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EXECUTIVE SUMMARY

The City of San Diego is in the process of conducting a major pilot testing program at Aqua
2000 Research Center for the evaluation of water repurification to augment a local water
supply, in order to reduce their reliance on limited imported water supplies. Desalting
membranes play an important role in nearly every water repurification project since these
membranes are the best available technology for removal of inorganic salts, trace metals and
organic compounds. In addition, they have the potential for removal of all classes of
microorganisms.

As part of the Aqua 2000 Research Center program, the City of San Diego is also interested
in evaluating the new and emerging technologies currently on the market for municipal
wastewater treatment which might provide a cost advantage for future water repurification
projects, particularly those that employ desalting membranes. Prominent among these
technologies are the Membrane Bioreactors (MBRs),  in which membrane filters are substituted
for the sedimentation process in conventional suspended growth biological treatment.

Hence, the City of San Diego was awarded a cooperative agreement by the Bureau of
Reclamation, as part of their Desalination Research and Development Program, to conduct a
preliminary study to evaluate the feasibility of the MBR process for water repurification
projects. One year was allocated for the completion of the feasibility study, which included the
following tasks: literature review of MBRs,  worldwide survey of MBRs,  preliminary costs
estimates, and preparation for a pilot scale investigation.

The literature review and the survey have shown that the MBR process offers several benefits
over the conventional activated sludge process, including: smaller space and reactor
requirements, better solids removal, disinfection, increased volumetric loading, andlesssludge
production. The preliminary cost evaluation has also shown that the MBR process is cost
competitive with otherconventional wastewater treatmentprocesses. Considering the above,
it is the overall conclusion of the project team that a parallel comparison of several
commercially available MBR systems needs to be performed at pilot-scale in order to
adequately demonstrate the effectiveness of the MBR technology for water repurification. The
principal focus will be to assess the MBR performance for producing water suitable as
feedwater to RO membranes in an adequate, reliable and cost effective manner.

A preliminary plan for the pilot-scale evaluation study was developed. The plan identifies
MBR manufacturers to be evaluated which are Mitsubishi Rayon Corporation, Zenon
Municipal Systems, and Suez-Lyonnaise-des-Eaux. The plan also includes information about
pilot capacity, schematic diagrams, and a description of the pilot testing site at the Aqua 2000
ResearchCenterin  Escondido, California. Finally, aproposed approach for implementing the
pilot study is discussed. It is projected that 24 months will be required to conduct Phase II of
the project, with 12,  month allocated for the operation of the pilot units.



In an effort to reduce San Diego County’s reliance on limited imported water supplies, the City
of San Diego has been promoting the development of alternative water sources. Water
repurification, a process in which reclaimed water receives additional advanced level treatment
prior to its discharge to a potable water supply: is one of the alternatives being implemented.
Desalting membranes play an important role in nearly every water repurification project since
these membranes are the best available technology forremoval of inorganic salts, tracemetals
and organic compounds. In addition, they have the potential for removal of all classes of
microorganisms. Hence, the City of San Diego has been conducting a major pilot testing
program since 1995 at their Aqua 2000 Research Center in Escondido, California to
demonstrate the feasibility and reliability of water repurification via double membrane
treatment [microfiltration (MF) or ultrafiltration (UF) followed by reverse osmosis (RO)].
From this study, design parameters for a full-scale [23 MGD (1  m3/s)]  advanced water
treatment (AWT) system will be projected.

As part of the Aqua 2000 Research Center program, the City of San Diego is also interested
in evaluating the new and emerging technologies currently on the market for municipal
wastewater treatment which might provide a cost advantage for future water repurification
projects. Prominent among these technologies is the Membrane Bioreactor (MBR) process,
in which membrane filters (such as MF or UF membranes) are substituted for the
sedimentation and filtration in conventional suspended growth biological treatment.

Membrane filters typically cost more than secondary clarifiers of comparable hydraulic
capacity. As a result, up until the present time, MBRs  have been most successful in the
treatment of concentrated wastes where the biological reactor is large but the hydraulic
capacity (i.e., the size of the membrane system) is small. Repurification changes the rules of
this game since RO membranes are typically required for the AWT. Studies at both Aqua
2000 Research Center and the Water Factory 21 in California have confirmed that membrane
filtration is the most cost-effective and reliable treatment process for preparing treated
wastewater for the RO process. With membrane filtration already required, the economics
shift to make the MBR process attractive for treatment of domestic sewage. That is because
the MBR technology can replace multiple processes with a single membrane process as
presented in Figure 1 - 1.



Conventional Wastewater  Treatmmt Rant

PI I

MBR Versus Conventional Treatment Process
Figure l-l

The Bureau of Reclamation awarded the City of San Diego a cooperative agreement to conduct
a feasibility study on the application of the MBR process for water repurification projects. The
project duration was one year (October 1997 - October 1998) and includes several tasks:
literature review of MBRs,  worldwide survey of MBRs,  preliminary costs estimates, and
preparation for a pilot scale investigation. This report provides the findings of these tasks.
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2. CONCLUSIONS AND RECOMMENDATIONS

2.1 Conclusions

The following are the main conclusions formulated from the Phase I feasibility study:

i Recent interest in the MBR technology for domestic wastewater treatment has occurred due
to an increasing number of water repurification projects and continuing advancement in
membrane technology.

p Tbe  MBR process offers several benefits over the conventional activated sludge process,
including: smaller space and reactor requirements, better solids removal, disinfection,
increased volumetric loading, and less sludge production.

3 Tlte MBR process can exist in two different configurations, one with the low-pressure
membrane modules replacing the clarifier downstream of the bioreactor (in-series), and the
second with the membranes submerged within the bioreactor. No direct comparison
between the two configurations was found in the literature.

p Only four companies are currently active in marketing the MBR system. The active
companies that are marketing the submerged MBRs  are: ZENON  Municipal Systems
(Canada), Mitsubishi Rayon Corporation (Japan), and Kubota Corporation (Japan). The
active company that is marketing the in-series MBRs  is: Suez-Lyonnaise des
Eaux/Degremont (France/USA).

*r Each manufacturer utilizes a unique combination of membrane materials and membrane
configurations. For the submerged systems, there are also differences in the aeration
systems and the cycling frequency of the suction pump, which are critical to flux
maintenance through the membranes.

p Currently, the majority of the installed MBR systems are being used for the treatment of
wastewater from the automotive, cosmetic, metal fabrication, food and beverage
processing, landfill leachate, and other industries.

3 While many installations can be found for small capacity industrial waste plants, there are
only a few operating municipal installations. Municipal installations in the 1.0 to 2.0 MGD
(0.0435 to 0.087 m3/s) ranges are currently under construction in Canada, Egypt and the
United States.

> The MBR process operates in a considerably different range of parameters than the
conventional activated sludge process. Comparable chemical oxygen demand (COD)
removals were observed for the two processes.

> The median value for membrane flux was observed at 15 gfd (25.46 L/h/m’).  This value
is less than the nominal flux for drinking and reclaimed waters microfiltration (MF)
applications (60 gfd and 40 gfd, respectively).

> A preliminary cost analysis was conducted for the MBR process as compared to oxidation
ditch and conventional activated sludge processes on the bases of equivalent effluent water
quality. The MBR process was shown to be very competitive with these processes, Hence,
there appears to be a serious market potential for such technology in the United States
UJS).

k The effluent water quality from the MBR exceeds the quality of a conventional activated
sludge system. The MBR effluent appears to be adequate as a feedwater to the RO process.
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> The application of the MBR process for water repurification has, however, some unique
challenges. One potential problem of this application would be the loss of membrane
integrity during operation, which may release relatively high concentrations of biomass to
the subsequent RO system resulting in membrane fouling.

2.2 Recommendations

Considering the above, it is the overall conclusion of the project team that in order to
adequately demonstrate the effectiveness of the MBR technology for water repurification, a
parallel comparison of several commercially available MBR systems needs to be performed
at pilot-scale. This will allow evaluating their performance for producing water suitable as
feedwater to RO membranes in an adequate, reliable and cost effective manner. In addition,
evaluation of methods for continuous monitoring of the membrane integrity will be necessary.

2.3 Commercial Viability

There is a definite need to demonstrate the viability of MBRs  for water repurification in the US,
via pilot and/or demonstration-scale projects, especially for the municipal services industry.
Initially, residents of the greater San Diego area would be the end users of water, which could
be treated using MBRs. However ultimately, the entire wastewater and desalting industries are
a potential marketplace for this technology and MBRs  should be included as an alternative in
the planning stages of facility expansions and for meeting site specific treatment goals. If
MBRs  were shown to be feasible for water repurification, their application would include more
conventional water reclamation processes as the cost competitiveness of this technology
continues to fmprove.  Validation of the technology from a project such as the San Diego
Repurification Project is a necessary first step, however, towards demonstrating that the MBR
technology is an economically viable treatment process.



3. PROJECT FINDINGS

The following section describes the findings of each task implemented in this feasibility study.
These tasks include: literature review of MBRs,  worldwide survey of MBRs,  preliminary costs
estimates, and preparation of a plan for the pilot-scale evaluation study.

3.1 Task 1. Conduct a Literature Search on the Performance of MBRs  for
Wastewater Treatment

A literature search was conducted to evaluate the performance of MBRs  for municipal
wastewater treatment. The literature review document is included as Appendix A of this report.
Below are selected main points from the review:

> Recent interest in the MBR technology for domestic wastewater treatment has occurred due
to an increasing number of water repurification projects and continuing advancement in
membrane technology.

> The MBR process can exist in two different configurations, one with the low-pressure
membrane modules replacing the clarifier downstream of the bioreactor (in-series), and the
second with the membranes submerged within the bioreactor. No direct comparison
between the two configurations was found in the literature.

P In membrane processes, eventual accumulation of a cake layer on the membrane surface
will increase the pressure requirements to maintain the flux at acceptable levels. The
important parameters to maintain adequate flux for MBR processes with in-series
membrane configurations are the cross-flow velocity and the operating pressure generated
by the recirculation pump. For submerged membranes, the uplifting air in the bioreactor
provides shear forces at the membrane surface. The airflow value and the aeration time
appear to be critical operational criteria. Aeration without suction may also be useful as
an on-site membrane washing procedure.

P The MBR process operates in a considerably different range of parameters than the
conventional activated sludge process. While solid retention time (SRT)  falls in the range
of 5-30  days for a conventional system, SRT values frequently exceed 30 days for the
MBR. The loading rate or Food/Microorganisms (F/M) ratio falls in the range of 0.05 - 1.5
d-’  for a conventional system, but is usually < 0.1 d-’  for an MBR. The low F/M  ratio
occurs due to the high mixed liquor suspended solids (MLSS) in the bioreactor, which
typically range from 5,000 to 20,000 mg/L for MBRs  as compared to 2009  mg/L in
conventional processes.

> Low temperatures (below 13”C)adverseIy  impact the overall removal of contaminants by
the MBR process.

P A summary of key operational parameters and the performance characteristics of some
bench- and pilot-scale case studies are provided in Table 3-1.
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> The MBR process offers several benefits over the conventional activated sludge process,
including: smaller space and reactor requirements, better solids removal, disinfection,
increased volumetric loading, reduced sludge production, system reliability throughout
hydraulic and solids load variations, a higher and more consistent quality effluent, potential
reduction in capital expenditures, and potential reduction in energy requirements.

3 The MBR has been shown to produce less sludge with poorer settling characteristics, which
might increase the difficulty of sludge disposal.

> The activated sludge formed in the MBR is characteristically different from the sludge
formed in the conventional suspended growth reactor. The MBR contains a higher viable
fraction resulting in faster decomposition of organic substances than the conventional

suspended growth reactor.
P With submerged MBRs,  optimization of the packing density of the hollow fiber membrane

elements, the type of aerators used, and the specific placement of the aerators over the floor
area of the bioreactor may be critical design elements.

> Research is ongoing to elucidate the relationship between permeate flux and sludge
concentration at different biochemical oxygen demand (BOD) loading rates and to develop
specific yields for these processes. None of this work is sufficiently developed to allow its
use in full-scale applications.

P To adequately demonstrate the effectiveness of this technology, a parallel comparison of
a conventional suspended growth reactor, a MBR with in-series configuration, and a MBR
with submerged configuration needs to be performed at pilot-scale.

3.1.1 Active Manufacturers of Membrane Bioreactors, Their Applications and
Their Installations

More than ten manufacturers of MBR processes were identified in 1992. Only four companies
are currently active in marketing the MBR system, as shown in Table 3-2. The active
companies are: Zenon  Municipal Systems (Canada), Mitsubishi Rayon Corporation (Japan),
Suez-Lyonnaise-des-Eaux/Infilco-Degremont (USA), and Kubota Corporation (Japan). While
many installations can be found for small capacity industrial waste plants, there are only a few
operating municipal installations. Municipal installations in the 1.0 to 2.0 MGD (0.0435 to
0.087 m’/s)  ranges are currently under construction in Canada, Egypt and the United States.
A selected list of some of these worldwide MBR installations having capacities of 50,ooO  gpd
(7885.42 L/h) and greater can be found in Appendix A.

Zenon  Municipal Systems (ZMS), Mitsubishi Rayon and Kubota Corporation market
submerged MBRs  with polymeric hollow fiber membranes while Suez-Lyonnaise-des-
Eaux/Infilco-Degremont  (Suez-LDEXDI)  market in-series MBRs  with tubular ceramic
membranes. Detailed information relating to the four active manufacturers is included in
Appendix A.
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Currently, the majority of the installed MBR systems are being used for the rreatment of
wastewater from the automotive, cosmetic, metal fabrication, food and beverage processing,
landfill leachate, and other industries. Figure 3-l illustrates the distribution of MBR
installations by treatment category.

Table 3-2
MBR Vendors

Trade Name Company Country Wastewater Current Status

MSTS

UBIS
A S M E X
CYCLE-LET
MEMBIO

BIOREM
STERAPORE.

M A R S
A D U F

BIOMEMBRAT
ZENOGEM

BIOSEP

BRM

Dorr  Oliver U S A Domestic No longer active
Rhbne  Poulenc FrXXe Domestic No longer active

Mitsui  Petroc JapFlD Domestic, Industrial No longer active

Thetford Syst. U S A DO”HXtiC Acquired by Zenon
Me”Xec Australia Domestic Developing new product

Kubota Japan Domestic SNI  active
Mitsubishi Rayon Japan Domestic, Industrial SNI  active
DOIT  Oliver U S A Industrial No longer active
RosslMembratek S. Africa Maize factory No longer active

Wehrle  Werk  AG Germany Lixiviat No longer active
Zenon  Env. Inc. Canada Oil Still  active
C.G.E.’ France Domestic ErnploysZeno”  technology

Suez-LDE/IDI** France Domestic, Industrial Still  active
*C.G.E: Compagnie  G&&ale des  Eaux
**Suez-LDE/IDk Group Suez-Lyonnaise des Ea”x/Infilco Degremont  Inc.

0 Kubota H Mitsubishi 0 LDE Sa  Zenon

Municipal

Small-Scale
Domestic

0% 20% 40% 60% 60%
Percent of MBR Installations

Distribution of MBR Installations by Wastewater Type
Figure 3-l
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3.2 Task 2. Conduct a Worldwide Full-scale Survey of Existing MBRs

A Membrane Bioreactor plant survey questionnaire was developed to collect global full-scale
design, operational and cost data. A copy of the survey questionnaire is included in Appendix
B of this report. The survey questionnaire covers several issues, including: (i) MBR general
information such as location, capacities, wastewater  type, configuration (submerged or in-
series), and startup date; (ii) membrane characteristics and operational data, including pore
size, surface area, flux rate, backwash and chemical cleaning parameters; (iii) bioreactor
configuration, hydraulic and operational parameters, sludge production, and aeration rate; (iv)
MBR performance for the removal of organic contaminants, ammonia-nitrogen, phosphorus,
and microbiological contaminants (coliform bacteria); and (v) cost performance, including
capital costs of membranes and the plant, O&M costs of labor, energy, sludge disposal and
other.

Forty-five questionnaires were distributed among the four major manufacturers, and twenty
completed survey forms were received. Eleven completed survey forms were received from
Zhf.8,  seven from Mitsubishi Rayon, one from Suez-LDE/IDI,  and one from Kubota
Corporation. The following is a summary of the main conclusions drawn from the analysis of
the survey data received from twenty full-scale operating MBR plants:

p Figure 3-2 illustrates the number of MBR plants versus capacity and year on-line. While
the data is limited, it shows increasing implementation of the MBR process and expansion
into higher capacity applications. Presently, the majority of the MBR plants are in the
capacity range of less than or equal to 100,ooO  gpd (15.770.84  L/h), but the number of
plants ranging between 1 and 5 MGD (0.0435 to 0.22 m/s) are increasing.

Capacity (thousands of gallons/day)

Number of MBR Plants Versus Capacity and Year On-line
Figure 3-2



9 Figure 3-3 provides the probability plot for membrane operational flux for the MBR
systems. The 50th percentile of the membrane flux values is 15 gfd (25.46 L/h/m’ or 0.61
m/d). As expected, this values is lower than the nominal membrane flux in drinking water
and reclaimed water applications which are 60 gfd and 40 gfd, respectively. The reported
flux range of 4 to 25 gfd (0.16 to 1 m/d) is very similar to the range of values reported in
Table 3-I.

Membrane Flux Probability Plot
Figure 3-3

9 The variation of membrane flux versus chemical cleaning has been plotted in Figure 3-4.
The lower chemical cleaning frequency was found to be accompanied by a lower
membrane flux, which is expected. Cleaning frequencies for drinking water microfiltration
plants are less than 12 times per year for most facilities with an average plant. performing
4 cleanings per year.

Variation of Membrane Flux With Chemical Cleaning Frequency
Figure 3-4
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P The probability plot for loading rate (Food/Microorganisms) is illustrated in Figure 3-5.
The F/M for MBR treatment of municipal wastewaters was observed to lie between 0. I and
0.3 d-‘, with the majority of the respondents operating close to 0.15 6’. One plant was
observed to use a high F/M rate of 0.6 (data not shown). This plant consists of treating
100% industrial waste produced by a pig farm. Conventional activated-sludge processes
operate in a F/M range of 0.2 - 0.5 d-’  with lower levels only achieved in extended aeration
or oxidation ditch processes.

Loading Rate (F/M) Probability Plot
Figure 3-5

P The variation between membrane flux and loading rate (F/M) is illustrated in Figure 3-6.
It appears that there is no direct relationship between these two parameters, possibly
because the relationship is confounded by other parameters such as cleaning frequency that
have not been considered here. Additional data needs to be analyzed to determine whether
there are any trends.
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Figure 3-6

> The probability plot for hydraulic retention time (HRT) and the sludge age are illustrated
in Figures 3-7 and 3-8. The 50th percentile for HRT was observed at 20 hours while that
for the sludge age was observed at 50 days. While this process operates at an F/M ratio
equivalent to an extended aeration process, it runs at a higher sludge age than an extended
aeration process. This range of sludge ages also agrees with the values we presented in
Table 3-1 of this report.

P The variation between HRT and sludge age is further illustrated in Figure 3-9. The higher
the HRT, the higher the sludge age.
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HRT Probability Plot
Figure 3-7

Sludge Age Probability Plot
Figure 3-8

1 4



Average HRT Versus Average Sludge Age
Figure 3-9

P The probability plots for dissolved oxygen (DO) and mixed liquor volatile suspended
solids (MLVSS) are illustrated in Figures 3-10 and 3-11. As far as bioreactor operation
is concerned, the 50th  percentiles for average DO and MLVSS content were observed at
2 mg/L and 10,OCO  mg/L, respectively. The maximum DO concentration wa observed to
have a median value of 4 mg/L. One plant treating domestic waste was observed to
operate under a high DO concentration of 9 mg/L (data not shown). Compared to a
conventional wastewater  treatment facility, which operates at a MLVSS of 2,ooO  mg/L, the
MBR incorporates five times the MLVSS concentration.

Dissolved Oxygen Probability Plot
Figure 3-10
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MLVSS Probability Plot
Figure 3-11

> ‘Ihe effluent water quality obtained from the MBR process is illustrated in Figures 3-12  to
3-16. The 50th percentile removals of biochemical oxygen demand (BOD) and total
suspended solids (TSS)  were observed to be in the order of 2 logs or 99%. BOD
concentration in the effluent varied from non-detect to 4 mg/L. The effluent TSS
concentration was in all cases less than or equal to 2 mgjL (below detection limit). A 1 to
2 logs total phosphorus removal was obtainedat half of the MBR plants. For the other half,
only a small percentage of phosphorus removal was achieved. Insufficient data is available
to determine why certain plants are achieving 50% or greater phosphorous removal. These
plants may have a higher percentage of particulate phosphorous that is retained within the
bioreactor are being operated under aerobic conditions leading to greater uptake by the
microorganisms. The 50th percentile removal of ammonia-nitrogen was observed to be
on the order of 2 logs or 99%. Effluent NH,-N concentrations ranged from 0.1 to 10  mg/L.
Finally, the median for total coliform removal was observed at 5 to 6 logs. Only one plant
provided their influent  total coliform concentration, but a IO6  to 10’  cfu/lOO  mL was
assumed as the typical total coliform concentration in a primary treated municipal
wastewater.
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Total Phosphorus Probability Plot
Figure 3-14

Ammonia-Nitrogen Probability Plot
Figure 3-15
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Total Coliform Probability Plot
Figure 3-16

> The variation of total plant cost with plant capacity is illustrated in Figure 3-17.  More data
is required, particularly for larger capacity plants, to develop a cost curve for the process.
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3.3 Task 3. Perform a Preliminary Cost Analysis of MBRs

A cost analysis was conducted to compare three treatment processes: Zenon  MBR (based on
full-scale costs provided by the manufacturer), oxidation ditch, and conventional activated
sludge. Figure 3-18  presents the process train schematics for each alternative. Each of the
above alternatives was compared as pre-treatment to RO. The design capacity selected for cost
comparison was 1 MGD  (0.0435 m%) since no actual data are available on MBRs  with larger
capacities. Also, this capacity is considered, at this time, one of the most viable for MBR
applications in the municipal services water reclamation market.

Chamber

Alternative 1
Zenon MBR

Zcnon  MBR

Alternative 2
Oxidation Ditch

Alternative 3
Conventional Activated Sludge

Process Train Schematics
Figure 3-18
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Tables C-l and C-2 in Appendix C present the capital and O&M costs for each alternative. The
capital and O&M costs for the MBR alternative were obtained from Zenon  Municipal Systems.
Also, the size of the basins and the layout for the secondary treatment processes were based
on a 1 MGD (0.0435 m3/s) plant design on which Zenon  had recently bid. The other processes
and the associated costs in the MBR process train were based on predicted and expected
requirements for the operation of the plant. The associated equipment, sizing, and required
processes for both the oxidation ditch and the conventional treatment, were based on project
experience. Capital and O&M costs were obtained from three references (Richard et al., 1992;
Memcor, 1997; Montgomery Watson, 1998):

A summary of the cost comparison is presented in Table 3-3. It is important to remember that
the costs presented are based on a conceptual design level and include amortized capital cost
assuming a 20-year  plant life and an 8% interest rate. It appears that the total cost of the MBR
alternative is more favorable than the other alternatives. However, since the costs presented
are approximate in nature based on a conceptual design level, it is prudent to conclude that
costs for all three alternatives am comparable. Costs associated with land were not included.
However, this could be an advantage since MBR’s  do not take up as much space as either a
conventional or an oxidation ditch treaunent  plant. Finally, it should be noted that the O&M
costs associated with MF could be greater because secondary effluent is being treated as
opposed to tetiary  effluent. What this exercise does illustrate is that the MBR is a viable
alternative and should be seriously considered for specific projects. There is a serious market
potential for such technology in many projects. Pretreatment to RO for water reclamation is
one of those projects.

Table 33
Summary of Capital and O&M Costs

Conventional

Lmor. Car
:ost, $/Lr

$516,000

$569,000

$605,000

l&M  Costs, Total Cost, Total Cost,
w Slyr $11000 gal

$267,000 $783,000 $2.15

$307,000 $876,000 $2.40

$262,000 $867,000 $2.38
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3.4 Task 4: Prepare a Preliminary Pilot Plant Design for Phase II of the Project

The objectives of this task include the following: identify the MBR manufacturers that will be
included in Phase II pilot testing, determine the capacity of the MBR pilot units required,
provide a description of the pilot testing site, determine the environmental impact of the pilot
testing, provide detailed schematic diagrams of the pilot units, and identify the detailed
approach to conduct the pilot study.

3.4.7 ktentify  the MBR Manufacturers That Will Be Invited to the Study

All four manufacturers were invited to participate in the pilot-scale evaluation study. Three
manufacturers indicated an interest to be included in the study:

0 Mitsubishi Rayon Corporation

0 Zenon  Municipal Systems

0 Suez-Lyonnaise-des-Eaux/ ID1

Letters of commitment were received from these manufacturers which were included in the
proposal for Phase II of the study. These manufacturers represent the various configurations
of the MBR process that are currently available.

3.4.2 Determine the Capacity of the Pilot Units Required

Based on discussion with the MBR manufacturers, it was concluded that a 2 to 5 gpm (454 to
1135 L/h) pilot capacity will be adequate to effectively evaluate the process and determine
energy requirements.

3.4.3 Provide a Description of the Pilot Testing Site

The pilot testing site will be the Aqua Zoo0 Research Center located at the San Pasqual
Reclamation Facility in Escondido, California which has a 1 MGD (0.0435 m’/s)demonstration
scale water hyacinth treatment system. Figure 3-19 provides a schematic diagram of the
proposed pilot plant site and Table 3-4 shows the representative water quality parameters of
the raw wastewater and primary treated effluent at the Aqua 2000 site. The influent  to the
MBR process will consist of primary treated effluent. More details about the proposed pilot
site are provided in Appendix D.
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Pilot Plant Site Layout
Figure 3-19

Table 3-4
Representative Water Quality Parameters of

the Aqua 2000 Raw and Primary Treated Effluents

Parameter Raw Wastewater Quality Primary Effluent Quality

BOD, mglL 1 8 5 1 4 9
TSS, mg/L 219 131
TOC, mg/L 9 1 7 2

Turbidity, NTU 100 8 8
Ammonia-N, mgR 2 2 2 1

Nitrate-N, mg/L 0.1 0 .1
Phosphate-P, mg/L 6.1 5 .1

TKN, mg/L 31.5 30.6

3.4.4 Determine the Environmental Impact of the Pilot Testing

The proposed study should not have any adverse environmental impacts since testing will be
conducted in a wastewater treatment plant. On the contrary, there are potential environmental
benefits from the proposed work. Below is a list of the environmental benefits of the MBR
process as a pretreatment to RO:

2 3



. Less ener-q  would be consumed since no additional RO pretreatment process
would be required.

. Less waste would be produced as compared to the waste produced by activated
sludge plus the RO pretreatment processes.

. Less space would be required as compared to the space required by activated
sludge plus the RO pretreatment processes.

. Less chemicals would be used for RO cleaning as compared to chemicals used for
RO cleaning after a lime pretreatment process.

. The feasibility of water repurification would be increased via desalting membranes
to provide an indirect potable reuse.

. The feasibility of water reclamation would be enhanced.

3.4.5 Provide Schematic Diagrams of the Pilot Units

The pilot diagrams of the three manufacturers are included in Appendix E of this report. The
electrical and plumbing requirements are also included with the pilot diagrams.

3.4.6 Identify the Detailed Approach to Conduct the Pilot Study

Approach:

The pilot-scale study will be designed to obtain the following information:

1.

2.

3.

4 .

Baseline performance of three MBR systems operated in accordance with
the manufacturer’s specifications;
Optimization of each system to identify the range of operating conditions
and critical parameters needed to obtain a suitable effluent quality for the
subsequent AWT system and minimize process costs;
Verification of the optimized system performance under normal and
stressed treatment plant conditions; and
Economic benefits of the optimized processes compared with
conventional technologies.

The proposed actual pilot operation period is twelve months out of a twenty four-month overall
study. During the first three months of pilot-operation, each MBR system will be operated
according to manufacturer’s specifications with each system being chemically cleaned at least
once during that period using the manufacturer’s procedure. This will demonstrate the baseline
performance of each system, the effectiveness of the manufacturer’s specified chemical
cleaning protocols, and the presence of irreversible membrane fouling. Optimization of each
process will occur from the fourth through the ninth month of operation. Each system will be
operated under a range of values for each critical parameter in order to define a zone of
acceptable performance and the optimal value for each parameter. The parameters to be
considered during this phase of the pilot testing will include, but not necessarily be limited to:
(1) membrane flux; (2) dissolved oxygen concentration: and (3) sludge age. A system is
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considered optimized when a set of operating conditions meets minimum effluent quality
criteria at the lowest operating cost.

The optimized systems will then be pilot-tested for an additional three months to verify process
performance under normal and stressed operating conditions. Stressed operating conditions
will be designed to simulate increases in hydraulic and organic loading rates caused by storm
events, plant maintenance and equipment failures, and peak month conditions. These
experiments will therefore be performed under a range of hydraulic retention times and food
to microorganism ratios. At the end of the pilot testing, the data generated from the optimized
systems will be used to evaluate the regulatory compliance of the MBR process and to estimate
the capital and operation & maintenance costs of this technoIogy.

The applicability and suitability of the MBR effluent as a feed water to RO for water
repurification will also be evaluated in the course of the pilot study. An RO unit will be
included at the end of the treatment process to study the long-term impact of the MBR effluent
on the fouling potential of the RO membrane. The RO pilot unit will be operated in a constant
flux, variable pressure mode. RO membrane fouling will be evaluated by monitoring the
increase in transmembrane  pressure to maintain constant flux. The RO unit will contain two
independent sets of pressure vessels that will allow parallel evaluation of two different RO
membranes. At least two RO membrane manufacturers will be evaluated during the course of
the pilot testing
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APPLICATION OF MEMBRANE BIOREACTORS  TO AEROBIC MUNICIPAL
WASTEWATER TREATMENT

This literature review summarizes the present state of knowledge about the
performance of the membrane bioreactor (MBR) for aerobic treatment of municipal
wastewater. Included in the review are the results of bench and pilot-scale research
and full-scale installations. The review is subdivided into the following sections:

Section 1: Executive Summaty
Section 2: Background
Section 3: MBR Process Design and Performance
Section 4: MBR Vendors
Section 5: MBR Installations
Section 6: Conclusions and Recommendations



EXECUTIVE SUMMARY

Suspended growth biological treatment of municipal wastewater is accomplished using a
community of microorganisms that metabolize the dissolved and colloidal carbonaceous
organic matter into gases or cell tissue that is removed from the water by gravity separation.
The process is optimized when the design and operating characteristics favor the kinetic
decomposition of the organic waste and the microorganisms create a floe with effective settling
characteristics. Unfortunately, in the activated sludge process, optimization of substrate
utilization rates and bioflocculation occur under different sets of operating conditions and
process optimization involves a trade-off between these two requirements.

A membrane bioreactor (MBR) consists of an activated sludge process which substitutes
ultrafiltration or microfiltration membrane modules for the clarifier. The membranes serve as
microbial barriers that can capture most of the biomass for recirculation inside the bioreactor.
The MBR allows the activated sludge process to be optimized for solid-liquid separation and
substrate utilization since bioflocculation is no longer an issue.

The high energy requirements needed to operate the filtration unit of the MBR at high
suspended-solid concentrations historically restricted application of the MBR to high strength
effluents or water recycling projects. Recent interest in this technology for domestic
wastewater applications has occurred due to an increasing number of water reclamation
projects and continuing advancements in membrane technology which have reduced the cost
of membranes and provided a better understanding of the factors contributing to membrane
fouling.

Treatment of secondary or tertiary effluents to meet standards for groundwater recharge or
potable reuse may require final treatment with reverse osmosis. The conventional treatment
tram to pre-treat effluent to a suitable quality for RO treatment consists of lime or ferric chloride
precipitation followed by clarification and sand filtration or the application of ultrafiltration or
microfiltration. The feasibility of replacing the conventional treatment tram with a membrane
bioreactor is actively being studied. Although preliminary results are encouraging, there is still
a need to fully demonstrate the comparability of the MBR process in achieving reuse effluent
quality standards and to fully optimize MBR design and operational parameters to minimize
costs.

The MBR process can exist in two different configurations. The MBR membrane modules may
be placed downstream of the bioreactor (in-series) or submerged directly within the bioreactor
(submerged). For either configuration, the MBR is typically operated in a considerably
different range of parameters for the mean cell residence time (03  and substrate utilization rate
(U) than the conventional activated sludge processes. Due to tbis difference, the MBR offers
several benefits over the conventional activated sludge process. These benefits include: (i)
much smaller space requirements; (ii) better solids removal (elimination of bulking); (iii)
disinfection; (iv) increased volumetric loading; (v) de-coupling of hydraulic and biomass
retention time; (vi) production of less sludge due to high sludge age, (vii) high SRT which
allows the development of slow-growing microorganisms such as nitrifying bacteria, and (viii)
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retention of high molecular weight organic compounds that can enhance the biodegradation
process.

Submerged MBR systems typically utilize shell-less capillary or hollow fiber microfiltration
membranes with pore sizes ranging between 0.1 to 0.4 pm. In-series MBR systems can utilize
a variety of membrane configurations. Both systems exhibit COD removal rates that are as
good or better than those observed for conventional suspended growth reactors and provide
enhanced performance for reduction of total nitrogen, total phosphorous, and organic
suspensions. While in-series and submerged MBR systems have been tested at pilot-scale and
the submerged system has been shown to produce effluent quality that is suitable as feed water
for reverse osmosis, no direct comparison of the two configurations could be found in the
literature. The submerged MBR reduces the energy requirements of the system compared to
an in-series MBR process, but the overall cost and operating efficiencies of the two systems
has not been adequately demonstrated.

More than 10 manufacturers of MBR processes were identified  in 1992. Today, only 4
companies actively marketing the MBR system could be identified. They consist of 1 French,
2 Japanese, and 1 Canadian firm. While many installations can be found for small capacity
industrial waste plants and water recycling in high-rise buildings, there are only a few operating
municipal installations. Municipal installations in the 1.0 to 2.0 MGD (0.0435 to 0.087 m’/s)
range are under construction in Canada, the United States, and Egypt.

Some important issues still need to be investigated for the MBR process. These include
evaluating of the optimal operational conditions for maximizing the kinetic performance of the
bioreactor and determining the impact of operational parameters on membrane flux and
membrane fouling. The key operational parameters include primarily the mean cell residence
time, and the food-to-microorganism ratio, and secondarily the type of membrane selected, the
membrane pore size, the membrane velocity, the ah-flow rate, and the configuration of tire
membrane module (submerged within or downstream of the bioreactor). Identification of
capital and O&M costs, design parameters and operational conditions of the MBR technology
will lead to a proper balance between process productivity and product quality.

To fully demonstrate the effectiveness of this new technology, a parallel comparison of a
conventional suspended growth reactor, a MBR with in-series configuration, and a MBR with
submerged configuration needs to be performed at pilot-scale. These processes should be
compared for critical ranges of influent  loading, sludge retention times, hydraulic retention
times, dissolved oxygen concentrations, membrane pressures and membrane fluxes.
Preliminary bench-scale optimization work could be used to help identify the parameter ranges
to consider for the pilot study.
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SECTION 2

BACKGROUND

Biological treatment of municipal wastewater  is designed to remove nonsettleable colloidal
solids, stabilize organic matter, and remove carbonaceous biochemical oxygen demand (BOD).
This is accomplished using a community of microorganisms that metabolize the dissolved and
colloidal carbonaceous organic matter into gases and cell tissue. The higher specific gravity
of the cells then allows them to be removed from the water by gravity settling.

Conventional Treatment Process

The activated-sludge process is one of the most common conventional biological treatment
methods employed. In this process, stabilization of mzicipal wastewater is accomplished
aerobically. While many modifications of the process have been developed, operationally they
all rely upon the suspension of an aerobic bacterial culture in aerated wastewater and
subsequent separation and partial recycling of the suspended biomass. A schematic of the
process is shown in Figure 2-1 for a complete-mix reactor. A description of the operational
characteristics of different types of activated-sludge processes is provided in Table 2-l.
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Schematic of Complete-mix Reactor
Figure 2-l
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Table 2-l
Operational Characteristics of Activated-Sludge Processes

Process Flow Model Aeration System BOD Removal
Efficiency, %

Conventional
Complete-mix
Step-feed
Modified aeration
Contact stabilization
Extended aeration
High-rate aeration
Kraus  process
High-purity oxygen
Oxidation ditch
Sequencing Batch

Deep shaft
Nitriflcation

Water Hyacinths

Plug-flow
CSTR
Plug-flow
Plug-flow
Plug-flow
Plug-flow
CSTR
Plug-flow
CSTR in series
Plug-flow
Intermittent-
flow STR
Plug-flow
CSTR or
Plug-flow
Plug-flow

Diffused-air, mechanical aerators 85-95
Diffused-air, mechanical aerators 85-95
Diffused-air 85-95
Diffused-air 60-75
Diffused air, mechanical aerators 80-90
Diffused air, mechanical aerators 75-95
Mechanical aerators 75-90
Diffused air 85-95
Mechanical aerators (sparger turbines) 85-95
Mechanical aerators 75-95
Diffused-air 85-95

Diffused-ah 85-95
Mechanical aerators. diffused air 85-95

Diffused-air 85-95
Taken in part from Metcalf & Eddy, Inc. (1991) Wastewater Engineering Treatment Disposal
Reuse, Third Edition.

The two key objectives in the design and operation of a conventional activated sludge process
are to: (1) optimize kinetic decomposition of the organic waste by the microorganisms; and (2)
create a floe with effective settling characteristics. For a specified wastewater  and set of
environmental conditions, achieving specific effluent quality standards for carbonaceous BOD
and TSS can be related to the mean cell residence time (q> and substrate utilization rate (U) of
the reactor. The substrate utilization rate can be derived from the food-to-microorganism ratio
(F/M) and the efficiency of the reactor in reducing the BOD concentration

F  S o - S
lJ=M [ 1- 100

S O

where U = specific substrate utilization rate, (mg BOD utilized)/(mg  MLVSS*d)
F/M = food-to-microorganism ratio, d-’
S,  = influent  BOD or COD concentration, mg/L
S = effluent BOD or COD concentration, mg/L

In order to maintain 8,  independent of the hydraulic retention time, it must be possible to
separate the mixed liquor suspended solids and return a portion of them to the reactor.
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Both F/M and 8, are controlled by the volumetric loading rate, the design characteristics of the
reactor, and the level of MLSS that can be maintained in the reactor. The level of MLSS in the
reactor is in turn controlled by the return sludge recirculation rate, and the waste sludge
disposal rate. Typical values for F/M reported in the literature vary  from 0.05 (extended
aeration) to 1.5 (high-rate aeration or high-purity oxygen). Mean cell residence times of 5 to
15 days typically result in production of stable, high-quality effluent and a sludge with
excellent settling characteristics. Longer residence times on the order of 20 30 days are used
for extended aeration and nitrification  processes. Hydraulic detention times typically range
from 4 - 8 hours and organic loadings typically vary from 0.3 to >3 kg/m’*day.  A summary
of design parameters for the various activated sludge processes is provided in Table 2-2.

Table 2-2
Design Parameters for Activated-Sludge Processes

Process 8C F/M MISS =

(d) (lb BOD5 applied/lb MLVSS-d)
Plug-flow 5 - 1 5 0.2-0.4 1,200-3,000
Complete-mix 5-15 0.2-0.6 2,500-6,500
Step-feed 5-15 0.2-0.4 1,500.3,500
Modified aeration 0.2-0.5 1.5-5.0 200.1,000
Extended aeration 20-30 0.05-0.15 1,500-5,000
High-rate aeration 5-10 0.4-1.5 3,000-6,000
Kraus  process 5-15 0.3-0.8 2,000-3,000
High purity oxygen 3-10 0.25-1.0 3,000~8,000
Oxidation ditch IO-30 0.05-0.30 1,500-5,000
Sequencing batch Not Applicable 0.05-0.30 1,500..5,000
Deep shaft Not Available 0.5-5.0 Not Available
Nittification 8-100 0.05-0.25 1,500-3,500
Taken from Metcalf & Eddy, Inc. (1991) Wastewater Engineering Treatment Disposal Reuse,
Third Edition.

Process optimization has typically been achieved by focusing on the processes involved in
fixation of microorganisms and formation of good settling microbial flow  Less focus has been
placed on the techniques used for solid-liquid separation, until the development of the
membrane bioreactor. Design parameters that must be specified for the bioreactor portion of
the process are:

l the reactor type
l the reactor volume and volumetric loading
l the waste sludge production rate
. the return sludge rate, and
l the aeration and mixing requirements.
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Reactors can be designed as continuous-stirred tank reactors (CSTR) or plug-flow reactors.
Since the combined substrate removal rate for domestic waters is independent of the substrate
concentration, the two types of reactors are typically run at similar hydraulic detention times.
Plug-flow reactors are more susceptible to shock loads and frequently require incorporation
of tapered aeration, step-feed, or contact stabilization to prevent oxygen deficiencies at the
head of the reactor that can lead to sludge bulking and poor performance. A complete-mix
reactor is better able to handle shock loads, but is more susceptible to filamentous growths due
to low F/M ratios. This problem is sometimes addressed by the use of a “selector” which is a
separate comparunent used as the initial contact zone where the primary effluent and return
activated sludge are combined. This zone enables the selective growth of floe-forming
organisms by provision of a high F/M ratio at controlled DO levels. This permits the rapid
adsorption of the soluble organics  into the floe-forming organisms leaving little available for
subsequent assimilation by fdamentous organisms. Nocardia  foam is another problem that
arises due to a low F/M ratio or buildup of a high MLSS concentration and increased sludge
age due to insufficient sludge wasting. This problem is typically handled by reducing the
sludge age.

Theoretical oxygen requirements can be calculated based on the removal requirements for the
carbonaceous organic matter and the conversion requirements for nitrogen. This, coupled with
the oxygen-transfer efficiency of the aeration system, determines the air requirements for the
process. Porous diffusers, jet aerators, and u-tubes have the highest transfer efficiencies but
porous diffusers are more susceptible to clogging. The air supply must provide adequate
mixing and maintain a minimum dissolved oxygen concentration of 1 to 2 mg/L throughout
the aeration tank. For F/M ratios greater than 0.3, the air requirements for the conventional
process amount to 30-55  m’/kg  of BOD removal for coarse bubble (nonporous) diffusers and
24-36 m3/kg  for fine bubble (porous) diffusers. Lower food-to-microorganism ratios increase
air use to 7% 115 m’/kg  of BOD removed. For the extended aeration process, air requirements
are 125 m’/kg  of B OD removed.

The Membrane Bioreactor Process

A membrane bioreactor (MBR) substitutes the clarifier with ultrafiltration or microfiltration
membrane modules. Unlike the clarifier, the membrane is a microbial barrier that can capture
the biomass for recirculation inside the bioreactor. The MBR was first developed and applied
to domestic wastewater in the 1960’s by Dorr-Oliver (Smith et al., 1969). The high energy
requirements needed to operate the filtration portion of the MBR process at high suspended-
solid concentrations restricted application, for the past 2 decades, to processes with high-
strength industrial effluents or wastewater recycling in high-rise buildings in the US, Japan,
South Africa, and Europe (Urbain  et al., 1996). Serious interest in this technology for treating
domestic wastewater has only occurred recently due to the approval of water reclamation
projects and further advancements in membrane technology which have resulted in more
favorable process economics.

The MBR process exists in two different configurations. A membrane unit can replace the
clarifier downstream of the bioreactor as shown in Figure 2-2a  or a membrane unit can be
submerged directly within the bioreactor as shown in Figure 2-2b.
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Figure 2-2b

For either configoration, the MBR operates in a considerably different range of parameters for
0,  and F/M than the conventional activated sludge processes. While 0,  falls in the range of 5 -
30 days for a conventional system, 8,  values frequently exceed 30 days for the MBR and have
been reported at levels as high as 125 days (Ueda, 1997). The F/M ratio falls in the range of
0.05 - 1.5 b’ for a conventional system, but is usually ~0.1  b’ for an MBR. This lower ratio for
the MBR should create higher aeration requirements unless a high percentage of the MLSS  are
in the endogenous phase of respiration. The low F/M ratio occurs due to the high MLSS values
in the MBR, which typically range from 5,000 to 20,000 mgk.
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The MBR offers several benefits over the conventional activated sludge process. These
benefits include:

. much smaller space requirements
l better solids removal (elimination of bulking)
l disinfection
. increased volumetric loading
. greater de-coupling of hydraulic and biomass retention time
. production of less sludge due to high sludge age
. high SRT which allows the development of slow-growing

microorganisms such as nitrifying bacteria, and
. retention of high molecular weight soluble compounds that improve

biodegradation.

The long 8,  values and low F/M ratios which characterize the MBR, represent the range of
operating parameters that can be problematic in a conventional reactor due to production of
sludge with poor settling characteristics. This is not a concern with the MBR process because
the membrane will still provide effective separation of biosolids, and effluent quality is no
longer dependent upon the settleability of the biological floe.

Issues of Concern

Issues that still need to be elucidated for the MBR process include demonstration of the
operational boundary conditions for maximizing the kinetic performance of the bioreactor and
determining how operational parameters impact membrane flux and membrane fouling. The
operational parameters of importance include not only 0,  and F/M, but also the type of
membrane selected, the membrane pore size, the membrane velocity, the air-flow rate, and
whether the membrane is submerged within or placed downstream of the reactor. Uncertainties
still revolve around the economics of the process and determination of the design
characteristics and operating variables that will create the proper balance between process
productivity and product quality. As an example, the role of the MBR in the hydrolysis of TSS
is still poorly understood (Manem  et al., 1997).

Treatment of secondary or tertiary effluent to meet standards for groundwater recharge or
potable reuse frequently requires inclusion of reverse osmosis. The conventional treatment
train to pre-treat secondary effluent to a suitable quality for RO treatment consists of
clarification with lime or ferric chloride followed by sedimentation and media filtration (Figure
2.3a)  or use of MF or UF filtration (Figure Z-3b). Limited studies have been performed to
investigate substitution of a membrane bioreactor (Figure 2-3~)  as a pre-treatment for RO
(C&t?,  1997). Despite encouraging preliminary results, there still is a need to fully demonstrate
the comparability of the MBR process in achieving reuse effluent quality standards and to
optimize MBR design and operational parameters.
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Conventional activated sludge with MF/UF pretreatment to RO

Immersed membrane activated sludge and RO

Schematic of Wastewater Treatment Trains to Produce Effluent which Meet
Standards for Groundwater Recharge or Potable Reuse

Figure 2-3a,b,c

Demonstration of comparability is most readily achieved through performance of parallel
studies  of MBR and conventional activated sludge systems under similar experimental
conditions. Little research of this type has been performed. Recent bench-scale work (Cicek,
1996) has directly compared the performance of a MBR and a conventional activated sludge
process for a synthetic wastewater. These findings need to be expanded to consider the relative
performance of a submerged MBR, evaluate the effectiveness of different types of membranes,
consider the impact of varying operational parameters on reactor performance, and
demonstrate the method’s effectiveness at larger scale using real rather than synthetic
wastewater.
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A parallel comparison of a conventional suspended growth reactor, a MBR with in-series
configuration, and a MBR with submerged configuration needs to be performed at pilot-scale.
Such a study could address the research objectives listed below:

Determine the effluent quality produced by the MBR process and compare this to the
quality produced by conventional secondary or tertiary treatment processes;
Investigate the suitability of the MBR effluent as a feed water to the RO process. This will
be achieved during the pilot study, with an evaluation of the fouling potential of the MBR
effluent by monitoring of the increase in the transmembrane pressure to maintain the
required flux;
Determine the impact of several operational parameters on the performance of the MBR
system. These parameters may include: sludge age, membrane flux rate, recirculation rate,
and/or hydraulic residence time;
Evaluate direct and indirect methods to monitor the integrity of the membrane system and
treatment reliability;
Develop preliminary estimates of the capital and operation and maintenance (O&M) costs
of the MBR process; and
Evaluate the potential for the MBR process to meet the regulatory requirements of
wastewater reclamation, reuse and/or repurification.
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SECTION 3

MBR PROCESS DESIGN AND PERFORMANCE

Four types of membrane configurations are in use today for full-scale application of
microfiltration or ultratiltration  processes: plate and frame, tubular, hollow fiber modules, and
spiral wound. The plate and frame and spiral wound membrane modules have a low packing
density and utilize flat sheet membrane elements. The tubular and hollow fiber membrane
modules have a high packing density and utilize small flexible elements. These
configurations are shown schematically in Figure 3-I. For the high solids concernrations  found
in primary effluent, the plate and frame and spiral wound configurations may be too
susceptible to fouling and therefore recent applications have employed hollow fiber
configurations.

Plate-and-Frame Membrane Module Spiral Wound Membrane Module

Tubular Membrane Module Hollow Fiber Membrane Module

Types of Membrane Configurations for Microfiltration or Ultrafiltration Processes
Figure 3-1
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The MBR membrane modules may be placed downstream of the bioreactor or submerged
directly within the bioreactor. The submerged MBR, which was developed in the late 1980’s,
has been described in the literature as a system containing shell-less capillary or hollow fiber
microfiltration  membranes with pore sizes ranging between 0.1 to 0.4 pm. A submerged MBR
is commercially available with shell-less hollow fiber membrane modules and O.lpm  pore size.
The serial configuration typically utilizes UF membranes.

No direct comparison of the two configurations could be found in the literature. The
submerged MBR has been tested at pilot-scale and shown to produce effluent quality that is
suitable as feed water for reverse osmosis with a silt density index averaging 1.4 (Cot6 et al.,
1997). The submerged MBR reduces the power consumption of re-circulation pumps because
the mixed liquor is driven across the submerged module by a suction pump. This finding was
substantiated by the low energy requirement of 0.3 kWh/m3  determined by C&e  et aZ.. Else of
re-circulation pumps may also be undesirable because they can reduce the activity of the
biocatalysts  in the bioreactor due to the high volume of circulation feed required to maintain
a high filtration flux and the possibility of damaging the biocatalysts due to the excessive shear
stress generated by the pump (Shimzu et al., 1996).

For membrane processes, eventual accumulation of a cake layer on the membrane surface will
increase the pressure needed to maintain the flux at acceptable levels. To prevent this, cake
removal must occur continuously through the high shear forces created at the membrane
sutface.  The impormnt operating parameters to maintain adequate flux for MBR processes with
in-xries  membrane configurations are the cross-flow velocity and the operating pressure
generated by the recirculation pump. For submerged membranes, the uplifting air of the
bioreactor provides the shear forces at the membrane surface. Therefore, the important
operating parameters to maintain adequate flux for the submerged MBR are the air flow
velocity and the cycling frequency of the suction pump. Aeration in a submerged MBR must,
therefore, be optimized for both substrate utilization and maintenance of the required cross-
flow velocity. Membrane cleaning usually also occurs intermittently by back-flushing with
addition of appropriate chemicals. Bacterial regrowth was also observed on the permeate side
of a submerged MBR during a pilot study in France and chlorine solution was recirculated on
the permeate side of the membrane for 15 minutes once a week. The small amount of chlorine
which permeated into the activated sludge tank had no visible effect on the biomass (Cot5 et
al., 1997). The MBR should be designed and operated to minimize backwashing requirements
and full automation of the backwashing process is desirable.

Most bench-scale and pilot-scale studies of the MBR process for treatment of domestic
wastewater have occurred in Australia, Canada, Japan, France, the Netherlands, Poland, and
the United States. A summary of the key operational parameters and the performance
characteristics of these studies is provided in Table 3-l of the main report. Many of the MBRs
investigated in these studies were bench-scale or small pilot-scale configurations assembled
by the researchers. Therefore, some of the membrane modules and process configurations
used may not be commercially available.
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Comparative Performance of MBR and Conventional Suspended Growth Process

The MBR processes show removal of COD that is comparable to the removal rates observed
for conventional suspended growth reactors, but the MBR shows enhanced performance for
total nitrogen, total phosphorous, and organic suspensions. Very few parallel comparisons of
the two processes have been performed and these results are not conclusive. No studies could
be identified that directly compare the performance of the two different MBR configurations
against the standard process used to pre-treat effluent prior to RO treatment for water reuse.

For the few studies we could find comparing the MBR process to the conventional activated
sludge process, the compatison  revealed increased turbulence and higher pressure in the MBR
process which may affect the character of the biosolids. The activated sludge formed in the
MBR had smaller floccules, more dispersed sludge, and no accompanying fauna, and it
exhibited weak sedimentation capacity compared to the conventional system. While both
systems exhibited similar stabilization times, there was a difference in the enzymatic activities
of the two sludges indicating that decomposition of organic substances occurs faster in the
MBR. Therefore, the improved performance from the MBR appears to be due to both the
retention of impurities by the membrane and by the physiological state of the activated sludge.
A study by Cicek er al., (1997) substantiated the different character of the MBR sludge (high
in free swimming bacteria, production of small floes, few filamentous  or ciliate organisms, and
no nematodes), but suggested potential difficulties in post treatment of MBR sludges due to
measured resistance to vacuum filtration and poor sludge volume index test results.
Manufacturers of submerged systems indicate that sludge recycle is maintained at a rate which
produces a MLSS concentration of around 20,000 mg/L. Therefore, poorer settleability of the
MBR sludge may be of small consequence if the plant typically operates at sludge disposal
concentrations of 2%.

Another potential advantage of the MBR process is a reduction in sludge production. In a one-
year French pilot study, the sludge production rate from a submerged MBR (0.25 kgSS/kgCOD
removed) was about 50% less than the rate observed for an extended aeration activated sludge
process (C&e  er al., 1997). Low sludge production was corroborated by another French pilot
study of an in-series MBR, which reported a sludge production rate of 0.23 kgSS/kgCOD
removed (Urbain  er al., 1993). This result was not substantiated by a parallel bench-top study
of an MBR and an activated sludge process (Cicek er al., 1997). However, this study was
performed at a very small scale using a non-submerged MBR and synthetic wastewater.

Comparative Performance of Membrane Modular Configuration and Composition

Few parallel studies have been performed directly comparing membrane modular
contiguration~s and membrane composition. Polysulfone membranes have lower initial
permeability than cellulose membranes, and cellulose seems to give a higher flux with higher
biomass concentrations. Polyvinylchloride (PVC) membranes with higher water permeability
are characterized by smaller permeate flux than polyacrylonitrile  (PAN) membranes due to
stmctnre characteristics of large macropores that are susceptible to pressure compaction.
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Impacts of Temperature and lnfluent Quality on MBR Performance

Varying influent  quality appears to have little impact on MBR performance for removal of
BOD, COD, and TSS. As occurs with all activated sludge processes, removal is impacted by
low temperatures < 1,3”C.  Nitrification  is slightly impacted by loading variations and removal
decreases with the decrease of the BOD/T-N  ratio. Complete nitritication  is not achievable at
low temperatures even at long SRT because other factors such as T-N/ML% load ratio, NH,-
N/ML.%  load ratio, HRT  and return ratio of nitrified  liquid must also be optimized for nitrogen
removal at low temperatures. Denitrification  is dependent upon the inflow of raw sewage at
the beginning of the anoxic period, the length of the aeration period, and the MLSS
concentration.

Increases in reactor temperature have been reported with the use of in-series MBR processes
due to the energy produced by the recirculation pump. Temperature increases were only
reported for one submerged MBR process study which was unique in that the system was
maintained under pressure as a means of preventing limiting oxygenation capacity witbin the
reactor. To maintain the temperature of the reactor at a constant level, these systems employed
a reactor cooling system.

Impact of Activated Sludge Characteristics on Membrane Fouling

No studies have systematically evaluated the impact of activated sludge characteristics on
membrane performance. Changes in the MLSS concentration, sludge age, or sludge
characteristics can be effected by varying the sludge return rate, the bioreactor temperature,
or the type of pretreatment applied. Instead, much of the published research has focused on:

. verifying the effectiveness of the process under a specified set of conditions;

. demonstrating the robustness of the technology under a variety of loading rates:
l determining minimum backwash protocols needed to maintain system

performa.nce;  and
l optimizing design criteria for aeration and membrane configurations.

Membrane performance is degraded by fouling which is caused by adsorption of organic
species, precipitation of less soluble inorganic species, and adhesion of microbial cells at the
membrane surface (Choo and Lee, 1996). The higher biomass concentration and smaller
particle sizes found in MBRs  are expected to reduce membrane permeability. However, there
are still many unknowns regarding fouling mechanisms and how they relate to specific
activated sludge quality characteristics.

Predictive Modeling of Permeate Flux from Sludge Conditions

Good correlation of permeate flux with the differential concentration of DOC in the influent
and effluent of an MBR treating synthetic wastewater suggests that even with suspended solids,
the gel polarization theory can be applied for the system. Prediction of permeate flux from a
given sludge concentration at various BOD loadings showed promise, but needs further
refinement. A model developed by the International Association on Water Pollution Research
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and Control (IAWPRC) task group on mathematical modeling for design and operation of
biological wastewater treatment gave good prediction of effluent COD and TKN
concentrations, but there was major disagreement with the MLVSS concentration. Studies
performed with in-series MBRs  have identified transmembrane pressure and cross.flow  velocity
as the parameters goveming filtration performance for a given concentration of suspended
solids (Manem  et al.,  1993). It was demonstrated that increasing cross-flow velocity leads to
shorter production cycles, more cleaning operations, and no reduction in ener,gy consumption
(Urbain  et al., 1994). Fane, 1996, states that economically viable fluxes are probably in the
range of 1.2-2.4 m/day.

Impact of Aeration on Design and Operating Parameters for Submerged Reactors

Hollow fiber membranes are shaken by the uplifting airflow and the turbulence of this flow
may impact the efficiency of the filtration process. Findings of Ueda, 1997, suggests that the
cake-removing efficiency of the uplifting air was influenced by the turbulence of the flow,
however, Shimzu, 1996, showed that the filtration flux of the hollow fiber membrane was not
larger than that of the rigid membrane and so the improvement of flux caused by the vibration
of membrane elements by turbulent flow of air bubbles may be small.

Ueda’s findings are supported by the fact that jet aeration, using a series of air nozzles,
improved the performance of the MBR by increasing permeate flux and reducing the HRT.
If increasing aeration intensity is important for cake removal, it may be useful to increase
aeration intensity by concentrating modules over a smaller floor area when designing a
submerged MBR. Good agreement between measured and predicted cross-flow velocity as a
function of superficial air velocity suggest that bioreactor height and total frictional resistance
also appear to be key design parameters. Ueda’s data suggest an air flow optimum value that
should be considered to minimize power consumption. Reduction of the airtlow rate below
this value can result in a rapid increase in pressure that might not decrease to its former value
when the airflow rate is restored to its previous value. Aeration without suction might also
prove useful as an on-site membrane washing procedure. Operation of 2 pilot-scale
submerged MBRs  in France and the United States could be maintained with stable fluxes and
operating pmssures  provided a 15 minute permeate backwash or a 15 minute chlorinated
permeate recirculation was performed once a week.

Operationally, shorter aeration time requires shorter suction time which results in longer HRT
under the same flux conditions. Excess sludge needs to be wasted at regular intervals to
prevent accumulation of DOC in the aeration tank and an increase in sludge viscosity and
suction pressure. The flexible propeties  of hollow fiber membrane elements were shown to
cause crowding of elements that reduced the effective membrane surface area at high-rate
filtration operation (high AP) or under low fluidity conditions such as high MLSS. A high
density packing of hollow fiber membranes might not be optimum for wastewater where there
are more particles and the packing density should be optimized to maintain effective use of
membrane surface for activated sludge suspensions.

Operation of a pressurized submerged MBR has also been successfully piloted as a means of
increasing oxygen transfer and preventing limiting oxygenation capacity within the reactor
(Roncken, 1995). Utilizing this approach it was possible to transfer 2.5 kg Q/m’*hour.
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Cost Benefit Analysis

Little cost information is available in the literature for the MBR process. The development of
preliminary information was implemented under Task 4 of this project. This cost information
should be validated with pilot study data. It appears that submerged systems reduce power
consumption, but it is unclear whether this reduction approaches the consumption levels used
by conventional suspended growth systems. Ueda et al., 1996, indicates an average power
consumption of 2.0 kWh/m3  of treated wastewater for a submerged MBR, about 3-4 kWh/m’
for conventional cross-flow MBRs,  and about 0.2-0.3  kWh/m’  for a conventional activated
sludge process, This differs from results reported by C&C, 1997, where the energy
consumption required for filtration for two submerged MBR pilot was 0.30 k&h/m” of
wastewater.

Chaize et al., 1991 states that re-circulation MBRs  are not cost effective due to the high power
consumption of the re-circulation pump and that the cubmerged  MBR shows promise provided
a balance between surface area, cost and energy input can be achieved. Manem  et al., 1997
states that extensive research is in progress to overcome the high energy consumption required
to operate the filtration unit at high TSS concentrations, and that second generation more
intimately combined MBR processes could soon be developed.
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SECTION 4

MBR VENDORS

The MBR process can be retrofitted to an existing activated sludge bioreactor or designed as
a new installation. This survey focuses on vendors providing suspended growth MBR
processes rather than membrane manufacturers of micro- and ultra-filtration membrane
modules than can be coupled with existing activated sludge processes to provide an attached
growth process.

A list of potential manufacturers was obtained from a 1992 proceedings paper (Huyard  et al.,
1992). This information has further been updated through communication with MBR
manufacturers, and is summarized in Table 4-l  along with the current status of each
manufacturer. More detailed information is then provided for those manufacturers still actively
marketing the MBR process.

Table 4-l
Potential Manufacturers of MBR Processes

Trade Name
-
Company country wastewater current status

MSTS DOIT Oliver
UBIS Rhdne  Poulenc
A S M E X Mitsui Peuoc
CYCLE-LET Thetford  Syst.
MEMBIO MUIlteC

BIOREM Kubota
STERAPORE Mitsubishi Rayon
M A R S Dorr  Oliver
A D U F RosslMembratek
BIOMEMBRAT Wehrle  Werk  AG
ZENOGEM Zenon  Env.  Inc.

BIOSEP C.G.E.*

B R M Suez-LDE**/

U S A
France

JapZUl

U S A
Australia
h&XII
Japan
U S A
S. Africa
Germany
Canada

FGiWe

DOIIEStiC

Domestic
Domestic, Industrial
DOlIEStiC

Domestic
Domestic
Industrial,  Domestic
Industrial
Maize factory
Lixiviat
Oil

DOIWStiC

Domestic, Industrial

No longer active
No longer active
No longer active
Acquired by Zenon
Developing new product
Still active
Still active
No longer active
No longer active
No longer active
Still active
Employs Zenon  technology

Still active
Degremont  Intilco

*C.G.E:  Compagnie GPn&ale  des  Eaux
**Swzz-LDE:  Groupe  Suez-Lyonnaise des Eaux

4-l



fu Zenon Environmental Inc., (CANADA).
ZenoGemeiZeeWeede
Cycle-Let@
BIOSEP@

ZenoGeme is the patented process that integrates a suspended growth activated sludge
system(bioreactor)  with a cross-flow membrane system (Zeeweedemembranes).  It was
developed over the past 15  years and today there are over 100 installations treating
sewage mostly in the US and Canada. The technology has been certified by the NSF,
CA, CT, NJ, and other states for water recycle. To date, the largest existing MBR
installation is 520,000 gpd (82,m L/b). A 1.0 to 1.5 MGD (0.0435 to 0.0652 m’/s)
capacity plant is currently under construction in Arapahoe, Colorado.

ZeeWeed”  are ultralow  pressure, patented shell-less hollow fiber membranes with a
nominal molecular weight cut-off of 200,000 daltons that allow any tank to become a
ZenoGem” process. Facilities can be expanded by 3-6 times their original design
loading without significant alterations to the existing civil works. The fibers are
mounted on a frame, with  permeate extraction from bottom and top headers. The
membranes are continuously aerated at their base to renew the biomass to be filtered
and to agitate the hollow fibers to minimize fouling. The hollow fibers can be
backwashed with  the permeate.

Cycle-Let@ was first developed by Thedford, Inc. to recycle flush water in remote
locations. The process incorporated biological treatment, pressure-driven membrane
filtration (tubular membranes), activated carbon and ultraviolet disinfection. The
earlier system consisted of a cross-flow MBR, where the tubular membranes were
placed after the biological reactor. The process has been purchased and patented by
Zenon  Municipal Systems (ZMS). Today, the Cycle-Let@ system is a modified
ZenoGem’  MBR system, which also incorporates vacuum-driven ZeeWeede  hollow
fiber membranes, but is designed for unrestricted wastewater recycle use and long term
sludge accumulation within the reactor.

BIOSEPe,  which was developed by the Compagnie G&&ale des Eaux (CGE) Anjou
Research Center, employs the Zenon  MBR technology. This immersed membrane
activated sludge process was applied to the treatment of raw sewage. It uses hollow
fiber membranes (ZeeWeed@) or flat sheet membranes with a pore size between 0.1 um
and 0.45 urn. The common features of these MBRs  are: (i) a direct immersion into the
reactor where the biological treatment takes place, and (ii) an operation under an
outside-inside filtration mode at a low transmembrane pressure (< 0.5 bar).

f2J Suez-Lvonnaise des Eaux IDeatimont I SITA , (FRANCE)
BM

Aerobic and anaerobic MBR processes (BRM@)  for industrial and municipal wastewater
were first developed by the Centre  International de Recherche sur I’Eau  et
1’Environnement  (CIRSEE) in 1993. CIRSEE, which is operated by Suez-Lyonnaise
des Eaux in collaboration with Degremont and FD Conseil, provide processes that use
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ceramic or organic membranes for ultra- or microfiltration  (Beaubien, 1994). Intilco
Degremont and SITA  (subsidiaries of LDE) in collaboration with CIRSEE have
developed and installed full-scale MBR processes to treat and recycle industrial and
municipal wastewater and landfill leachate. Process applications have employed
hollow fiber cellulosic (Aquasource) and ceramic membranes @hone-Poulenc).

m Mitsubishi Rayon Co. Ltd, (JAPAN)
STERAPORET”  L
STERAPOREm  F

Mitsubishi Rayon Co. is a manufacturer of Hollow-Fiber 0.1 pm Membrane Filters
(HFF) for MBRs.  Their patented HFF Sterapore-L&F tank-submerged type filter units
have been used by municipal engineering companies for wastewater and water
treatment since 1992.

Sterapore-L is a microfilter  of a unique screen-like structure and is made of
microporous hollow fiber membrane. This element does not need any pressure-
resistant vessel. It has a unique screen-like configuration in which the HFF membrane
is arrayed in the way of the screen, and in which both ends of the membranes are
connected with pipes collecting treated water. The water flows outside of the hollow
fibers and is then suctioned out of the pipes. The element is used in wastewater
treatment applications. Typical dimensions of a wastewater treatment system would
be 27 m3 volume, 250 m* effective membrane surface area, and 27 m?/day  (7,133 _gpd)
capacity. Sterapore-L is mostly applied for industrial wastewater treatments in the range
of 0.3 to 750 m3/day (80 to 199,000 gpd) capacity.

Sterapore-F accentuates the special feature of HFF technology which can be used for
compact filter design and is used in river water purification applications. Since
Sterapore-F has a larger effective membrane surface area than the L module, and it can
be easily scaled to a large capacity water treatment plant. Typical dimensions of a
water purification system would be 50 m3 volume, 100 mz effective membrane surface
area and 50 m’/day  (13,210 gpd) capacity.

Both systems operate at pressures less than 30 kF’a (4.35 psia), at pH ranges from 2 to
11, and at temperatures less than 40°C.  Typical MLSS concentration is maintained
between 8,000 and 15,000 mgiL.

&?I Kubota, (JAPAN)
BIOREMe
FILCERA@

Kubota Inc. has patented their submerged type ceramic membrane process, for treating
domestic wastewaters, and today, eight wastewater treatment plants incorporating their
MBRs’are  installed and operating in Japan. Two MBR systems, known as BIORBM@
and FTLCERA@,  have been patented. These two are basically the same, but the
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difference lies in their application. One system (BIOREM) is intended for treating
wastewaters, while the other (FILCERA) is intended for water purification. Both
consist of a tank-submerged type membrane module, which brings together multiple
external  pressure tubular type ceramic membrane elements of an asymmetric two layer
stmcture.

The BIOREM MBR system was developed 10 years ago, and the oldest system i.s still
operating in good condition using the original ceramic membrane.

Retention time in the BIOREM reactor ranges from 6 to 8 hours, and is around 30
minutes in the FILCERA reactor. The MLSS concentration is greater than 10,000
mg/L.

Memtec, (AUSTRALIA)
MEMBIOTM

Membio (fixed-film bioreactor on anthracite) was tested, but the results showed that it
was not better than conventional wastewater treatment. It is no longer manufactured,
but they are testing other MBR configurations.
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SECTION 5

MBR INSTALLATIONS

A survey questionnaire was created by Montgomery Watson, coveting all aspects of MBR
technology, including qualitative, quantitative and cost issues. This survey was originally
intended to be sent out world-wide to all the existing MBR plants. However, once
communications were established with the MBR vendors, it was decided that the survey
questionnaires be sent out to the main MBR manufacturers (i.e., Zenon  Municipal Systems,
Kubota Corporation, Mitsubishi Rayon Co. Ltd, and the Group Suez-Lyonnaise des
E,aux/Degremont)  who agreed to distribute the survey form among their clients or to complete
directly the questionnaire, by April 10, 1998.

The following section is a general description of the existing world-wide MBR plants installed
by the different manufacturers, Table 5-1, which follows the general description section,
presents a selected list of some of these world-wide MBR installations having capacities of
50,000 gpd (7885 L/b)  and greater.

Zenon Municipal Systems

There are over 100  MBR (ZenoGemm  and Cycle-Let@) installations today.

‘ZenoGem”  facilities are mainly found in Canada and the United States. Other installations are
found in Europe (Italy, France, the Netherlands, and Belgium), North Africa (Egypt), and
Central and Latin America (Puerto Rico, Mexico). The first ZenoGem” facility was built in
1991 in Mansfield, Ohio, to treat 60,COO  gpm (9,462 L/b)  of synthetic oils and greases
produced by a metal fabrication industry. This facility is still successfully mnning  today. The
largest existing MBR facility, located in Ontario, Canada, has a 520,OCO  gpd (82,000 L/b)
capacity, and was installed to treat municipal wastewater. Four major ZenoGem@  facilities are
currently under construction in Denver, Colorado, in British Columbia, Canada, and in two
major cities of Egypt. Their capacities range from 0.66 to 2.0 MGD (0.029 to 0.087 m’/s),  and
their application will be the treatment of municipal wastewater. Typical results include more
than 98% reduction in BOD, COD, NH,, TSS, TKN,  oil and grease and greater than 9-log
removals of total and fecal bacteria.

Cycle-Let” installations have much smaller capacities than the ZenoGem@  facilities. Capacities
range from 388 to 20,000 gpd (61 to 3154 L/b), and their main purpose is the recycling of
treated wastewater to reduce wastewater discharges in environmentally sensitive areas where
sewers are not available or at capacities. Typical clients of the Cycle-Let” system include
hotels, schools, hospitals, office buildings, shopping outlets, and recreational and residential
developments. They are all found in the United States. Typical results include a 95%
reduction in water use and wastewater discharge, and an effluent wastewater quality that meets
the NJDEPS permit and the GWII  discharge limitations.



CGE Anjou Research CenterRenon

The CGE Anjou Research Center in Maisons-Lafftte  (CRML), France has developed an
immersed membrane activated sludge process (BIOSEPTM),  which incorporates modules of the
hollow fiber ZW-150 Zenon  ZeeWeed@ membrane. One two-year pilot study was conducted,
as well as full-scale evaluations of two waste water treatment plant upgrades of 237,780 gpd
(37,500 L/h) capacity. The pilot study ran from 1995 to 1997. It showed total removal of
particulate matter, with permeate values below detection level for suspended solids, and
average turbidities of 0.24 NTU for CRML. Organic matter removal was very high, with total
removal of BOD and COD values of 10 mgiL for CRML. A 99% ammonia removal was
reached. Between 6 and 7 log removals of total coliform and more than a 3.8 log removal of
bacteriophages were observed in the study.

Group Suez-Lyonnaise des Eaux I Degremont

Aerobic and anaerobic MBR processes (BRM”) for industrial and municipal wastewater were
first developed by the Centre  International de Recherche sur I’Eau  et 1’Environnement
(CIRSEE) in 1993. Nine BRM” installations currently exist in different parts of France, two of
which have capacities greater than 100,000 gpd (15,770 L/h). Applications range from
industrial to domestic wastewater treatment. The first BRM was installed at a cosmetic factory
in northern France in 1993. It has a design capacity of 42,OCO  gpd (6,624 L/h) and 1,200 kg
COD/day. Data from a preliminary 5-month  pilot study demonstrated COD removal >98%,
‘ammonia  removal of 99%,  and complete removal of TSS. Another pilot-scale study performed
by Lyonnaise des Eaux was conducted at the municipal wastewater treatment plant of
Aubergenville, France. At a SRT of 25 days and a HRT of 1 day, more than 95% of the
influent  COD, TKN, and BOD5 was removed.

Mitsubishi Rayon Co., Ltd

MBRs  using STERAPORE were installed in Japan, China, the Philippines, and other areas
across Asia. Applications of the process are found in domestic and industrial wastewaters. The
pilot-study of Ueda, listed in Table 3-1, was performed using this technology.

A total of 185 MBRs  are presently installed in Japan. These installations are found mainly in
food, industrial, and domestic wastewater plants with the largest one having a capacity of
264,200 gpd (41,666 L/h). Typical results include more than 98% removals of BOD, and
COD, and MLSS concentrations in the range of 5,000 to 15,000 mg/L.

Kubota Corporation

To date, eight domestic and municipal BIOREM” systems are installed and operating in Japan.
Typical results include more than 95% BOD, COD and TSS removals. The first system was
developed 10 years ago and is still running using the original ceramic membrane.
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Table 5-1
Listing of Selected MBR Installations with Capacities< 50,000 GPD

Location of Manufacturer
Installation

Application
Field

-
Capacity Start-Up Year

(GPD)
FEiIKe

France

Pads, France
Chiba, Japan

Ibaraki,
Japan

Xamaguchi,
Japan

Aichi, Japan

Ehime, Japan

Tokyo, Japan

Chiba, Japan

Gifu, Japan

Kumamoto,
Japan

Shizuoka,
Japan

Aomori,
Japan

Gifu, Japan

Kumamoto,
Japan

Kagawa,
Japan

Wakayama,
Japan

Okinawa,
Japan
France

B.C,  Canada
B.C. Canada

Suez-LDE

Suez-LDE

Suez-LDE
Mitsubishi-

Rayon
Mitsubishi-

Rayon
Mitsubishi-

Rayon
Mitsubishi-

Rayon
Mitsubishi-

Rayon
Mitsubishi-

Rayon
Mitsubishi-

Rayon
Mitsubishi-

Rayon
Mitsubishi-

Rayon
Mitsubishi-

Rayon
Mitsubishi-

Rayon
Mitsubishi-

Rayon
Mitsubishi-

Rayon
Mitsubishi-

Rayon
Mitsubishi-

Rayon
Mitsubishi-

Rayon
CGE/Zenon

Zenon
Zenon

Milk factory

Drinking Water

Municipal
Industrial: needle plant

wastewater
Industrial: food

industry
Industrial: ice-cream

factory
Industrial: needle plant

wastewater
Industrial:

confectionery factory
Hotel business:

Regenerated water
Office building:

Regenerated water
Industrial: beer

brewery
Industrial: beer

brewery
Industrial: beans paste

plant
Industrial: seafood

plant
Industrial: beer

brewery
Industrial: beer

brewery
Industrial

211,260 02197

105,680 03/95

486,129 loo-day  pilot
264,200 01/96

52,840

264,200

198,150

66,050

19,260

121,532

92,470

92,470

158,520

52,840

79,260

79,260

79,260

Industrial 221,929

Industrial 118,890

Municipal

Recreational/domestic
Municipal

237,780 1995-1996

200,000 11/96

134,000 1997:Phase  II
200,OQo 1999:Phase  III
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1996

1996

1996

1996

1996

1996

1997

1997

04197

03197

05/97

05197

03197

03/98

06/98



Table 5-1
Listing of Selected MBR Installations with Capacities 5 50,000 GPD

-
Location of Manufacturer Application Capacity (GPD) Start-Up Year
Installation

Tecumseh, MI

ON, Canada

Denver, CO Zenon Municipal, WWTP

Cairo, Egypt

Kaha,  Egypt

Orascum,
Egypt

B.C,  Canada

Mansfield, OH Zenon Industrial : GM

ON, Canada Zenon Industrial: GM

Columbia, WA Zenon 1ndustrial:beverag.e

Zenon

Zenon

Zenon

Zenon

Field.
Industrial: lTT

Municipal

Municipal, WWTP

Municipal, WWTP

Municipal, WWTP
Irrigation

Municipal, WWTP

60,000

260,000 to
520,000

1,000,000  to
1,500,000
660,000 to
1,320,OOO

1,000,000  to
2,OOo,oOa

265,000

1,000,000  to
2,000,000

60,000

230,000

120,000

n.a.

06197
One-year
project

Currently under
construction

Currently under
construction

Currently under
construction

Currently under
construction

Currently under
construction

1 9 9 1

end of 1994

n.a.

Puerto Rico Zenon 1ndustrial:cosmetic 60,000 na.-.
na.:  not available

Currently, the majority of the installed MBR systems are being used for the treatment
of wastewater from the automotive, cosmetic, metal fabrication, food and beverage
processing, landfill leachate, and other industries. Figure 5-l illustrates the distribution
of MBR installations by treatment category.

S Kubota n Raven q LDE q ZenoGern

Industrial

Large-scale
Municipal

Small-scale
Domestic

0% 10% 20% 30% 40% 50% 60% 70% 80%

Percent of MBR Installations

Distribution of MBR Installations by Wastewater Type
Figure 5-l



SECTION 6

CONCLUSIONS AND RECOMMENDATIONS

The MBR process shows tremendous promise as a pre-treatment to RO for water reuse
applications. While many bench-scale and pilot-scale studies have demonstrated the
effectiveness of this process for a wide variety of applications (landfill leachate, drinking water,
industrial wastewater, high rise building recycling, domestic wastewater) there have been no
parallel studies of a submerged MBR, an in-line MBR, and conventional treatment prior to RO
treatment for water reuse applications. Most of the existing water reuse installations are very
small-scale and municipal wastewater MBR plants of 1 to 2 MGD (0.0435 to 0.087 m3/s)
capacity are currently under construction in Canada, the United States, and the Middle East.

This demonstrates the need for a pilot-scale study to fully investigate the performance
characteristic,s  and robustness of the MBR processes under real-world working conditions. In
the early 1990’s  microfiltration  and ultrafiltration were emerging technologies which showed
tremendous potential for water reuse and water treatment applications. Our experience with the
implementation of MF and UF demonstrated that emerging technologies tend to remain tied to
small-scale applications until an initial pilot demonstration and subsequent large-scale
implementation enable the technology to gain widespread acceptance. The MBR process is
today, where MF and UF were in 1990. It has been tested and proven in smalLscale studies
and installations. Wide-scale acceptance and use of the process still awaits the performance
of a definitive study which demonstrates the effectiveness of the treatment to the satisfaction
of regulators and constituents.
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BUREAU OF RECLAMATION / CITY  OF SAN DIEGO
Membrane Bioreactor (MBR) Plant Survey Questionnaire

......................

. . . . . . . . . . . . . . . . . . fax

I I MEMBRANE BIOREACTOR  PLANT INFORMATION

1. Phnf  stamlp  dale: (mmh  and year)

2 . Design hydraulic capacity of planr: (specify wits)

3 . MBR  used  as pretreatment  to  reverse  osmosis (check one): y e s n o

4 . Membrane infmnation:

Membrane  module (check  one): suhmer& “o”-suhmer~ed
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t u b u l a r s p i r a l  w o u n d other

(specify units)

ivmlina,  mo,ec”,ar  weight  c”rotTand/or  p o r e  size: (specify units)

Fiber diameter  (where  approp&c): (specify units)

Flow direction (where  appropriate, check one) inside/out 0utside.h

5. Bioreactor  information:

Biareactor  h y d r a u l i c s  ( c h e c k  o n e ) :

plug “on

campletely  m i r e d

Bi,re@.,tor  “0l”nle:

Bioreactor shape wd  dimmian:

(specie units)

other (specify) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

111 MEMBRANE OPERATIONAL INFORMATION (Typical va.Iues,  over 1~1  12  mondu  ofoperation)
-

3UBMERGED  AND NON-SUBMERGED MEMBRANES

~“erage  tmlrmembme  flus  me: .~...,........ (specify units) at (reference temperalure  Br  units)

1. Backxwh  parameters:

Backwash conducted using (check one): liquid air

Backwash  duration: _................... (specify units)

Backwash frequency: (specify units)

Backwash volume : .,.................. (specify units)

Backwash chlorinated: Yes “0

ifyes b a c k w a s h  Itee  cblmine  (m@‘L),  and combined chlorine (m&)

SUBMERGED AND NON-SUBMERGED MEMBRANES (continued)

5, Chemical cleaning ofmembranes:

Cleaning frequency: number  per year

Chmicals  employed Typical dosag

Erampie:  Sodium Hydnmde  ~. UL

._.............................. (specifi units)

(specify units)

(specify units)
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MBR Questionaire

SGl3MERGED  MEMBRANES ONLY
r\vzrage  suction vac”“m: (specify “nits)
A”er@@ suction cycle frequmcy: time on (unirs) IItime off  (specify units)

NOiCSUBMERGED MEMBRANES ONLY
I. Averqe  cross-flow v e l o c i t y  (where  a p p l i c a b l e ) : (specify units)
2. Average  tra”rmembrme  pressure: (*pecify  u n i t s )

II

I”  BIOREACTOR OPERATIONAL INFORMATION

V.  WATER QUALITY INFORMATION

1. BIOREACTOR INFLUENT  WATER QUALITY

BIOREACTOR  INFLUENT  WATER QUALITY

I I I I
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MBR Queshnaire

2. BIOREACTOR  WATER QUALITY

1 MEMBRANE EFFLUENT WATER QUALTIY

P a g e  4



VI. COSTS

VII. SATISFACTION

d i s s a t i s f i e d

2 . Ease ofoperations  ofmembrane  system (check one):

wysatirfied s a t i s f i e d somewhat dissatisfied d i s s a t i s f i e d

VIII. DATE QUESTIONAIRE  COMPLETED:
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APPENDIX C

DETAILED COST ANALYSIS

Table C-l
Capital Costs for MBR, Oxidation Ditch and Conventional Activated Sludge

Based on 1 MGD plant Design: Wastewater  treated to pre-RO qualify

mech.  bar screen:

Headworks: rotating
screen- 3 mm: channel
to aeration tanks

MBR: MF modules;
pumps; blowers: CIP
tanks; Elec controls &
panels;  misc.  valves
Bioreactor  tank  (49’ x
49‘ x 17.5’)
Concrete slab

FL4SlwAS  P.S.

clarifiers: RASIWAS

MF Modular Units $1,000,000

Site Work (8 - 10%)

Yard Piping (7 - 10 %)

ElectricalAnstmmentati
on  (10 - 14%)
Installation (22%)

$369,000

$369,000

$5 16,600

54,944,600

$988,920

Total Comt~ction 55,587,SOOl $5,933,520



Table C-2
O&M Costs for MBR, Oxidation Ditch and Conventional Activated Sludge

Based on 1 MGD plant Design: Wastewater  treated to pm-R0 qualify

Zenon  MBR Oxidation Ditch Conventional Activated Sludge

O&M Item O&M costs O&M Item O&M Costs O&M Rem O&M  costs

Personnel us $58,000 Personnel W) $58,000 Personnel oal $54,000

Supervision- $21,000 Supervision- $21 ,000  Supervision- $21,000
administration (“’ administration (W administration (“)

Power Ub) $95 ,000  Power’2”’ $78,000 Power”” $35,000

spare pats- $90,000 Spare parts- s44,ooo  spare parts- $46,000
replacement replacement w replacement  @)
(includes MBR
membranes) t’=)

chemicals”“’ $3,000 Chemicals’“’ $3,000 Chemicals W’ $3,000

MF Modules
O&M (incl
power) WI

Replacement
parts w

MF Modules
$73,000 O&M (incl  power) ob’ $73,000

$30,000 Replacement parts (“) $30,000

Totalperyr $267,000 1 $307,000 1 $262,000

la From The Cost of WustewarerReclamation  in California, Nov  1992, I).  Richard, T. Asano, G. Tchobnglous

lb Per Zenon,  power @ for O.O6/kw  hr  for MBR = $76,000. Power for other  equipment

lc Membrane replacement costs are  S500,ooO/10  yr.  $1,000,000/20  = SSO,OOO/yr  plus S40,OOO for other spare

P=tS
2a From 7’he  Cost of WasrewarerReclamation  in California, Nov  1992, D. Richard, T. Asano, G. Tchobnglous

2b Per Memcor, O&M costs are  $O.ZO/lOOO  gal treated

2c Memcor membranes require replacement every 5 yrs.  S150,000/5yrs = $30,000/  yf  over  20 yrs

3a From The Cost of Wastewater  Reclamarion  in California, Nov  1992, D. Richard, T. Asano, G. Tchobnglous

3b Per Memcor, O&M costs are  $0.20/1000  gal treated

3c Memcor membranes require replacement every 5 yrs.  $150,000/5yrs = $30,000/  yr  over 20 yfs
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APPENDIX D

FACILITIES AND EQUIPMENT INFORMATION

The proposed site for the MBR pilot evaluation (Phase II) is at the Aqua 2ooO  Research Center
located at the San Pasqual Aquatic Treatment Facility in Escondido, California. This pilot site
provides an excellent location for the pilot study since it is already connected to a wastewater
source typical for the City of San Diego and is equipped with many auxiliary systems that
would be necessary for the study. The main pilot equipment that would be required for the
proposed pilot testing is MBR pilot units. Below is a list of the facilities and equipment that are
currently available at the proposed pilot site.

D.l STRUCTURAL

.

.

.

.

.

.

.

.

.

.

.

5000 square foot concrete pad.
Semi--permanent  shading to protect from sunlight.
Wastewater connections after primary treatment.
Potable water connections.
Drainage system.
Chemical containment area.
Sufficient lighting for 24hour  operation.
Full electrical supply.
Chemical safety shower and eyewash.
An operations trailer with conference room, offices, and computers
A laboratory trailer for on-site water quality analyses.

D.2 INSTRUMENTATION/EQUIPMENT

Laboratory

. DR 4000  Spectrophotometer by Hach

. Ratio/non-ratio 2100N Turbidimeter  by Hach

. pHKemperature  meter by Fisher (No. 13-635BAA)

. Portable conductivity meter by Fisher (No. 09-327-f)

. Two TOC Analyzers (Sievers  Model No. 800)

. SD1 Filter Plugging Analyzer by Chemetek (No. FPR-3300)

Concrete Pad

. Package Plate Settler System

. Monomedia Tertiary Filter (125 gpm)

. Reverse Osmosis Skid with 6 pressure vessels, instrumentation, conductivity
probes, high pressure boost pumps, and low pressure transfer pumps.

. Feed, permeate, backwash, and waste storage tanks.



. Chemical Cleaning Skid with hot water supply.
l Chemical Feed Systems.
. Micro 2000 On-line Chlotine Analyzer.
l Three 172OC On-line Hach  Turbidimeters.
. Transfer pump (100 gpm) to provide secondary water to tertiary system.
. Transfer pump (100 gpm) to provide tertiary water to concrete pad.
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Filtration
Tank

Figure E-l
Zenon Pilot Unit Diagram
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Mitsubishi Rayon Corporation
Pilot Unit Diagram

Figure E-2
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Pilot Unit Diagramxii
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Plumbing Details
Figure f-3B
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