental extremes that were encountered during the pilot testing period in the dry season 
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with higher ambient salinity and in the wet season with higher contaminant concentrations 
associated with storm water runoff.   
 
The concentrate toxicity testing involved survival and growth testing of three estuarine test 
organisms (plant, crustacean, and vertebrae), with a determination of whether toxicity is due to 
salinity or potential contaminants.  These species were selected for this study as being 
representative of aquatic organisms within the Delta.  Based on test organism mortality, follow-
up testing was to be conducted for the most sensitive species for both salinity and potential 
contaminant toxicity. Each test involved the blending of concentrate from the pilot plant with 
Lab Water Control to create various concentrate dilutions. QA/QC and reporting procedures are 
also defined in the TM. 

2.3.2.3 TM No. 1C Environmental Assessment and Permitting Findings 

Based upon TM 1A, it was decided that CCWD would receive the pilot plant permeate, while 
DDSD would receive all other flows including the cleaning wastes.  The permitting requirements 
for the pilot plant project were revisited, and conclusions are documented in TM 1C.   
 
Because no pilot discharges were being sent back to surface waters, and all of the activity was 
being conducted on an existing CCWD site, it was determined that all work associated with the 
projects could be covered by existing permits.  A categorical Exemption was filed by the 
member agencies under CEQA for conducting the pilot test. No specific pilot study permits were 
issued. 

2.3.2.4 TM No. 2A Intake Desktop Study 

TM 2A was developed as a preliminary desktop evaluation of current intake screen technologies 
and current practices at local and global facilities.  Screen technologies that were identified for 
potential use in the full scale plant include the following: 
 

• Surface Water Intakes 
o Behavioral Barrier Systems 
o Velocity Caps 
o Passive Screens 
o Aquatic Filter Barriers 
o Fish Barrier Nets 
o Fish Mesh Stationary Screens 
o Traveling Water Screens 
 

• Subsurface Intakes 
o Infiltration Galleries 
o Seabed Filtration Systems 
o Horizontal Collector Wells 
o Horizontal Directional Drilled Well Field 
o Slant Wells 
o Conventional Vertical Wells 
o Porous Dike 
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For the pilot study, it was recommended that the existing MSPS intake screens be utilized to 
draw water from the Mallard Slough and for diversion to pilot equipment.   
 
A workshop was held with DWR early in the project in which the pros and cons of aquatic filter 
barrier testing were presented. Using the currently permitted MSPS intake was recommended 
and DWR subsequently approved the change. 

2.3.2.5 TM No. 3A Feedwater Characterization 

TM 3A was a pre-pilot characterization of water quality at Mallard Slough based on available 
data from ten years of CCWD sampling for some metals, salts, and general water quality 
indicators.  Historical hourly conductivity and temperature data were also obtained from a water 
quality monitoring station located in Suisun Bay near the City of Pittsburg maintained by the 
California Department of Water Resources (DWR).  The CCWD data showed that Mallard 
Slough TDS varied from approximately 150 to 7,000 mg/L (10th to 95th percentile of the data 
set), whereas the DWR data indicated that local TDS varied from approximately 150 to 10,600 
mg/L. 
 
The available water quality data did not show a complete representation of Mallard Slough 
water.  Most of the available data was taken in the wet season to determine when the MSPS 
could supply source water to CCWD when TDS and chloride was low.  Therefore, the data 
represented a specific season of the year.  Furthermore, the water quality parameters normally 
tested do not cover the range of metals, salts and other parameters that are used to design an RO 
system.  Therefore, additional water quality sampling was conducted in advance of the pilot 
study (December 2008), and the data is summarized in the TM 3A supplement.  The additional 
water quality testing included grab samples at high tide and low tide for additional RO design 
parameters.  Additionally, continuous data was collected for two days by a probe that recorded 
temperature, conductivity, pH, and oxidation reduction potential (ORP).  Water quality exhibited 
a very slight correlation to tidal patterns, and salinity was relatively consistent with the nearby 
DWR station.  

2.3.2.6 TM No. 3B Pretreatment Technology Evaluation 

The purpose of TM 3B was to evaluate pretreatment technologies for their suitability to the pilot 
project.  A questionnaire was sent to four established polymeric MF/UF membrane suppliers: 
Pall Corporation; Norit Americas, Inc.; GE/Zenon Water Process Technologies; and 
Siemens/Memcor Water Technologies Corporation.  Ceramic membranes from NGK Insulators, 
Ltd. were also evaluated.   
 
TM 3B includes a description of each technology and responses to questionnaires sent to each 
vendor to determine whether their system could meet our project requirements.    The ceramic 
membrane system vendor was unable to furnish a pilot-scale system within the project schedule.  
However, all four of the polymeric membrane systems were suitable for the pilot study.   
 
The conclusion of the TM was that Norit Seaguard and GE/Zenon ZeeWeed 1000 would be 
selected for the pilot study.  However, subsequent discussions with all of the vendors led to 
several changes in the pretreatment technologies for the project.  Norit reduced their efforts to 
get the Seaguard technology certified by the California Department Public Health (DPH) for 
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drinking water, and so the project was built with Norit Aquaflex (SXL membranes in a vertical 
configuration).  Siemens/Memcor decided to build a new S10V pilot unit for this project and was 
willing to provide it within the project schedule and at a lower pilot cost, so their technology was 
used in lieu of GE/Zenon ZeeWeed 1000.   

2.3.2.7 TM No. 4A Reverse Osmosis Technology Evaluation 

TM 4A documented the criteria and assumptions for the pilot-scale RO design.  Treated water 
quality goals were defined, including salinity, disinfection, disinfection by-products (DBPs), and 
boron. Given the unusual feedwater quality and the anticipated range of feedwater salinity, other 
case studies with seasonal and tidal variations were considered.  Four RO membrane suppliers 
were contacted and provided with feedwater quality data.  A review of the supplier RO 
performance projections and discussions between project staff and supplier staff led to a 
recommendation to utilize two high pressure RO trains.   
 
One train was recommended to be a two-stage system with brackish water membranes in the first 
stage and seawater membranes in the second stage, so that the benefits of a high recovery system 
could be evaluated in the pilot.  In this TM, the second train was also initially recommended to 
be a two stage arrangement with seawater membranes only; however, it was eventually 
determined that both the second and third trains should be single stage.  The membrane 
selections were further refined in TM 4B. 

2.3.2.8 TM No. 4B Nanofiltration Technology Evaluation 

Nanofiltration membrane technology was evaluated for implementation at the pilot scale.  
Performance projections for two separate NF elements were developed.  As anticipated, the NF 
computerized performance models projected a lower operating pressure but a lower water 
recovery in order to meet the permeate salinity goals.   
 
As a result of this evaluation, a third desalination train was added to the project, containing a 
single stage of NF elements.  At the same time, the seawater membrane RO train identified in 
TM 4A was reduced to a single stage because of anticipated high periodic TDS in the Mallard 
Slough source water and resulting energy impacts. 
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3.0 PILOT PLANT DESCRIPTION 
 
The pilot plant site was located at CCWD’s existing MSPS in Pittsburg, California, and was fed 
with water from Mallard Slough.  The pilot plant utilized the existing fish screen to minimize 
biological impacts to the feedwater.  The pilot treatment process included a 100-�m self cleaning 
screen, followed by two parallel UF units.  Combined filtrate was fed into three parallel RO/NF 
systems.  Permeate was stabilized and pumped into the MSPS source water supply pipeline.  
Concentrate and other pilot plant wastes were collected and pumped to the nearby DDSD sewer.   
 
Process chemicals included sodium hypochlorite, aqueous ammonia, ferric chloride (for 
pressurized UF only), sodium bisulfite, antiscalant, and caustic soda (permeate stabilization 
only).  In addition to the chemicals listed, acids were also used for pretreatment cleaning 
procedures on a daily basis and for CIPs on all systems. 
 
Water quality sampling and operational monitoring were conducted at regular intervals at various 
points in the treatment processes.  Sampling and monitoring locations, frequencies, procedures, 
and standard methods were prescribed in the Experimental Plan (Appendix B), and results were 
documented on a daily basis.  Operational monitoring included flows, pressures, temperatures, 
chemical tank levels, and periodic procedures such as silt density index (SDI) testing and 
instrument verifications/calibrations.  Water quality analyses were conducted onsite and at 
external laboratories. 
 
Data were downloaded from the pilot plant on a weekly basis and were populated into 
spreadsheet databases, where they were automatically normalized and plotted.  Automatic 
calculations allowed for weekly evaluation of operational parameters, such as specific flux and 
net pressure, to monitor each system’s performance. 
 
This section provides a summary of the pilot plant site, the treatment processes, sampling and 
monitoring, data analysis, and QA/QC procedures. 

3.1 Site Description 
 
The Pilot Site was located in Pittsburg, California at CCWD’s MSPS, adjacent to the Estuary at 
Suisun Bay. The existing MSPS intake has physical capacity of 40 mgd with a fish screen that 
was built and approved by the resource agencies in 2002.  The fish screen’s mesh size of 3/32 
and low intake approach velocities are designed to eliminate the impingement of juvenile and 
adult fishes and to minimize the entrainment of larval fish. The performance of the new screen 
has been continuously monitored during pumping operations since 2002.   
 
The MSPS site itself is isolated, located on an unpaved access road approximately half a mile 
long.  Between the nearest public road and the site there were four locked gates and four sets of 
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railroad tracks.  The isolation of the site required additional security measures including housing 
all equipment inside locked steel shipping containers, as shown in Figure 3-3. 
 

 

Figure 3-1: Pilot Plant Area 

3.2 Pilot Plant Configuration 
 
A schematic of the pilot plant is shown in Figure 3-2.  
 

 

Figure 3-2: Pilot Plant Schematic 
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A submersible pump was installed in the MSPS wet well behind the existing fish screen, 
allowing the pilot plant to operate without using the Mallard Slough Pumps. Source water was 
pumped through a self-cleaning screen into the untreated water tank.  Water was pumped from 
the untreated water tank to the two UF systems operating in parallel, and filtrate from those 
systems was sent to a combined filtrate tank. The filtrate tank provided water to three 
desalination membrane trains operating in parallel (two RO systems and one NF system). RO 
and NF permeate was sent to the permeate tank, which was pumped into CCWD’s source water 
line that delivers Mallard Slough water from MSPS to the Contra Costa Canal and CCWD’s 
untreated water system. Flushing waste from the self-cleaning screen, backwash waste from the 
UF membranes, concentrate from the RO and NF membranes, and tank overflows were sent to 
the waste tank, which was pumped into the DDSD sewer line.  
 
The untreated water tank allowed for: untreated water balancing, contact time for chloramines, 
and a location for the untreated water quality testing. The filtrate tank allowed for storage of 
filtrate during the UF membrane backwashes and maintenance washes so that the RO systems 
would not have to be taken offline. The waste tank allowed for the neutralization of any cleaning 
chemicals (specifically during the cleans-in-place (CIPs)) so that no low or high pH water was 
discharged to the sewer. The permeate tank supplied clean water for the CIPs, permeate flushes 
for the RO and NF systems, and makeup water for chemicals that were diluted onsite. 
 

 

Figure 3-3: View of Pilot Plant Site at Mallard Slough Pump Station. 

3.2.1 Source Water Feed 

Normal operations of the pilot system involved pumping source water from behind the existing 
3/32-inch (2400 �m) MSPS fish screen at the south end of Mallard Slough. The submersible 
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pump (Goulds WE2QH) delivered 85 gpm of slough water into the pilot facility.  This source 
water pump was controlled by the level in the untreated water tank.  
 
To protect the UF membranes from smaller debris and particles that passed through the fish 
screen, an inline 100 micron self-cleaning self cleaning screen was employed, shown in Figure 
3-4. This type of pre-screen was required by all of the pretreatment membrane manufacturers 
contacted for this project to protect their membranes.  The screen unit was model TAF750, 
manufactured by Amiad Filtration Systems. Motor driven backwashes were initiated by a 
predetermined time interval of 8 hours, a differential pressure of 7 psi, or by manual operator 
intervention. The duration of each backwash ranged from 15 to 30 seconds, with spent backwash 
water and trapped particles discharged ultimately to the DDSD sanitary sewer. A brief 
description of screen equipment is presented in Table 3-1. 
 

 

Figure 3-4: Amiad Self Cleaning Screen 

 

Table 3-1: Self Cleaning Screen Equipment 

Parameter Value 
Manufacturer and unit Amiad Super TAF-750 
Screen size, micron 100 

Flow rate, gpm max 110 
Working pressure, psi 30 to 120 

Minimum backpressure for backwash, psi 22 

Filter area, sq. inches 110 
Inlet & Outlet diameter, inches 2 

Backwash time, seconds 16 
Backwash flow, gpm 25 

Backwash water use, gal 6.7 
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3.2.2 Membrane Pretreatment 

The RO and NF processes require a high quality feed water to minimize fouling, maximize 
membrane life and operate efficiently. The principle objective of pretreatment is to reduce the 
concentration of fouling constituents in the feed water to a level that will produce long-term 
stable performance that prolongs the lifespan of the membranes. 
 
The pilot study evaluated two UF membrane systems. One unit, a submerged membrane system, 
was manufactured and provided by Siemens/Memcor, pictured in Figure 3-5.  The second unit, a 
pressurized membrane system, was provided by Layne Christensen Company and contained 
membranes manufactured by Norit Americas, Inc, pictured in Figure 3-6.  
 
The terms submerged and pressurized are used throughout this report to differentiate between the 
two UF systems. However, all results and recommendations are for these specific systems as 
defined below and do not represent generalized results for either type of UF membrane 
arrangement. In addition, any discrepancies in the performance between the two membranes are 
not simply a result of the membrane arrangement (submerged vs. pressurized). There are a 
number of variables that differ between the two systems, including membrane material, flow 
direction through the lumen, and backwash flowrates.  
  

 

Figure 3-5: Submerged UF System 
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Water was pumped from the untreated water tank to the two UF systems in parallel.  The single 
pump (Goulds NPE/2ST) operated constantly, and both UF PLCs had a means of starting and 
stopping flow to its system (the submerged system utilized a valve; the pressurized system 
utilized an on-skid feed water tank in conjunction with an on-skid pump).  If both systems were 
not calling for feedwater, the UF pump would shut down until water was required. 
 
The submerged membrane system was a vacuum driven UF system that operated in an outside-in 
flow pattern. Polyvinylidene fluoride (PVDF) membrane modules were vertically immersed 
directly into an open process tank and connected to permeate collection headers and aeration 
hoses. Permeate pumps applied a slight vacuum to the end of each membrane fiber. The The 
submerged system did not require any coagulant.  Cleaning procedures included an air-liquid 
backwash every 25-30 minutes, a maintenance wash every 0.5-1 days, and CIPs as discussed in 
Section 4.2.1.2. 
 
In the submerged system, dummy modules were used to reach a desired flux at a given flow rate 
to minimize filtrate tank overflow. For example, in Run 3, two working modules and two dummy 
modules were used to achieve an average flux of 41 gfd and a flow rate of 17 gpm. Additional 
working modules would have increased the flow to more than was required for the RO and NF 
systems. Overflow from the filtrate tank would have been sent to waste tank and ultimately to the 
sewer, unnecessarily increasing the environmental impact of the pilot plant as well as increasing 
sewer fees. Using dummy modules avoided those unnecessary costs. 
 

 

Figure 3-6: Pressurized UF System 
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The pressurized system was a pressure driven inside-outside UF system with polyethersulfone 
(PES) hollow fiber membranes housed in 8-inch diameter pressure vessels assembled vertically 
on the skids. Filtration was dead-end in the pressure vessels. The pressurized system required the 
addition of a coagulant upstream of the membranes. Flows up to approximately 33 gpm were 
achieved. Cleaning procedures included a liquid-only backwash every 25-30 minutes, a 
chemically enhanced backwash every 0.5-1 days, and periodic CIPs as needed. 
 
Table 3-2 provides a summary comparison of the two UF systems. 
 

Table 3-2: Membrane UF Summary 

Manufacturer Siemens/Memcor Layne Christensen/Norit 
Product Name S10V  SXL-225 
Technology UF membrane UF membrane 

Configuration Submerged Pressurized 
Flow Direction Outside-In Inside-Out 

Membrane Fiber Material PVDF PES 

Terminal TMP, psi (max) 12 15 
Fiber Dimensions, �m 
(OD/ID) 

800/500 800 (ID only) 

Pore size, �m (nominal) 0.04 0.025 

Clean Water Permeability, 
gfd/psi 

10 to 12 Not field tested 

Dimensions 
 Diameter, inches 
 Length, inches 
Membrane Area, sf, all 
modules 

 
5.2 

46.7 
900 (3 modules) 
600 (2 modules) 

 
8 
60 

860 (2 modules) 

Membrane Type Hollow Fiber Hollow Fiber 

Backwash Mechanism Combined air & liquid Liquid Only 

Coagulant type Not required Ferric chloride 
Coagulant Dose, mg/L N/A 5 

3.2.3 Membrane Desalination 

Filtered water from the UF systems was pumped with low-lift pumps (Goulds NPE/2ST) from 
the filtrate storage tank and processed through 5-micron cartridge filters. Cartridge filters are 
commonly utilized as additional protection for the RO and NF membrane elements to capture 
any final particles of suspended solids that may enter the feed stream. From the cartridge filters, 
the filtered water was pumped into three different desalination trains, each with its own high-
pressure pump with VFD.   
 
During project design, historic water quality near the site demonstrated large seasonal variations 
in feed salinity (100 – 13,000 mg/L of TDS).  This wide salinity range presented a challenge in 
selecting a desalination technology for this site.  Coarse classifications of desalination 
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technology are shown in Table 3-3, and there was no single technology that would be efficient in 
all seasons.  Therefore, three different membrane technologies were used in order to determine 
which type of membrane system was most applicable for the site. 
  

Table 3-3: Membrane Classifications 

Membrane 
Classification 

Log Salt 
Removal 

Typical Feed Water Salinity to 
Achieve Efficiency 

Nanofiltration <1 <3,000 mg/L TDS 
Brackish water  1-2 1,000 – 10,000 mg/L TDS 

Seawater >2 > 10,000 mg/L TDS 
 
Selection of the RO membrane configurations is described in Appendix A (TM No. 4A RO 

Technology Evaluation and TM No. 4B NF Technology Evaluation). 

3.2.3.1 Factors Affecting RO Performance 

In reverse osmosis system, one indicator of performance is the specific flux, or permeability, of 
the membrane.  Permeability is flow normalized by membrane surface area (flux) and also 
normalized by net pressure, and it is expressed in units of gallons per square foot per day per psi 
(gfd/psi).  There are a number of factors that can affect permeability.  
 
Osmotic Pressure:  Given constant flux and recovery, as the RO systems were controlled, an 
increase in osmotic pressure (e.g. feed salinity) will cause the VFD to ramp up, increasing feed 
pressure to maintain the flow setpoints.  This in turn will increase the net pressure, and decrease 
permeability.  Likewise, a decrease in osmotic pressure will increase permeability. 
 
Temperature:  As temperatures decrease during winter months the water becomes more 
viscous, requiring additional pressure to move water through the semi-permeable membrane. In 
order to properly analyze data from the RO and NF systems, temperature fluctuations must be 
accounted for. All comparison data is normalized for temperature. This is discussed further in 
Section 3.4. 
 
Fouling:  Buildup of organic matter on the spacers and membrane surface can decrease cross-
sectional flow area through the vessel and increase the feed-to-concentrate differential pressure. 
It can also physically block passage through the membrane.  In order to maintain the flow 
setpoints, the feed pressure would increase, thus decreasing the permeability.  This can be 
minimized by ensuring that there is no biological activity in the UF process or filtrate storage.  
The pilot plant was dosed continuously with chloramines, and bisulfite was added to the filtrate 
upstream of RO to prevent oxidation damage. 
 
Scaling:  Deposition of mineral scale onto the surface of the membrane can have the same 
effects as fouling.  This can be minimized with the use of an antiscalant.   
 
Recovery:  Increased water recovery can affect performance in several ways.  Raising recovery 
will drive up the operating pressure to push more water through the membrane.  Because less 
flow is going to concentrate, the tail elements experience lower crossflow velocities combined 
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with higher salt concentrations, and are more subject to material deposits.  And finally, higher 
operating pressure can compress foulant deposits, making them more difficult to remove.  
Several different recovery setpoints were tested for each RO system, from lowest to highest. 
 
In the case of scaling or fouling, chemical cleaning procedures can generally restore performance 
unless there is irreversible buildup.  A high pH CIP targets organics, while a low pH CIP targets 
inorganics.  CIPs are a routine part of normal membrane maintenance for pilot studies and at the 
full scale. 
 
Three desalination membrane trains were designed, constructed, and pilot tested.  Each is 
described in the following subsections.  As noted in Section 6.2.1, the performance of the three 
desalination trains which were piloted during this study cannot be directly compared because of 
differences in staging and number of elements per vessel. 
 

3.2.3.2 RO1 – 2:1 Brackish: Seawater 

The RO1 system was a 2:1 array with brackish water membranes in the first stage (Dow BW30-
4040) and seawater membranes in the second stage (Dow SW30HRLE-4040).  Figure 3-7 shows 
a schematic of a 2:1 array.  Brackish water membranes were determined to be most suitable for 
the anticipated feedwater quality and a second stage was used to increase recovery. Seawater 
membranes were selected for Stage 2 because of their higher rejection characteristics since the 
salt concentration in the Stage 2 feed was higher than the Stage 1 feed. Additional characteristic 
of the membrane elements can be found in Table 3-4. 
 

 

Figure 3-7: RO1 Schematic 

 

3.2.3.3 RO2 – Seawater System 

The RO2 system was a single vessel of seawater membranes (Dow SW30HRLE-4040).  For full 
scale design, additional stages could be considered in order to enhance recovery, although at 
greater capital and operating cost.  Figure 3-8 shows a schematic of the single vessel design of 
RO2 and NF3 systems.  Seawater elements were tested because they were potentially suitable 
when the feedwater salinity was at its highest, but it was also desirable to understand how the 
seawater elements would perform given low salinity feedwater in the wet season. Table 3-4 
summarizes additional element characteristics. Figure 3-9 is a photograph of the RO trailer, and 
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the RO2 vessel is the top vessel. The piping and pump that can be seen are actually associated 
with NF3 but are similar to RO2. 
 

 

Figure 3-8: RO2 and NF3 Schematic 

 

3.2.3.4 NF3 – Nanofiltration System 

The NF3 system was a single vessel of nanofiltration membranes (Dow NF90-4040).   Figure 3-8 
shows a schematic of the single vessel design of RO2 and NF3 systems.  Nanofiltration elements 
were tested because they were potentially suitable when the feedwater salinity was at its lowest, 
but it was also desirable to understand how the nanofiltration elements would perform given high 
salinity feedwater in the wet season. Table 3-4 summarizes additional element characteristics. 
Figure 3-9 is a photograph of the RO trailer, and the NF3 vessel is the fourth vessel down from 
the top. The piping and pump that can be seen are also associated with NF3. 
 

Table 3-4: RO Skid Summary 

 RO System No. 1 RO System No. 2 NF System No. 3 
Vendor Dow/Filmtec Dow/Filmtec Dow/Filmtec 

First Stage 
Membrane Type 
(Manufacturer Model) 

Brackish 
(BW30-4040) 

Low pressure 
seawater 

(SW30HRLE-4040) 

Nanofiltration 
(NF90-4040) 

Array 2:1 Single Single 
Number of Vessels 3 1 1 

Elements per Vessel 7 6 6 

 (Surface Area, sf) 78 85 82 
Size, inch 4 4 4 

Antiscalant Dose, mg/L 1.5 1.5 1.5 

Second Stage 
Membrane Type 
(mfg model) 1 

Low pressure 
seawater 

(SW30HRLE-4040) 
N/A N/A 

Element Number 7  -- -- 

 (Surface Area, sf) 85 -- -- 

Size, inch 4 -- -- 
Antiscalant Dose, mg/L None -- -- 
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Figure 3-9: Photograph of RO Trailer 

3.2.3.5 RO System Controls 

Each RO system had a dedicated feed pump with VFD, as well as motorized control valves and 
inline flow meters.  Flow setpoints were changed manually in the PLC, and the VFD and control 
valves were automatically adjusted to meet the flow setpoints.  In this manner, flux and recovery 
were held constant.  Changes in osmotic pressure (e.g. feedwater salinity) were accommodated 
with changes in the pump speed (e.g. feed pressure) to maintain all the flow setpoints. 
 
In RO1, Stage 1 recovery was maintained with a flow control valve on the Stage 1 permeate 
piping. Although this arrangement presents a small risk of back-pressuring the Stage 1 
membranes, the flow control was strategically placed here to minimize headloss on the 
concentrate stream that feeds Stage 2. Recovery through Stage 2 was controlled with a flow 
control valve on the Stage 2 concentrate piping. This is illustrated in Figure 3-10. 
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Figure 3-10: Control Schematic for RO1 

 
In RO2 and NF3, recovery was controlled by defining a concentrate flow rate which was 
maintained via a flow control valve on the concentrate piping. This is illustrated in Figure 3-11 
 
 

 

Figure 3-11: Control Schematic for RO2 and NF3 

3.2.4 Ancillary Systems  

In addition to the treatment technologies discussed above, there were a number of other systems 
that were integral to the operation of the pilot plant. Chemicals were used to adjust pH, to restrict 
microbial growth, to enhance treatment performance and to clean the systems. Permeate and 
waste discharge systems removed the final products from the pilot site. 

3.2.4.1 Chemical Systems 

There were a number of steps within the desalination process where chemicals were introduced 
to enhance performance or to protect the membranes. Some of the treatment processes required 
chemical addition to adjust water quality parameters to meet treatment goals, optimize 
performance and costs, and maintain process equipment. Process chemicals were continuously 
applied at various locations in the pilot plant. Chemical application points are shown in Figure 
3-12 and doses are summarized in the subsections below.  
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Figure 3-12: Schematic of Chemical Injection Points  

 
Disinfection: Sodium hypochlorite was injected upstream of the Amiad TAF screen and was 
used to minimize biological growth on the self-cleaning filter, untreated water tank, UF 
membranes and filtrate tank. The dose was based on goal of 0.15 mg/L free chlorine upstream of 
the UF Membranes. Aqueous ammonia was added at a 4:1 ratio (chlorine to ammonia) 
downstream of the Amiad TAF to form chloramines, a chemical disinfectant that is less harmful 
to the RO membranes than free chlorine. 
 

 
Figure 3-13: Disinfection Chemical Injection Points  
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