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ABSTRACT

OBJECTIVES

The primary objective of this pilot-scale project was to demonstrate and validate AnMBR
technology for domestic wastewater treatment. Specific objectives associated with this project
include: 1) demonstrate the effectiveness of AnMBR at treating screened domestic wastewater at
temperatures above 10°C to produce high-quality, re-usable water; 2) demonstrate that AnMBR
technology for domestic wastewater treatment can be operated in an energy-neutral manner; 3)
compare cost and performance of gas-sparged and GAC-fluidized AnMBRs to conventional
aerobic wastewater treatment systems; and 4) conduct a simplified lifecycle assessment of the
technology in comparison to conventional technologies.

TECHNOLOGY DESCRIPTION

AnMBR technology is the marriage of anaerobic biological treatment and physical membrane
separation. There are several different configurations of the AnMBR system. The main elements
of the AnMBR system are a primary anaerobic bioreactor and a secondary membrane bioreactor.
The primary anaerobic bioreactor contains microorganisms that convert organic carbon and
associated five-day biochemical oxygen demand (BODs) in wastewater into an energy-rich,
biogas-containing methane and carbon dioxide. The biogas produced in the primary anaerobic
bioreactor can be used to generate electricity, heat, or fuel for vehicles. The secondary membrane
bioreactor contains ultrafiltration (UF) membranes that separate the microorganisms and other
suspended solids from the treated effluent (permeate). The pilot systems included in this
demonstration used different methods of UF membrane flux maintenance. One pilot system used
gas-sparging (gas-sparged AnMBR), and the other pilot system used GAC-fluidization (GAC-
fluidized AnMBR). The primary bioreactor in the gas-sparged AnMBR was a suspended growth
system. The primary bioreactor in the GAC-fluidized AnMBR was a GAC-fluidized bed reactor.
Downstream processes were also evaluated including dissolved methane removal, sulfide and
phosphorus removal, and ammonia removal.

DEMONSTRATION RESULTS

Performance of the AnMBR systems was evaluated with respect to effectiveness, net energy
production efficiency, and implementability. The effectiveness of the AnMBR technology was
assessed with respect to treated water quality. Both AnMBR systems met or exceeded EPA
secondary treatment objectives but the GAC-fluidized AnMBR achieved better effluent quality
at lower hydraulic residence times. Ammonia, total phosphorus, sulfide, and dissolved methane
were also removed to varying extents. Energy consumption and production were calculated for
a matrix of operating scenarios that included various net permeate fluxes and temperatures for
the gas-sparged and GAC-fluidized AnMBRs. In general, energy-neutral or -positive operation
was more likely at greater flux, temperature, and influent COD concentration. The AnMBR
process has the potential to be cost-competitive with conventional treatment. The application of
a hybrid process involving a GAC-fluidized bioreactor followed by a gas-sparged UF membrane
process and a low-cost process for dissolved methane removal appears to be promising.
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Alternative methods for sulfide removal such as biological oxidation should be evaluated because
chemical coagulation is likely to be cost-prohibitive. In general, conventional treatment had the
lowest overall environmental impact, followed by primary sedimentation in combination with a
hybrid AnMBR comprised of a GAC-fluidized bioreactor, a gas-sparged UF membrane, a vacuum
degasser for dissolved methane removal, and chemical coagulation for sulfide and phosphorus
removal. Chemical consumption during sulfide and phosphorous removal are the primary
environmental impact drivers. Considering that sulfide is probably more of a driver of chemical
use than phosphorus (and that phosphorus removal may not always be necessary), alternative
methods such as biological sulfide oxidation should be explored. Integration of alternative methods
for sulfide removal alongside bioenergy recovery is necessary for developing an AnMBR
treatment process that is more sustainable than a conventional treatment approach.

IMPLEMENTATION ISSUES

The results of this demonstration and economic analysis support use of primary sedimentation
followed by a bioreactor and a gas-sparged UF membrane system. Inclusion of primary
sedimentation in the process is projected to provide a greater potential for energy-neutral or
energy-positive operation. Based on the results of this demonstration, the recommendation is to
use a hybrid AnMBR comprised of a GAC-fluidized bioreactor followed by gas-sparged UF
membranes. Dissolved methane removal using vacuum-operated membrane contactors was
determined to have potential of removing 90% dissolved methane, but the pressure loss through
the contactors will result in high energy consumption. Therefore, alternative dissolved methane
removal technologies, such as vacuum degassers warrant evaluation. They have the potential for
low-cost and low-energy consumption. Sulfide must be removed prior to discharge or reuse.
Coagulation-flocculation-sedimentation is a standard process and was demonstrated to be capable
of sulfide and total phosphorus removal. Chemical cost and environmental impact associated with
sulfide removal were determined to be high. Alternative sulfide removal technologies, such as
biological sulfide oxidation, may also be effective and less expensive. Further research into cost-
effective and sustainable technologies for sulfide and phosphorus removal is recommended.
Nitrogen removal requires further evaluation. Clinoptilolite was capable of removing ammonia in
this demonstration, but the brine was not capable of being regenerated. Use of regenerable
clinoptilolite downstream of an AnMBR is being evaluated further in ESTCP project ER-201728.
Other options for nitrogen removal have also been evaluated and should be considered.
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EXECUTIVE SUMMARY
INTRODUCTION

The Anaerobic Membrane Bioreactor (AnMBR) for Sustainable Wastewater Treatment project
was conducted to demonstrate and validate the use of AnMBR technology for treatment of
domestic wastewater. As part of the project, two pilot-scale AnMBR treatment systems were tested
for over one year. These included a gas-sparged AnMBR and a granular activated carbon
(GAC)-fluidized AnMBR.

The Department of Defense (DoD) currently uses aerobic treatment processes, such as activated
sludge and oxidation ponds, to treat domestic wastewater generated at DoD facilities. Some
undesirable characteristics of these aerobic treatment processes are:

e Acrobic treatment processes have a high energy demand because they require aeration to
oxidize organic material in the wastewater.

e Aecrobic treatment processes generate a significant amount of sludge.

e Aecrobic treatment processes do not recover the inherent energy contained in the
wastewater.

An alternative to conventional aerobic treatment processes is anaerobic treatment, which has the
following benefits:

e Anaerobic treatment processes do not require aeration to oxidize organic material in the
wastewater, so they have a lower energy demand versus aerobic processes.

e Anaerobic treatment processes produce less sludge than aerobic processes.

e Anaerobic treatment processes produce methane-rich biogas that can be used to generate
electricity, heat, or vehicle fuel. The energy content of the biogas can potentially offset the
energy used by the treatment process, making the process energy-neutral or energy-positive
(i.e., does not require a net input of energy).

One type of anaerobic treatment process that is of particular interest for implementation at DoD
facilities is the AnMBR treatment process. In addition to the benefits described above, this process
produces an effluent that can meet reuse standards, such as American National Standards Institute
(ANSI)/National Sanitation Foundation (NSF) 350 for five-day biochemical oxygen demand
(BODs) and total suspended solids (TSS). Therefore, implementation of this treatment technology
could increase the amount of water recycled at DoD facilities while also decreasing the operational
costs of wastewater treatment at DoD facilities.

However, there are certain unknowns regarding the ability of the AnMBR treatment technology to
reliably treat domestic sewage for various reuse applications in an energy-neutral manner. Also,
AnMBR technology has not been tested at any DoD installations. Therefore, this demonstration
was conducted to determine whether AnMBR technology can meet DoD requirements and can
operate successfully on a domestic wastewater application.
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OBJECTIVES

The primary objective of this pilot-scale project was to demonstrate and validate AnMBR technology
for domestic wastewater treatment. Specific objectives associated with this project include:

e Demonstrate the effectiveness of AnMBR at treating screened domestic wastewater at
temperatures above 10°C to produce high-quality, re-usable water.

e Determine a lower applicable temperature limit for AnMBR technology that can be used
to identify appropriate implementation sites.

e Demonstrate that AnMBR technology for domestic wastewater treatment can be operated
in an energy-neutral manner.

e Demonstrate use of the technology in a treatment train that can effectively remove nitrogen
and phosphorus nutrients and sulfide (when necessary) in tandem with carbonaceous BODs
and TSS.

e Demonstrate that hollow-fiber gas transfer membrane technology can effectively recover
dissolved methane from AnMBR permeate.

e Demonstrate that the AnMBR minimizes sludge production and determine whether the
sludge that is produced can be used beneficially as biosolids.

e Demonstrate that the AnMBR is a safe technology that is implementable at DoD
installations and public utilities.

e Compare cost and performance of a gas-sparged AnMBR to a GAC-fluidized AnMBR.

e Compare cost and performance of gas-sparged and GAC-fluidized AnMBRs to
conventional aerobic wastewater treatment systems.

e Conduct a simplified lifecycle assessment of the technology in comparison to conventional
technologies.

TECHNOLOGY DESCRIPTION

AnMBR technology is the marriage of anaerobic biological treatment and physical membrane
separation. There are several different configurations of the AnMBR system. The various
configurations differ in regard to the location of the membranes and the method of membrane flux
maintenance. The membranes can be located in either the primary bioreactor or in a secondary and
separate membrane bioreactor. Both pilot systems included in this demonstration had an external
secondary membrane bioreactor. The main elements of the AnMBR system are a primary
anaerobic bioreactor and a secondary membrane bioreactor.

The primary anaerobic bioreactor contains microorganisms that convert organic carbon and
associated BODs in wastewater into an energy-rich biogas containing methane and carbon dioxide.
This conversion involves multiple steps, including disintegration, hydrolysis, fermentation, and
methanogenesis. The biogas produced in the primary anaerobic bioreactor can be used to generate
electricity, heat, or fuel for vehicles.

The secondary membrane bioreactor contains ultrafiltration (UF) membranes that separate the
microorganisms and other suspended solids from the treated effluent (permeate). This physical
separation process serves to 1) maintain a high mixed liquor of volatile suspended solids (VSS)
concentration in the bioreactor, and 2) produce a suspended solids-free permeate.
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The pilot systems included in this demonstration used different methods of UF membrane flux
maintenance. One pilot system used gas-sparging, and the other pilot system used
GAC-fluidization. The configurations of the two pilot systems are described in more detail below.

Gas-Sparged AnMBR Pilot System
The pilot system that was demonstrated consisted of four main process units, including:

Gas-sparged AnMBR for removal of dissolved organics and suspended solids.
Hollow-fiber gas transfer membrane for removal of dissolved methane.

A coagulation-flocculation-sedimentation system for removal of sulfide and phosphorus.
Ion exchange (IX) system for removal of ammonia.

A schematic of the gas-sparged AnMBR unit operation is shown in Figure ES.1. The process
consisted of a primary anaerobic bioreactor and a secondary membrane bioreactor. Wastewater
was pumped into the primary anaerobic bioreactor, which contained microorganisms that convert
organic carbon into biogas. The contents of the primary bioreactor were circulated continuously
through the secondary membrane bioreactor, which contained hollow-fiber UF membrane
modules. The membranes were used to separate microorganisms and other suspended material
from the treated effluent (permeate), which was pulled through the membrane by means of a
permeate pump. The biogas produced in the bioreactor was either exhausted from the system or
blown into the bottom of the secondary membrane bioreactor, where it bubbled up past the
membranes to the top of the tank. This process, called sparging, helped keep suspended solids that
in part cause membrane fouling from building up on the membranes. Biogas that was exhausted
from the system could be used to generate electricity, heat, or fuel for vehicles. The permeate from
the secondary membrane bioreactor was conveyed downstream for further treatment by additional
processes (Figure ES.2) that included removal of dissolved methane, sulfide, phosphate, and
ammonia.

Figure ES.1 Gas-sparged AnMBR Schematic.
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Figure ES.2 Gas-sparged AnMBR Pilot System Process Flow Diagram.
GAC-Fluidized AnMBR Pilot System

A process flow diagram of the GAC-fluidized AnMBR system is shown in Figure ES.3. This
system consisted of two bioreactors. The first is an anaerobic fluidized-bed reactor (AFBR), which
is followed by an anaerobic fluidized-bed membrane bioreactor (AFMBR). The two bioreactors
are collectively referred to as the staged anaerobic fluidized membrane bioreactor (SAF-MBR).

Figure ES.3 GAC-fluidized AnMBR Pilot System.

Wastewater was pumped into the AFBR, which contained active microorganisms and GAC media,
the latter serving as a support media for the microorganisms. The AFBR was also equipped with a
recirculation pump to keep the GAC fluidized. The AFBR provided partial treatment of the
wastewater, converting the organic carbon into biogas. After treatment in the AFBR, the partially
treated wastewater was pumped to the AFMBR, which contained active microorganisms, GAC
particles that serve as a support media for the microorganisms, and ultrafiltration membranes.
Inside the AFMBR, the wastewater was further treated, and the membranes separated the treated
effluent from the microorganisms and other suspended materials in the wastewater. Recirculation
between the two reactors was also conducted to promote better solids hydrolysis.

As in the AFBR, the liquid contents of the AFMBR were recirculated continuously from the top
of the reactor to the bottom. But here, the fluidized GAC particles came into contact with the
membranes. The physical movement of the GAC particles against the membranes helped to keep
the membranes clean and reduce membrane fouling. Thus, the GAC-fluidized AnMBR is a unique
membrane bioreactor system that employs a novel, energy-efficient approach for control of
membrane fouling.
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PERFORMANCE ASSESSMENT

Performance of the AnMBR systems was evaluated with respect to effectiveness, net energy
production efficiency, and implementability. The effectiveness of the AnMBR technology was
assessed with respect to treated water quality. The success was assessed through a comparison of
water quality parameters to U.S. Environmental Protection Agency (EPA) secondary treatment
standards, published criteria for water reuse, and other applicable metrics. Primary performance
objectives are discussed here. Additional objectives are discussed in the main report.

Effectiveness

COD and BOD5

The average effluent chemical oxygen demand (COD) concentration in the gas-sparged AnMBR
was 58+27 mg/L, which is about equal to the performance objective of 60 mg/L. The average COD
removal was 90+4%. The average effluent COD concentration in the GAC-fluidized AnMBR was
2949 mg/L, which is less than the performance objective. The average COD removal was 86+3%.

The average effluent BODs concentration in the gas-sparged AnMBR was 25+12 mg/L, which is
less than the performance objective of 30 mg/L but greater than the reuse objective of 10 mg/L.
The average BODs removal was 89+5%. The average effluent BODs concentrations in the
GAC-fluidized AnMBR was 15+9 mg/L, which is less than the performance objective of 30 mg/L
and greater than the re-use objective of 10 mg/L. The average BODs removal was 85+7%.

Fine screening was the only form of primary treatment used in this demonstration. Primary

sedimentation may have resulted in even lower effluent concentrations and potentially less than
10 mg/L BOD:s.

Ammonia

The ammonia removal by the clinoptilolite column prior to breakthrough was 99.9+0.1%, which
is greater than the performance objective of 90%. The influent and effluent ammonia
concentrations were 37+4 and 0.05+0.05 milligrams of nitrogen per liter (mg-N/L), respectively.

Total Phosphorus

Total phosphorus was reduced from 7.0+2.9 mg/L in the screened gas-sparged AnMBR influent
t0 0.43+0.29 mg/L in the clinoptilolite effluent for an overall removal of 94+3%, which was greater
than the performance objective of 90%.

Total Sulfide

Sulfide was reduced from 27+5 to 0.7+1.7 mg/L by chemical coagulation. The median and
minimum effluent concentrations were 0.10 and 0.04 mg/L, respectively. Overall sulfide removal,
including the elevated values, was 99+2%. While the median sulfide concentration met the
performance objective of 0.1 mg/L, the average concentration did not. Further optimization of the
coagulation system would likely have improved the performance leading to attainment of the
performance objective. The performance objective may be too stringent for certain applications in
which the performance would then be deemed to be acceptable.
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Dissolved Methane

The average dissolved methane removal by a gas-liquid membrane contactor under optimized
conditions was 79+2%, which was not greater than the performance objective of 90%. The influent
dissolved methane concentration for these tests was 13+2 mg/L.

Net Energy Production Efficiency

Energy consumption and production were calculated for a matrix of operating scenarios that included
various net permeate fluxes and temperatures for the gas-sparged and GAC-fluidized AnMBRs.
Temperature was an important factor because the total methane yield was observed to be greater at
elevated temperatures. Energy-neutral or -positive operation was estimated for some but not all of
these scenarios. In general, energy-neutral or -positive operation was more likely at greater flux,
temperature, and influent COD concentration. At the average observed flux for the gas-sparged
AnMBR (7.6 liters per square meter per hour [LMH or L m h'!]), the ratio of energy produced:
energy consumed was 60% for T <20°C and 84% for T > 25°C (COD = 620 mg/L). At the maximum
flux (14 LMH), the ratio was 100% for T < 20°C and 140% for T > 25°C. At the average flux for
the GAC-fluidized AnMBR (7.9 LMH) and without supplemental COD (COD = 210 mg/L), the
ratio was 55% for T < 20°C and 90% for T > 25°C. If the influent COD was greater (390 mg/L), the
ratio at an average flux would be 77% for T < 20°C and 130% for T > 25°C. Therefore, the
performance objective of energy neutrality was met by both systems under certain conditions.

While energy neutrality may not be possible under all conditions, decreasing the net energy
consumption relative to conventional activated sludge can more likely be achieved. Gas-sparged
AnMBR operating conditions at high flux and low sparge rates were more likely to result in net
energy consumption less than 0.3 to 0.6 kWh/m?, which is typical for conventional wastewater
treatment plants. All GAC-fluidized AnMBR operating conditions resulted in net energy
consumption less than that for conventional wastewater treatment plants. These results suggest the
prospect of energy reduction using AnMBR processes in place of conventional activated sludge
technologies is promising.

Implementability
Organic Loading Rate

The average organic loading rate in the gas-sparged AnMBR was 1.3+0.5 kg-COD m™ d*!, which
is greater than the performance objective of 0.6 kg-COD m™ d'!. The average organic loading rate
in the GAC-fluidized AnMBR without COD supplementation was 1.4+0.5 kg-COD m™ d!, which
is greater than the performance and similar to the rate for the gas-sparged AnMBR. The organic
loading rates of both AnMBRs were similar because both the hydraulic residence time and the
influent COD for the gas-sparged AnMBR were greater than for the GAC-fluidized AnMBR.

Hydraulic Residence Time
The average hydraulic residence time (HRT) for the gas-sparged AnMBR was 1143 hours (h),
which is less than the performance objective of 20 h. The average HRT for the GAC-fluidized

AnMBR was 3.9+1.0 h, which is less than the performance objective of 20 h and 65% less than
the average hydraulic residence time for the gas-sparged AnMBR.
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Biosolids Production

The volatile solids (VS) generation per unit mass loaded COD for each AnMBR system was
calculated and compared to the performance objective of 0.2 grams volatile solids per gram COD
loaded (g-VS/g-CODioaded). The results were 0.074 and 0.13 g-VS/g-CODioaded for the gas-sparged
and GAC-fluidized AnMBR. Both of these values met the performance objective. The value for
the gas-sparged AnMBR may be underestimated in part because of solids settling in the bioreactor
and incomplete recovery. On the other hand, the greater solids residence time (60+27 days [d]
versus 1145 d calculated for suspended/non-biofilm solids only) in the gas-sparged AnMBR could
have led to greater hydrolysis and a lower value.

Membrane Flux

The average net flux of the gas-sparged AnMBR for the entire demonstration, excluding periods
of mechanical shutdown and COD overloading, was 7.6+1.6 LMH. This flux was greater than the
goal of 6 LMH. The maximum net flux was 14 LMH. The average net flux of the GAC-fluidized
AnMBR for the entire demonstration, excluding periods of mechanical shutdown, reactor upsets,
and COD supplementation, was 7.9+2.2 LMH. This flux was greater than the goal of 6 LMH. The
maximum net flux was 12 LMH.

Overall, the gas-sparged AnMBR ultrafiltration process demonstrated greater resilience in
response to elevated concentrations of solids and colloidal organics. However, both systems
demonstrated instability (i.e., variable permeability over time), which was attributable not only to
varying operational conditions and mechanical upsets but also to differences in membrane
performance caused by the different methods of fouling management (i.e., variable biogas sparging
versus constant GAC fluidization). Inconsistent and insufficient maintenance cleaning also likely
contributed to these instabilities.

Wastewater Temperature

The intent of this performance objective was to demonstrate attainment of effectiveness at
temperatures > 10°C. The COD and BODs removals in the gas-sparged AnMBR did not decrease
with decreasing temperatures between 15 and 30°C. The performance with respect to COD and
BODs removal below 15°C could not be evaluated because ambient wastewater temperatures did
not go that low. COD and BODs permeate concentrations did not increase as temperatures
decreased between 15 and 30°C. In the GAC-fluidized AnMBR, COD and BODs removals did not
decrease and the permeate concentrations did not increase as temperatures decreased between
15 and 30°C. The period of time when temperatures were between 10 and 15°C was concurrent
with a process upset resulting from an inadvertent pump reversal. When non-upset data are
evaluated, only three data points between 14.0 and 14.8°C exist, and they do not indicate a trend
of changing performance with temperature. Therefore, insufficient data exist to evaluate
performance of the GAC-fluidized AnMBR at temperatures < 15°C.

Dissolved Methane Removal Rate

This performance objective is important with respect to the capital cost and replacement cost of gas-
liquid membrane contactors for dissolved methane removal. The performance objective for methane
flux was 0.5 grams per square meter per day (g m> d!') and the observed flux was 6.5£1.8 gm? d'..
If two contactors had been installed in series, thereby doubling the membrane area to achieve the
90% removal objective, the performance objective for flux would still have been met.
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Clinoptilolite Robustness

Robustness was quantified with respect to the variation on ammonia loading over multiple
regeneration cycles. No decrease in the ammonia loading over multiple sorption/regeneration
cycles would indicate good robustness. Two regeneration cycles were conducted, and the loading
decreased by 21 to 50% compared to the performance objective of 10%. The second regeneration
did not result in further decreases in ammonia loading suggesting robustness after the initial
sorption/regeneration cycle, but additional loading/regeneration cycles would be required to
validate this hypothesis. Therefore, the conclusion is that the performance objective for robustness
was not met, but this conclusion is based on limited testing.

Membrane Performance
Primary conclusions based on membrane performance and post-demonstration analyses are:

e Permeability of both sets of membranes started high and then decreased by about ten-fold
over the period of over one year of operation. However, permeability of the gas-sparged
membranes was similar or greater than of the GAC-fluidized membranes even though
concentrations of suspended solids and colloidal organics were much greater in the
gas-sparged AnMBR.

e Maintenance cleaning in both systems was insufficient and contributed to the decreases in
permeability.

e Increasing the biogas sparge rate in the gas-sparged AnMBR resulted in increased
permeability, though at an increased energy cost. Such modification of permeability is not
possible in the GAC-fluidized AnMBR system.

e Membrane foulants on the membranes included both organics (e.g., biofilm) and inorganics
(clay-like materials likely associated with the wastewater influent). Primary sedimentation
could reduce the amount of inorganic fouling of the membranes. In addition, the
GAC-fluidized AnMBR membranes were coated with elemental carbon. The carbon may
have deposited through the demonstration or following the upset condition, when GAC
was ground in the recirculation pumps.

e Membrane abrasion was much greater in the GAC-fluidized AnMBR compared to
gas-sparged AnMBR. The membrane lifetime in the gas-sparged AnMBR is estimated to
be on the order of ten years or more based on historical operation of aerobic membrane
bioreactors with the same membranes. The GAC-fluidized AnMBR membranes are likely
to have a much shorter lifetime.

e These results suggest membrane performance in the gas-sparged AnMBR was more robust
and flexible than in the GAC-fluidized AnMBR, though energy requirements for
gas-sparging are greater than those for GAC-fluidization.

Treated Water Quality with Respect to Various Water Reuse Alternatives

Water quality data suggest the treated water is potentially suitable for surface water discharge,
depending on local regulatory requirements and a variety of re-use opportunities, including
toilet flushing, irrigation, dust suppression, etc. The treated water would require additional
treatment for indirect potable reuse, such as ozone-biofiltration or full-advanced treatment using
reverse osmosis.
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Process Residuals

Biosolids and coagulation-flocculation-sedimentation sludge from the gas-sparged AnMBR
process were characterized and compared to regulatory requirements for land application of
biosolids. The biosolids met criteria for class B biosolids with respect to fecal coliforms and class
A biosolids with respect to metals. It did not meet class A criteria with respect to concentrations
of enteric viruses and Salmonella. Therefore, the biosolids meet class B requirements with respect
to pathogens. Class A could be met if primary sedimentation and anaerobic digestion were added
to the process. Coagulation sludge contained phosphorus that has potential use as a fertilizer and
contained appreciable phosphorus, sulfur, iron and aluminum. Further studies would be necessary
to determine whether the phosphorus and sulfur are agriculturally available, considering it was
coagulated with iron and aluminum coagulants. Dewatering of both residuals was evaluated. The
biosolids required more polymer for dewatering than the chemical sludge but was still capable of
attaining a solids content of 16%.

COST AND LIFE CYCLE ASSESSMENT

Cost

The AnMBR process has the potential to be cost-competitive with conventional treatment
considering the possibility of energy-positive operation. The application of a hybrid process
involving a GAC-fluidized bioreactor followed by a gas-sparged UF membrane process and a
low-cost process for dissolved methane removal appears to be promising. Alternative methods for
sulfide removal such as biological oxidation should be evaluated because chemical coagulation is
likely to be cost-prohibitive. Membrane replacement costs and chemical costs for membrane
cleaning also must be considered. The actual lifetime of UF membranes in an AnMBR is unknown;
however, gas-sparged UF membrane lifetime is expected to be ten years or more based on
experience with aerobic membrane bioreactors using the same membranes. Chemical use for
membrane maintenance and recovery cleaning should be considered and optimized.
Implementation of the AnMBR process in warmer climates and on relatively strong wastewater
streams would increase the potential for even more energy-positive operation and overall cost
reduction. Finally, the AnMBR is a new process that has not had years of operational experience
like conventional treatment processes. Therefore, it is not unexpected that estimated AnMBR costs
are greater than conventional treatment costs. Nevertheless, the potential for cost reduction exists
and can be realized through process modification and implementation. Full-scale implementation
on smaller distributed systems is a logical first step.

Lifecycle Assessment

In general, conventional treatment had the lowest overall environmental impact, followed by
primary sedimentation in combination with a hybrid AnMBR comprised of a GAC-fluidized
bioreactor, a gas-sparged UF membrane, a vacuum degasser for dissolved methane removal, and
chemical coagulation for sulfide and phosphorus removal. The CO2eq offsets from electricity
and heat generated had a strong influence on overall environmental impact contributions from
the AnMBR process; however, the chemical use associated with sulfide and phosphorus
removal process resulted in greater environmental impact than did conventional treatment.
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The sensitivity analysis indicated that the sulfide and phosphorous removal component of the
AnMBR treatment processes contributes at least 70% to overall environmental impact
contributions, compared to at least 24% as a component of conventional treatment. Chemical
consumption during sulfide and phosphorous removal are the primary environmental impact
drivers. Considering that sulfide is probably more of a driver of chemical use than phosphorus
(and that phosphorus removal may not always be necessary), alternative methods such as
biological sulfide oxidation should be explored. Integration of alternative methods for sulfide
removal alongside bioenergy recovery is necessary for developing an AnMBR treatment process
that is more sustainable than a conventional treatment approach.

IMPLEMENTATION ISSUES

Process Configuration

The results of this demonstration and economic analysis support use of primary sedimentation
followed by a bioreactor and a gas-sparged UF membrane system. Inclusion of primary
sedimentation in the process is projected to provide a greater potential for energy-neutral or
energy-positive operation. In addition, the potential for membrane fouling — particularly by fats,
oil and grease (FOG) — will be reduced.

The bioreactor may be either a suspended growth bioreactor or a GAC-fluidized bioreactor.
However, the first-stage GAC-fluidized bioreactor was demonstrated to require a shorter HRT and
produce better effluent quality than the first-stage suspended growth bioreactor. The
GAC-fluidized bioreactor — being a fixed film system — will also be more resilient to process upsets
based on previous research and experience comparing fixed film and suspended growth
wastewater treatment systems.

Based on the results of this demonstration, the recommendation is to use a hybrid AnMBR
comprised of a GAC-fluidized bioreactor followed by gas-sparged UF membranes. GAC-fluidized
membrane integrity was demonstrated in this and previous studies to be severely compromised by
GAC-abrasion and the lifetime of these membranes would be much shorter than that of
gas-sparged UF membranes. Additionally, the GAC-fluidized UF membranes require lower
packing density than gas-sparged UF membranes, are not commercially available, and are likely
to be more expensive.

Dissolved methane removal using vacuum-operated membrane contactors was determined to have
potential of removing 90% dissolved methane, but the pressure loss through the contactors will
result in high energy consumption. Therefore, alternative dissolved methane removal technologies,
such as vacuum degassers, warrant evaluation. They have the potential for low-cost and low-
energy consumption.

Sulfide must be removed prior to discharge or reuse. If it is not removed, it can lead to several
problems including: 1) oxidization to sulfur and fouling of process piping, 2) contribution to oxygen
demand and generation of turbidity (from the generated elemental sulfur) upon discharge to surface
water, and 3) toxicity and noxious odors precluding many reuse opportunities. Phosphorus may need
to be removed in the case of surface water discharge depending on local regulatory requirements.
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Coagulation-flocculation-sedimentation is a standard process and was demonstrated to be capable
of sulfide and total phosphorus removal. Use of the sedimentation solids as a fertilizer is possible
but requires further study to determine plant uptake. Chemical cost and environmental impact
associated with sulfide removal were determined to be high. Alternative sulfide removal
technologies, such as biological sulfide oxidation, may also be effective and less expensive.
Further research into cost-effective and sustainable technologies for sulfide and phosphorus
removal is recommended.

Nitrogen removal requires further evaluation. Clinoptilolite was capable of removing ammonia in
this demonstration, but the brine was not capable of being regenerated. Use of regenerable
clinoptilolite downstream of an AnMBR is being evaluated further in ESTCP project ER-201728.
Other options for nitrogen removal have also been evaluated and should be considered.

Water reuse is an option and may require additional treatment depending on the specific end use.
Operability

Operability includes various aspects including plant reliability, permit compliance, and operator
skill level and certification requirements. The plant must be reliable and capable of consistently
meeting discharge requirements to remain in compliance with permits. AnMBRs have clearly not
been in existence as long as oxidation ditch and activated sludge technologies. Therefore, a track
record is not available to assess reliability. This demonstration indicated that upset conditions can
occur, but this is the case at conventional treatment plants as well. Further demonstrations of
AnMBRs are necessary to provide such a track record of reliability.

Operator skill level and certification requirements associated with a plant’s permit may be
increased compared to a conventional plant. This has been the case when conventional plants have
been upgraded to aerobic MBRs or anaerobic digesters are installed at an existing facility. These
requirements are not necessarily impediments but must be considered.
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1.0

INTRODUCTION

The Anaerobic Membrane Bioreactor (AnMBR) for Sustainable Wastewater Treatment project
was conducted to demonstrate and validate the use of AnMBR technology for treatment of
domestic wastewater. As part of the project, two pilot-scale AnMBR treatment systems were tested
for over one year. These included a gas-sparged AnMBR and a granular activated carbon
(GAC)-fluidized AnMBR. This report includes:

1.1

Section 1 Introduction — Provides background, general objectives, and regulatory drivers
for the technology.

Section 2 Technology — Presents background on the technology, including its development
applications, advantages and limitations.

Section 3 Performance Objectives — Presents the performance objectives for the technology
demonstration and the high-level results.

Section 4 Site Description — Provides information on the sites where the demonstrations
were conducted, along with historical data.

Section 5 Test Design — Presents the design, methodology, and detailed results for the
demonstration tests.

Section 6 Performance Evaluation — Substantiates the performance objective results in
Section 3 with the test results in Section 5.

Section 7 Cost and Lifecycle Assessment — Presents an economic analysis of the
technology, along with a simplified lifecycle assessment.

Section 8 Implementation Issues — Presents a discussion of considerations for end-users
considering technology implementation.

Section 9 References — Presents literature citations for the report.

BACKGROUND

The Department of Defense (DoD) currently uses aerobic treatment processes, such as activated
sludge and oxidation ditches, to treat domestic wastewater generated at DoD facilities. Some
undesirable characteristics of these aerobic treatment processes are:

Aerobic treatment processes have a high energy demand because they require aeration to
oxidize organic material in the wastewater.

Aerobic treatment processes generate a large amount of sludge.

Aerobic treatment processes do not recover the inherent energy contained in the wastewater.

An alternative to conventional aerobic treatment processes is anaerobic treatment, which has the
following benefits:

Anaerobic treatment processes do not require aeration to oxidize organic material in the
wastewater, so they have a lower energy demand versus aerobic processes.

Anaerobic treatment processes produce less sludge than aerobic processes.



e Anaerobic treatment processes produce methane-rich biogas that can be used to generate
electricity, heat, or vehicle fuel. The energy content of the biogas can potentially offset the
energy used by the treatment process, making the process energy neutral or energy positive
(i.e., does not require a net input of energy).

One type of anaerobic treatment process that is of particular interest for implementation at DoD
installations is the AnMBR treatment process. In addition to the benefits described above, this
process has the potential to produce an effluent that can meet reuse standards, such as American
National Standards Institute (ANSI)/National Sanitation Foundation [NSF]) 350 for five-day
biochemical oxygen demand (BODs) and total suspended solids (TSS). Therefore, implementation
of this treatment technology could increase the amount of water recycled at DoD facilities while
also decreasing the operational costs of wastewater treatment at DoD facilities.

However, there are certain unknowns regarding the ability of the AnMBR treatment technology to
reliably treat domestic sewage for various reuse applications in an energy-neutral manner. Also,
AnMBR technology has not been tested at any DoD installations. Therefore, this demonstration
was conducted to determine whether AnMBR technology can meet DoD requirements and can
operate successfully on a domestic wastewater application.

1.2 OBJECTIVE OF THE DEMONSTRATION

The primary objective of this pilot-scale project was to demonstrate and validate AnMBR technology
for domestic wastewater treatment. Specific objectives associated with this project include:

e Demonstrate the effectiveness of AnMBR at treating screened domestic wastewater at
temperatures above 10°C to produce high quality, re-usable water.

e Determine a lower applicable temperature limit for AnMBR technology that can be used
to identify appropriate implementation sites.

e Demonstrate that AnMBR technology for domestic wastewater treatment can be operated
in an energy-neutral or energy-positive manner.

e Demonstrate use of the technology in a treatment train that can effectively remove nitrogen
and phosphorus nutrients and sulfide in tandem with carbonaceous BODs and TSS.

e Demonstrate that hollow-fiber gas transfer membrane technology can effectively recover
dissolved methane from AnMBR permeate.

e Demonstrate that the AnMBR minimizes sludge production and determine whether the
sludge that is produced can be used beneficially as biosolids.

e Demonstrate that the AnMBR is a safe technology that is implementable at DoD
installations and public utilities.

e Compare cost and performance of a gas-sparged AnMBR to a GAC-fluidized AnMBR.

e Compare cost and performance of gas-sparged and GAC-fluidized AnMBRs to conventional
aerobic wastewater treatment systems.

e Conduct a simplified lifecycle assessment of the technology in comparison to conventional
treatment.



1.3

REGULATORY DRIVERS

A variety of drivers require reductions in water and energy use on military installations, including:

Executive Order (EO) 13693 mandates that water efficiency and conservation measures be
implemented to achieve at least 36% reduction in water demand by 2025.

American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE)
189.1-2009, Leadership in Energy and Environmental Design (LEED) and various Energy
Policy Acts all have required more sustainable use of water.

The Army has implemented a Net-Zero installations policy seeking to increase and
improve sustainability on installations, including Net-Zero Water.

The U.S. Environmental Protection Agency (EPA) is encouraging sustainable water use
through various programs, such as the Green Building Initiative and Green Infrastructure.

The DoD Strategic Sustainability Performance Plan provides an approach towards meeting
these requirements which includes a focus on: 1) reducing energy needs and reliance on
fossil fuels, and 2) water resources management.
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2.0 TECHNOLOGY
2.1 TECHNOLOGY DESCRIPTION

Two AnMBR pilot systems were studied as part of this demonstration: 1) a gas-sparged AnMBR
pilot system, and 2) a GAC-fluidized AnMBR pilot system. The section provides a description of
each system along.

2.1.1 AnMBR Technology Overview

AnMBR technology is the marriage of anaerobic biological treatment and physical membrane
separation. There are several different configurations of the AnMBR process. The various
configurations differ in regard to the location of the membranes and the method of cleaning the
membranes. The membranes can be located either in the primary bioreactor or in a secondary and
separate membrane bioreactor. Both pilot systems included in this demonstration had an external
secondary membrane bioreactor. The main elements of the AnMBR system are a primary
anaerobic bioreactor and a secondary membrane bioreactor.

The primary anaerobic bioreactor contains microorganisms that convert organic carbon and
associated BODs in wastewater into an energy-rich biogas containing methane and carbon dioxide.
This conversion involves multiple steps, including disintegration, hydrolysis, fermentation, and
methanogenesis. The biogas produced in the primary anaerobic bioreactor can be used to generate
electricity, heat, or fuel for vehicles.

The secondary membrane bioreactor contains membranes that separate the microorganisms and
other suspended solids from the treated effluent (permeate). This physical separation process
serves to 1) maintain a high mixed liquor volatile suspended solids (VSS) concentration in the
bioreactor, and 2) produce a suspended solids-free permeate.

The pilot systems included in this demonstration used different methods of cleaning the
membranes. One pilot system cleaned the membranes using a gas-sparging method, and the other
pilot system cleaned the membranes using a GAC scouring method. The configurations of the two
pilot systems are described in more detail below.

2.1.2 Gas-Sparged AnMBR Pilot System Overview
The pilot system that was demonstrated consisted of four main process unit, including:

Gas-sparged AnMBR for removal of BODs, COD, and TSS.

Hollow-fiber gas transfer membrane for removal of dissolved methane.

A coagulation-flocculation & sedimentation system for removal of sulfide and phosphorus.
Ion exchange (IX) system for removal of ammonia.

Each of these technologies is described in detail below.



Gas-Sparged AnMBR

A schematic of the gas-sparged AnMBR unit operation is shown in Figure 2.1. The process
consisted of a primary anaerobic bioreactor and a secondary membrane bioreactor. Wastewater
was pumped into the primary anaerobic bioreactor, which contained microorganisms that
converted organic carbon into biogas. The contents of the primary bioreactor were circulated
continuously through the secondary membrane bioreactor, which contained hollow-fiber
ultrafiltration (UF) membrane modules. The membranes were used to separate microorganisms
and other suspended material from the treated effluent (permeate), which was pulled through the
membrane by means of a permeate pump.

Figure 2.1  Gas-sparged AnMBR Schematic.

The gas-sparged AnMBR pilot system used ZeeWeed TR500d UF membrane modules
manufactured by Suez. The membrane bioreactor contained three membrane modules. Figure 2.2
includes a photo of a full-scale ZeeWeed membrane module and a schematic of a single membrane
fiber showing how the fiber separates suspended solids from the permeate. These types of
membranes exclude solid particles larger than 0.04 micrometers (um), including most pathogens
and large molecular weight organics, resulting in high permeate quality. The biogas produced in
the digester was either exhausted from the system or flowed into the bottom of the secondary
membrane bioreactor, where it bubbled up past the membranes to the top of the tank. This process,
called sparging, helped keep suspended solids that cause membrane fouling from building up on
the membranes. Biogas that was exhausted from the system could be used to generate electricity,
heat, or fuel for vehicles. During this demonstration, biogas production was quantified and vented.
The permeate from the secondary membrane bioreactor was conveyed downstream for further
treatment by additional processes (Figure 2.3) that included removal of dissolved methane, sulfide,
phosphate, and ammonia, as described in the following sections.



Figure 2.2  Photo of ZeeWeed Membrane Module and Schematic of Ultrafiltration
Fiber.

Photo courtesy of Suez.

Figure 2.3  Gas-sparged AnMBR Pilot System Process Flow Diagram.
Hollow-Fiber Gas Transfer Membrane

During anaerobic treatment of relatively dilute domestic wastewater at temperatures less than
~20°C, a significant percentage of the produced methane remains dissolved in the permeate rather
than being exhausted from the system as a biogas (Shin et al. 2016c). Recovery and use of this
dissolved methane can increase the overall efficiency of the system and help to achieve the goal
of energy neutrality.

Hollow-fiber gas-transfer membranes have been used successfully at small scales for recovery of
dissolved methane from AnMBR permeate (Crone et al. 2016). This technology has also been used
to deoxygenate water and remove carbon dioxide from water at large scales on the order of
millions of gallons per day. Therefore, this technology is applicable to methane recovery from
AnMBR permeate and was demonstrated as a component of the gas-sparged AnMBR.

A schematic of the hollow-fiber gas-transfer membrane is shown in Figure 2.4. Permeate flowed
through the shell-side (i.e., outside the membranes) of the hollow-fiber membrane contactor.
Dissolved methane was drawn from the permeate, through the membrane, and into the lumen side
(inside the membranes) of the fibers by means of a vacuum pump. The gas that was pulled out of
the permeate contained hydrogen sulfide, carbon dioxide, and moisture in addition to methane.



Figure 2.4  Schematic of the Hollow-fiber Gas Transfer Membrane.

Courtesy of 3M Corporation.
Flocculation and Sedimentation System

At times, regulatory requirements impel nutrient removal from treated wastewater before
discharging to surface waters. Anaerobic treatment of wastewater alone will remove little nitrogen
or phosphorus and will produce sulfide from the reduction of sulfur compounds contained in the
wastewater. Phosphorus can be removed by various biological processes, but these processes
include aerobic treatment and are energy intensive. One chemical process that removes both
phosphorus and sulfide is coagulation-flocculation-sedimentation. Such a process was
implemented as part of the gas-sparged AnMBR pilot system to remove sulfide and phosphorus
from the AnMBR effluent. The system consisted of a series of coagulation/flocculation basins,
followed by a sedimentation basin, and used ferric chloride and aluminum chlorohydrate as
coagulants and a cationic emulsion polymer as a flocculant, as shown in Figure 2.3. In certain
water-reuse situations, such as irrigation, phosphorus may not need to be removed because it is a
useful nutrient.

lon Exchange System

An additional contaminant of concern in domestic wastewater that is not addressed by
conventional AnMBR systems is ammonia. In fact, during anaerobic treatment, organic nitrogen
in the raw wastewater is converted to ammonia, thereby increasing concentrations.

Traditional methods of removing ammonia are energy-intensive aeration processes, such as
nitrification-denitrification (McCarty 2018). One of the goals of this project is to demonstrate that
AnMBR technology can be operated in an energy-neutral configuration while treating domestic
wastewater. Therefore, a more energy-efficient and potentially more cost-effective approach for
ammonia removal was implemented as part of the gas-sparged AnMBR pilot system. The process
that was implemented used clinoptilolite ion-exchange media to remove ammonia from the
AnMBR effluent. Other alternatives, such as nitritation or anammox treatment, could also be
considered but were outside of the scope of this project.



A schematic of the ion-exchange ammonia removal process and the procedure for regenerating the
ion-exchange media is shown in Figure 2.5. and was developed under the DoD Strategic
Environmental Research and Development Program (SERDP) (Guy et al. 2016). The AnMBR
effluent was pumped through the clinoptilolite ion-exchange media. The ammonium ion in the
AnMBR effluent exchanged with sodium ion on the media, thus, reducing the ammonia
concentration. Once the clinoptilolite media was saturated with ammonia, the clinoptilolite bed
was removed from the system and replaced with new media. The ammonia saturated clinoptilolite
media was regenerated by means of a sodium chloride brine or sodium hydroxide. The ammonia
brine resulting from the regeneration process was fed into an electrolysis process that generated
nitrogen and hydrogen gas. Generated hydrogen can be used to generate electricity by means of a
hydrogen fuel cell, and the electricity powered the electrolysis process.

Figure 2.5  Schematic of Low-energy Ammonia Removal Process.

2.1.3 GAC-Fluidized AnMBR Pilot System

A process flow diagram of the GAC-fluidized AnMBR system is shown in Figure 2.6. This system
consists of two bioreactors. The first is an anaerobic fluidized-bed reactor (AFBR), which is
followed by an anaerobic fluidized-bed membrane bioreactor (AFMBR). The two bioreactors are
collectively referred to as the staged anaerobic fluidized membrane bioreactor (SAF-MBR).

Figure 2.6  GAC-fluidized AnMBR Pilot System.



Wastewater was pumped into the AFBR, which contained active microorganisms and fluidized
GAC media, the latter serving as a support media for the microorganisms. The AFBR was also
equipped with a recirculation pump to keep the GAC fluidized. The AFBR provided partial
treatment of the wastewater, converting the organic carbon into methane-rich biogas. After
treatment in the AFBR, the partially treated wastewater was pumped to the AFMBR, which
contained active microorganisms, GAC particles that served as a support media for the
microorganisms, and ultrafiltration membranes. Inside the AFMBR, the wastewater was further
treated, and the membranes separated the treated effluent from the microorganisms and other
suspended materials in the wastewater. Recirculation of water but not GAC between the two
reactors was also conducted.

The AFMBR pilot system used SM-1015 UF membrane modules manufactured by Lotte Chemical
(formerly Samsung). The membrane bioreactor contained four membrane modules. Each module
contained a similar type (polyvinylidene fluoride - PVDF) and shape (hollow fiber) membrane to
the ZeeWeed membrane module used in the gas-sparged AnMBR.

As in the AFBR, the liquid contents of the AFMBR were continuously recirculated from the top
of the reactor to the bottom. But here, the fluidized GAC particles came into contact with the
membranes. The physical movement of the GAC particles against the membranes helped keep the
membranes clean and reduce membrane fouling. Thus, the GAC-fluidized AnMBR is a unique
membrane bioreactor system that employs a novel energy-efficient approach for control of
membrane fouling.

Although a relatively new technology, as compared with gas-sparged AnMBRs, the GAC-fluidized
AnMBR has been demonstrated at pilot scale to successfully treat settled and screened domestic
wastewater at temperatures as low as 8°C (Bae et al. 2013, Shin et al. 2014). Therefore, it is
considered a viable technology and comparison to the gas-sparged system was conducted.

2.2 TECHNOLOGY DEVELOPMENT
2.2.1 AnMBR

The AnMBR concept was reported in literature as early as 1978. Since then, the technology has
been developed and operated at pilot-scale and full-scale, mostly in industrial and high strength
wastewater applications. As of 2016, there were an estimated 22 full-scale installations by various
manufacturers. Recently there has been an increasing interest in using AnMBRs for treating
municipal wastewater. This technology has also been tested at the lab and pilot scales for relatively
low strength domestic wastewater (Berube et al. 2006, Dagnew et al. 2011, Dereli et al. 2012,
Dong et al. 2015b, 2016, 2018, Dunaev et al. 2010, Grant et al. 2008, Kanai et al. 2010, Kim et al.
2011, McCarty et al. 2011, Raskin et al. 2012, Smith et al. 2012a, Smith et al. 2013, Smith et al.
2012b). However, there are a limited number of installations for this application due to the issues
associated with low ambient temperatures and low organic strength. This section provides an
overview of AnMBR technology research and development.

Anaerobic treatment processes, such as anaerobic digestion, are generally thought to be limited

to mesophilic (~35°C) and thermophilic (~55°C) temperatures. This would appear to be an
impediment to treatment of domestic wastewater where temperatures in the U.S. range from
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3 to 27°C and average about 16°C (Smith et al. 2012b). However, recent research has indicated
successful anaerobic treatment of domestic wastewater at temperatures of 15°C
(Smith et al. 2012a, Smith et al. 2013) and even as low as 10°C (Bae et al. 2013, Yoo et al.
2012, Yoo et al. 2014). Even lower temperatures may be possible (Smith et al. 2015). Thus, the
AnMBR can be expected to treat a significant fraction of U.S. wastewater, but not necessarily
all wastewater. Anaerobic treatment of wastewater at seasonally varying temperatures is
possible with the AnMBR due to high microbial concentrations and community adaptation.
High microbial concentrations promote high volumetric BODs removal rates even though
specific microbial activities may be lower at relatively low temperatures. The use of membranes
in both AnMBR configurations and the use of GAC to support microbial biofilms in the
GAC-fluidized AnMBR promote residence and development of high microbial concentrations.

A pilot-scale evaluation of the gas-sparged AnMBR demonstrated that it is feasible to employ
the AnMBR for municipal wastewater treatment at ambient temperature (Dagnew et al. 2012,
Dagnew et al. 2011). During a steady state period, the organic loading rate (OLR), hydraulic
residence time (HRT) and solids residence time (SRT) were 0.58 kg-COD m™ d!, 7.5 h and
80-100 d, respectively, and the mixed liquor VSS in the anaerobic bioreactor ranged from 9 to
14 grams per liter (g/L). Compared to previous studies of AnMBRs treating similar wastewaters,
a good effluent quality of 14 mg/LL BODs and stable membrane operation with transmembrane
pressure (TMP) of less than 5 kiloPascals (kPa) at a flux of 17 LMH was established using a
scalable AnMBR system configuration. The AnMBR technology was capable of meeting and
exceeding EPA secondary treatment requirements of 30 mg/L BODs and 30 mg/L TSS
(Figure 2.7) (Dagnew et al. 2011).

Figure 2.7  Gas-sparged AnMBR Performance.

During this time the pilot was operated under a number of bioreactor and membrane
process operating conditions. The reported TMP values reflect the impact of operation over a range
of fluxes, solids loadings, cleaning strategies, sparging rates and temperatures. During treatment
of this municipal wastewater, most methane remained dissolved in the permeate and was not
recovered. Therefore, methane recovery from the permeate is required both to achieve energy
recovery and to prevent emission of methane, a powerful greenhouse gas.
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A 7- to 12-cubic meter per day (m?/d) pilot study of the GAC-fluidized AnMBR process was
conducted for over a year at the Bucheon wastewater treatment plant near Seoul, South Korea
(Figure 2.8). The primary reactor was operated at a 2-h HRT, and the secondary membrane
bioreactor was operated at 2.3- to 4.8-h HRT, for a total HRT of 4.3 to 6.8 h. Net membrane flux
varied between 4.1 and 7.5 LMH. The membrane system was installed and began operating just as
winter was approaching, and hence, full acclimation to meet the resulting wastewater temperatures
as low as 8°C did not occur. Nevertheless, effluent BODs never exceeded 40 mg/L, and over two
months with wastewater temperature in the range of 23 to 26°C, effluent COD was less than 30
mg/L with effluent BODs of 6 mg/L or less. Under subsequent winter conditions, effluent BODs
averaged less than 10 mg/L (Shin et al. 2014).
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Figure 2.8  Pilot-scale Results for the GAC-fluidized AnMBR.

There have been several laboratory evaluations of the GAC-fluidized AnMBR process with
dilute wastewater (Kim et al. 2011, Yoo et al. 2012, Yoo et al. 2014). One publication contains
studies on screened settled domestic wastewater obtained from the Bucheon treatment plant at
temperatures in 5°C increments from 10 to 25°C (Bae et al. 2013). The primary reactor was
operated at a 1-h HRT and the secondary membrane bioreactor at a 1.3-h HRT, for a total of
2.3-h HRT. The system had been operating for 200 d before the temperature evaluation was
started, so the system was well acclimated. Average influent COD varied from 235 to 300 mg/L.
Effluent COD averaged no more than 30 mg/L, effluent BODs averaged no more than 7 mg/L,
even at 10°C, and effluent TSS was less than 1 mg/L. Waste biosolids production was only 0.01
to 0.03 kilograms TSS per kilogram COD (kg-TSS/kg-COD), less than one-tenth that of an
aerobic system. Operating at a flux of 9 LMH, no membrane cleaning was required for over 200
d of operation. The energy requirement for system operation was estimated at 0.05 kWh/m?,
which is about one-fourth of the electrical energy that could be obtained from cogeneration with
the methane produced. No damage to membranes from GAC scouring was observed after two
years of operation.
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2.2.2 Methane Recovery and Energy Neutrality

Previous AnMBR research demonstrated that a significant percentage of the produced methane
remains dissolved in the permeate rather than being evolved as biogas (Bandara et al. 2012,
Bandara et al. 2011, Dagnew et al. 2012, Dagnew et al. 2011, Shin et al. 2016¢). Attainment of
the goal of energy neutrality requires recovery and use of this dissolved methane. Hollow-fiber
gas-transfer membranes have been used successfully at small scales for recovery of dissolved
methane from AnMBR permeate (Bandara et al. 2012, Bandara et al. 2011, Cookney et al. 2012,
Crone et al. 2016). This technology has also been used to deoxygenate water and remove carbon
dioxide from water at large scales on the order of millions of gallons per day. Modeling
conducted by 3M Corporation indicates greater than 90% methane removal when operated
under conditions of 12°C and 50 millimeters mercury (mm Hg) absolute pressure (Figure 2.9).
This approach produces a concentrated biogas stream. It will contain hydrogen sulfide, carbon
dioxide, and moisture in addition to methane.
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Figure 2.9  Predicted 8x20 Industrial Liqui-Cel gas-liquid Hollow-fiber Membrane
Contactor Performance for Removal of 12 mg/L Dissolved Methane.

Energy balances have demonstrated the AnMBR system can be energy neutral or positive (Kim
et al. 2011, Yoo et al. 2012). Electrical energy requirements were calculated to be 0.012 and
0.037 kWh/m? for the AFBR and AFMBR, respectively, or total electrical energy requirement
of 0.049 kWh/m? (Table 2.1). The gaseous methane production from both the AFBR and
AFMBR was sufficient to generate 0.119 kWh/m? of electrical energy, which was 74% more
energy than the demand. An additional 0.063 kWh/m? could be obtained from effluent dissolved
methane. Note these studies were conducted with primary effluent. If the energy content of the
primary solids were included, the energy balance would be more positive yet.
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Table 2.1 Electrical Energy Requirements and Potential Production from Laboratory
Study of GAC-fluidized AnMBR.

AFBR | AFMBR | DYstem
Total
Electrical Energy Required
Energy for fluidizing GAC
Reactor head loss, cm H,O 34 3.8 NA
Reactor influent plus recirculation flow rate, L/d 452 1013 NA
Fluidization energy requirement, kW 2 1.74x10°¢ 4.37x10° NA
Required pumping energy, kWh/m? ® 0.0070 0.0228 0.0298
Energy for permeate extraction
Average TMP, cm H,O NA 23.8 NA
Permeate flow rate, L/d NA 4.6 NA
Permeate energy requirement, kW * NA 1.24x107 NA
Required pumping energy, kWh/m? ® NA 0.0006 0.0006
Total pumping energy required for system, kWh/m? 0.0070 0.0234 0.0304
Total electrical energy required for pumps, kWh/m? ¢ 0.011 0.036 0.047
Electrical Energy Production Potential
Methane production, mol/m? influent
Gaseous 0.285 0.116 NA
Dissolved NA 0.707 NA
Total 0.285 0.823 1.108
Methane energy content, kWh/m3 ¢ 0.063 0.183 0.246
Electrical energy production from methane, kWh/m?3® 0.021 0.061 0.082
Electrical energy produced/required 1.91 1.69 1.74

2 Energy requirement = 9.8QE, where Q (m?/s) is flow rate and E (m H20) is head loss (Kim et al. 2011).

b Energy per unit of AFBR and AFMBR influent flow rates.

¢ Assumed energy transfer efficiency of 33% in conversion of methane to electricity and of 65% in conversion of electrical
energy to pump energy (Kim et al. 2011).

4 Energy available from methane combustion is 800 kJ/mol (0.222 kWh/mol) (Kim et al. 2011)

2.2.3 Sulfide and Nutrient Removal

A successful evaluation of coagulation-flocculation-sedimentation for sulfide and phosphorus
removal from AnMBR permeate was conducted at the Bucheon wastewater treatment plant
during winter months with temperatures between 10 and 15°C. Ferric chloride (30 mg-Fe/L)
consistently reduced effluent sulfide down from 8.7 to 0.1 mg/L and phosphate from 2.8 to
0.3 /,9milligrams phosphorus per liter (mg-P/L) at a pH between 7 and 9 with a water
temperature of 11°C (Figure 2.10).
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Figure 2.10 Ferric Chloride Coagulation of AnMBR Effluent Demonstrating Phosphorus
and Sulfide Removal.

Satisfying ammonia discharge requirements requires alternative approaches to traditional
energy intensive aeration-based processes (McCarty 2018). To this end, a novel energy-efficient
approach for ammonia removal developed under the SERDP funding (Guy et al. 2016) was
further assessed in this project. Ammonia (in the form of ammonium ion) is removed from water
by means of clinoptilolite (Figure 2.11). Clinoptilolite is a naturally occurring zeolite that is
capable of selectively removing ammonium ions from water via an ion exchange mechanism
(Hegger 2010). The relative abundance of clinoptilolite in the U.S., its inexpensive cost, and
environmentally friendly nature make it an ideal nitrogen removal technology. Following
collection on clinoptilolite, the sequestered ammonia can be used as a fertilizer via spreading of
the clinoptilolite on land, or the clinoptilolite can be regenerated with a brine solution and then
used for further treatment. Dr. Kathryn Guy at the Construction Engineering Research
Laboratory (CERL), Principal Investigator for the SERDP project, has assessed the feasibility
of clinoptilolite regeneration and ammonia electrolysis for hydrogen and electricity production
(Guy et al. 2016). Traditionally, ammonia brines would be considered a potentially difficult
waste to manage for municipal wastewater treatment plant. However, the concentrated ammonia
in this form is ideal for feeding into a developing technology such as ammonia electrolysis.
Ammonia electrolysis has the benefit of producing hydrogen from the ammonia, potentially
offsetting the energy input required for treatment.
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Figure 2.11 Clinoptilolite Ammonia Breakthrough Curves Determined in Previous
Studies (Guy et al. 2016).
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2.3

2.3.1

ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY

AnMBR Advantages

The general advantage to DoD is a cost-efficient, small-footprint, and scalable technology for
treating domestic wastewater. Specific benefits of the AnMBR process include:

2.3.2

Potentially energy-neutral or energy-positive technology for wastewater treatment.

Low sludge production.

Low effluent BODs and TSS concentrations, comparable to highly treated wastewaters
acceptable for non-potable reuse.

Potential applicability to more than 50% of wastewater reclamation facilities in the
Continental United States (CONUS) based on temperature of domestic wastewater.

AnMBR Limitations

The limitations associated with using AnMBR technology for treating domestic wastewater will
be evaluated during this demonstration. Known and potential limitations are presented below.

Full-scale demonstration of AnMBR systems for efficient domestic wastewater treatment
has not yet been demonstrated.

The primary technical limitation generally assumed for AnMBR treatment of domestic
wastewater is related to the low organic strength of domestic wastewater and low
wastewater temperature. For the AnMBR to be applicable to DoD installations in the
CONUS, it must be capable of treating a significant fraction of wastewater streams, which
vary in temperature.

Technical limitations are also associated with other water quality parameters. The AnMBR
process can treat carbonaceous BODs but requires additional processes for treating
nutrients such as nitrogen and byproducts such as sulfide. However, secondary treatment,
and not advanced nutrient removal, is generally required for the majority of DoD
installations. Additionally, there are many newer processes for nitrogen removal that are
particularly appropriate for anaerobically treated wastewaters, such as the one evaluated in
this demonstration.

Methane recovery is a potential limitation. Much of the methane remaining in the AnMBR
permeate can be dissolved, but there are many potential processes available to address this
issue, such as the use of gas-liquid hollow-fiber mass transfer systems to recover methane,
which were evaluated as part of this demonstration.

Membrane fouling is a potential limitation of all membrane processes. This important area
was explored in this study.

Biosolids quality for some uses is a potential limitation and was explored in this study to
build upon previous research (Dong et al. 2015a). The amount of biosolids that is produced
by anaerobic processes has been demonstrated to be less than that in aerobic processes and
waste heat can be used for drying (Scherson and Criddle 2014).
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3.0 PERFORMANCE OBJECTIVES

A summary of the performance objectives and results are presented and described in this section.
The performance objectives provided the basis for evaluating the performance and costs of
AnMBR technology. A detailed presentation of the results and substantiation of the conclusions is
presented in Sections 5 and 6.

3.1 SUMMARY OF PERFORMANCE OBJECTIVES AND RESULTS

The quantitative performance objectives for this project are summarized in Table 3.1. Table 3.1
includes quantitative performance objectives, which have specific quantitative targets. Qualitative
performance objectives are summarized in Table 3.2. Qualitative performance objectives were
used to determine if enough information was collected for optimizing the evaluated technologies
and potentially implementing them at full scale.

3.2 QUANTITATIVE PERFORMANCE OBJECTIVES
3.2.1 Effectiveness

The effectiveness of the AnMBR technology was assessed with respect to treated water quality.
The success was assessed by comparing water quality parameters to EPA secondary treatment
standards, published criteria for water reuse, and other applicable metrics.

Data Collected

Data requirements are listed in Table 3.1 and include metrics for oxygen demand (i.e., COD and
BOD:s), nutrients (i.e., ammonia and total phosphorus), sulfide, total suspended solids, turbidity,
pH and dissolved methane. Dissolved methane is included because it is a potent greenhouse gas.

Results and Interpretation

Success was determined by the ability of the processes to treat water that meets EPA secondary
standards and/or NSF/ANSI 350 reuse standards. While EPA secondary standards for BODs and
total suspended solids are well defined, standards for nutrients are normally based on total
maximum daily load calculations and are specific to the point of discharge. Criteria for reuse also
vary widely across the nation and depend on the specific reuse scenario. Nutrient removal metrics
of 90% are listed as success criteria; however, lower removal percentages may provide water
suitable for non-potable reuse applications, such as agricultural or landscape irrigation. Other
water quality indicators, such as sulfide and dissolved methane, do not necessarily have regulatory
standards but are important with respect to odors and potential for greenhouse gas emissions.
Additionally, if not removed, they contribute to BODs and COD.
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Table 3.1 Quantitative performance objectives and results. Results (average+standard deviation) are for non-upset conditions
as discussed in Section 5.

Performance Data Requirements Success Criteria Gas-Sparged GAC-Fluidized
Objective q AnMBR Results AnMBR Results
Effectiveness COD e <60mg/L Met — Permeate COD Met — Permeate COD

was 58+27 mg/L was 29+9 mg/L with
with influent COD of influent COD of
620+240 mg/L. 210+50 mg/L.

BOD:s e <30 mg/L* Met 30-mg/L goal — Met 30-mg/L goal —

<10 mg/Lb Permeate BODs was Permeate BODs was

25+12 mg/L with 1549 mg/L with
influent BODs of influent BODs of
250£130 mg/L. 140+£40 mg/L.

Ammonia e >90% removal Met — 99.9+0.1% Not evaluated.
removal.

Total phosphorus e >90% removal Met — 94+3% Not evaluated.

Total sulfide

Total suspended solids

Turbidity

pH

Dissolved methane

< 0.1 mg/L (established in the
Technology Demonstration
Plan, but may be
unreasonably low)

<30 mg/L?
<10 mg/L®

<2 NTU®

6-92

>90% removal

removal.

Not Met — 0.67+1.7
mg/L with 99+2%
removal. Median was
0.10 mg/L.

Met 30-mg/L goal —
25+17.

Not Met — 9.8+8.8
NTU.

Met — 8.1+1.1.

Not Met — 79+2%
removal. Maximum
removal 83%.

Not evaluated.

Not evaluated.

Not Met — 5.3+3.2
NTU.

Met — 7.3+0.2.

Not evaluated.
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Performance

Data Requirements

Success Criteria

Gas-Sparged

GAC-Fluidized

Objective AnMBR Results AnMBR Results
Net Energy Liquid flow rates & pressures e  Energy neutrality where ratio Met under certain Met under certain
Production Biogas flow rate of energy produced to energy conditions — At conditions — At
Efficiency . consumed > 100% average flux, ratio average flux without

Biogas methane content was 60% for T < supplemental COD,
Gas-liquid membrane contactor flow 20°C and 84% for T ratio was 55% for T <
rates and pressures > 25°C. At maximum 20°C and 90% for T >
Engineering design calculations flux ratio was 100% 25°C. At average flux
for T <20°C and with supplemental
150% for T > 25°C. COD, ratio was
estimated to be 77%
for T <20°C and
130% for T > 25°C.
Implementability Organic loading rate e >0.6kgCODm?d! Met — 1.3+0.5 kg Met — 1.4+0.5 kg
COD m3 (! COD m?3d!
Hydraulic residence time e <20h Met— 1143 h Met—3.9+1.0 h
Biosolids production e <0.2gVSS/gCOD loaded Met — 0.074 g-VS/g- Met —0.13 g-VSS/g-
COD COD
Membrane flux (net) e >6LMH Met — 7.6+1.6 LMH Met — 7.9+£2.2 LMH

Maintenance cleaning frequency
Recovery cleaning frequency

Wastewater temperature

Dissolved methane removal rate

< 3 times per week
< 6 times per year

Effectiveness at > 10 °C

>0.5 gm2d"! (based on 20
mg/L influent dissolved
methane)

19

Met — 0.3/week
Met — 1.5/year

Inconclusive — only
one data point
available for 10 to 15
°C. Met for > 15°C

Met — 6.5+1.8 g m™
d!

Met — 0.5/week
Met — 2/year

Inconclusive — only
three data points
available 10 to 15 °C.
Met for > 15°C

Not evaluated




Performance
Objective

Data Requirements

Success Criteria

Gas-Sparged
AnMBR Results

GAC-Fluidized
AnMBR Results

Clinoptilolite robustness

Total phosphorus removal rate

Ammonia removal rate

Electrolysis

Safety

Ease of use

Ammonia loading decreases
by no more than 10% after
10 regeneration cycles

>60mg L' d! (based on 4.0
mg-P/L influent)

>2 gLt d! (based on 29
mg-N/L influent)

> 90% ammonia removal

No OSHA-reportable safety
incidents

Wastewater treatment plant
operator certification
requirement

Not Met — 33+18%
decreased after 2
regeneration cycles

Not Met — 53+13 mg
L' d' (maximum
was 68)

Met - 4.4+09 gL' d

Not Met — 0%
removal

Met

See text

Not evaluated

Not evaluated

Not evaluated

Not evaluated

Not evaluated

See text

2 EPA secondary treatment standard
® NSF/ANSI 350 reuse standard
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Table 3.2 Qualitative performance objectives and results.

Perfo.rmflnce Data Requirements Success Criteria Results
Objective
Compare gas- COD e Collect comparable data to allow comparison e Section 3.2
sparged and BOD;s between the technologies with respect to e Section 5.7
GAC-fluidized Total suspended solids attainment of quantitative performance e Section 6.2.1
AnMBRs Turbidity objectives
pH

Liquid flow rates and pressures
Biogas flow rate

Biogas methane content
Engineering design calculations
Organic loading rate

Biosolids production

Membrane flux (net)
Maintenance cleaning frequency
Recovery cleaning frequency

Assess system
performance
with respect to
temperature

Effectiveness data (see quantitative performance
objectives)

SRT, HRT, OLR, membrane flux and TMP
VFAs and alkalinity

Temperature

Develop quantitative relationships between
reaction rates, membrane flux/TMP, and
wastewater temperature

Section 5.7.5
Section 5.7.14
Section 6.2.2

Characterize gas
composition

Gas composition
(CHy, CO2, Na, O»), siloxanes, H,S

Collect sufficient data to determine gas
purification requirements for power production

Section 5.7.20
Section 6.2.3

Characterize
process residuals

AnMBR sludge production rate and analysis (total
solids, total suspended solids, volatile solids,
volatile suspended solids, total fixed solids, fixed
suspended solids, pathogen indicators, Part 503
biosolids indicators, dewaterability)
Flocculation/settling system sludge production
rate and analysis (reactive sulfide, total
phosphorus, total iron, RCRA metals, total
solids)

Collect sufficient data to determine residuals
handling and disposal requirements as well as
potential for beneficial reuse

Section 5.7.19
Section 6.2.4
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Performance

.. Data Requirements Success Criteria Results

Objective
Characterize Ammonia loading and breakthrough time per Collect sufficient data to determine ammonia Section 5.7.17
ammonia cycle removal cost and performance Section 6.2.5
sorbent Sorbent regenerability
performance
Characterize Membrane analyses Collect sufficient data to determine membrane Section 5.7.14
membrane Monitor membrane breakage/failure fouling and longevity Section 6.2.6
performance

Conduct a broad

Power requirements, residuals generation,

Collect sufficient data to conduct a simplified

Section 7.4

lifecycle materials (including chemical usage and unique LCA and compare lifecycle environmental

assessment capital construction materials), power generation, impacts of a conventional wastewater treatment

(LCA) greenhouse gas emissions, water reuse potential process

Characterize BOD:s, TSS, total nitrogen, ammonia, nitrate, Collect sufficient data to adequately Section 5.7.18

treated water
with respect to
various water

nitrite, total phosphorus, sulfide, turbidity, E. coli,
total coliforms, pH, specific conductivity

characterize water quality

Section 6.2.8

reuse
alternatives'

Characterize Chlorine demand Collect sufficient data to adequately Section 5.7.18
chlorine characterize chlorine demand Section 6.2.9
demand’

Characterize DNA sequencing, qPCR analysis Collect sufficient data to adequately Sections 5.7.21
microbial characterize microbial ecology and 5.7.22

ecology




COD and BODs

The average effluent COD concentration in the gas-sparged AnMBR was 58+27 mg/L
(average + standard deviation) which about equal to the performance objective of 60 mg/L. The
average COD removal was 90+4%. The average effluent COD concentration in the GAC-fluidized
AnMBR was 2949 mg/L, which is less than the performance objective (p < 0.001). The average
COD removal was 86+3%. The influent COD concentrations in the gas-sparged and
GAC-fluidized AnMBRs were 620+240 mg/L and 210+50 mg/L, respectively, which may have
contributed to the differences in the effluent concentrations.

The average effluent BODs concentration in the gas-sparged AnMBR was 25+12 mg/L, which is less
than the performance objective of 30 mg/L (p=0.004) but greater than the reuse objective of 10 mg/L.
The average BODs removal was 89+5%. The average effluent BODs concentrations in the GAC-
fluidized AnMBR was 15+9 mg/L, which is less than the performance objective of 30 mg/L (p <
0.001) and greater than the re-use objective of 10 mg/L. The average BODs removal was 85+7%. The
influent BODs concentrations in the gas-sparged and GAC-fluidized AnMBRs were 250+130 mg/L
and 140+40 mg/L, respectively, which contributed to the differences in the effluent concentrations.

Fine screening was the only form of primary treatment used in this demonstration. Primary
sedimentation may have resulted in even lower effluent concentrations and potentially less than
10 mg/L BODs based on previous demonstrated with the GAC-fluidized AnMBR (Dagnew et al.
2011, Dong et al. 2016, Shin et al. 2014).

Ammonia

The ammonia removal by the clinoptilolite column after four hours (12 to 20 empty bed volumes)
was 99.9+0.1%, which is greater than the performance objective of 90% (p < 0.0001). The influent
and effluent ammonia concentrations were 37+4 and 0.05+0.05 milligrams of nitrogen per liter (mg-
N/L), respectively. Initial ammonia breakthrough was observed after 50 to 100 empty bed volumes.

Total Phosphorus

Total phosphorus was reduced from 7.0+£2.9 mg/L in the screened AnMBR influent to 0.434+0.29
in the clinoptilolite effluent for an overall removal of 94+3%, which was greater than the
performance objective of 90% (p=0.052). The overall removal for total phosphorus was a result of
the individual removals attributable to the AnMBR, chemical coagulation, and clinoptilolite
sorption. The coagulation-flocculation-sedimentation process removed most of the phosphorus.
Total phosphorus concentrations in the coagulation influent were reduced from 4.2+0.6 mg/L by
83+9% (effluent concentration 0.724+0.36 mg/L).

Total Sulfide

Sulfide was reduced from 27+5 to 0.7+1.7 mg/L. Effluent sulfide was > 1 mg/L on days 382 and
437 for unknown reasons, which contributed to the high standard deviation. The median and
minimum effluent concentrations were 0.10 and 0.04 mg/L, respectively. Overall sulfide removal
including these elevated values was 99+2%. While the median sulfide concentration met the
performance objective, the average concentration did not. Further optimization would likely have
improved the performance leading to attainment of the performance objective.
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Total Suspended Solids and Turbidity

Total suspended solids in the gas-sparged AnMBR final effluent (i.e., clinoptilolite column
effluent) was 25+17 mg/L and less than the EPA secondary treatment standard of 30 mg/L
although not at a statistically significant level (p=0.30). Turbidity was elevated in both the
gas-sparged and GAC-fluidized AnMBR and greater than the performance objective of
2 nephalometric turbidity units (NTU). The gas-sparged AnMBR sedimentation basin was
undersized, which lead to elevated total suspended solids and turbidity. These processes are
standard, and final effluent quality could be improved through process design and optimization.
The GAC-fluidized AnMBR turbidity was likely associated with precipitation of the anaerobic
ultrafiltration permeate following exposure to the atmosphere. Coagulation was not tested
downstream of the GAC-fluidized AnMBR.

pH

The pH of the gas-sparged and GAC-fluidized AnMBR permeates were 6.9+0.2 and 7.3+0.2,
respectively. The final gas-sparged AnMBR effluent (i.e., after coagulation and ammonia
removal) was 8.1%1.1. All pH values met the performance objectives of 6 to 9 (p <0.017).

Dissolved Methane

The average dissolved methane removal under optimized conditions was 79+2%, which was not
greater than the performance objective of 90%. The influent dissolved methane concentration for
these tests was 13+2 mg/L.

3.2.2 Net Energy Production Efficiency

The amount of energy necessary to operate the AnMBR systems was evaluated and compared to
potential energy from generated biogas and recovered dissolved methane to determine whether the
systems met the goal of energy neutrality.

Data Collected

Data requirements are listed in Table 3.1. Energy consuming processes included pumping between
the bioreactor and the membrane tank, mixing, GAC fluidization, biogas sparging, and permeate
pumping. The vacuum pump used to operate the gas-liquid contactor was also evaluated for energy
consumption. Monitoring of these processes included measurements of flow rates and pressure
drops. Other energy consuming processes in the pilot systems, such as liquid metering pumps, may
be significant at pilot-scale but would not be significant at full-scale and were not monitored.
Engineering design calculations were conducted to estimate full-scale unit energy consumption
(e.g., kWh/m® water treated) for each energy consuming process. These calculations used data
collected during the pilot demonstration. Energy production was based on measured biogas flow
rates and methane composition which varied in relation to temperature. Calculations of electricity
consumption and generation used standard efficiencies.
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Results and Interpretation

Energy consumption and production were calculated for a matrix of operating scenarios that
included various net permeate fluxes and temperatures for the gas-sparged and GAC-fluidized
AnMBRs. Temperature was an important factor because the total methane yield was observed to
be greater at elevated temperatures. Energy neutral or positive operation was estimated for some
but not all of these scenarios. In general, energy-neutral or positive operation was more likely at
greater flux, temperature, and influent COD concentration. At the average observed flux for the
gas-sparged AnMBR (7.6 LMH), the ratio of energy produced:energy consumed was 60% for
T < 20°C and 84% for T > 25°C (COD = 620 mg/L). At the maximum flux (14 LMH), the ratio
was 100% for T < 20°C and 140% for T > 25°C. At the average flux for the GAC-fluidized
AnMBR (7.9 LMH) and without supplemental COD (COD = 210 mg/L), the ratio was 55% for
T<20°C and 90% for T > 25°C. If the influent COD was greater (390 mg/L), the ratio at an average
flux would be 77% for T < 20°C and 130% for T > 25°C. Therefore, the performance objective of
energy neutrality was met by both systems under certain conditions.

While energy neutrality may not be possible under all conditions, decreasing the net energy
consumption relative to conventional activated sludge can more likely be achieved. Gas-sparged
AnMBR operating conditions at high flux and low sparge rates were more likely to result in net
energy consumption less than 0.3 to 0.6 kWh/m?, which is typical for conventional wastewater
treatment plants (McCarty et al. 2011, Seib et al. 2016, Smith et al. 2012b). All GAC-fluidized
AnMBR operating conditions resulted in net energy consumption less than that for conventional
wastewater treatment plants. These results suggest the prospect of energy reduction using AnMBR
processes in place of conventional activated sludge technologies is promising.

3.23 Implementability

The purpose of this performance objective is to demonstrate that the AnMBR technology can be
implemented at full scale in a practical manner in terms of capital cost, operating cost, and overall
lifecycle cost. The success criteria were established based on typical design criteria used for
conventional wastewater treatment and design criteria for previously demonstrated AnMBR systems.

Data Collected

In high-level terms, the capital cost of the AnMBR is driven primarily by the organic loading rate,
HRT, and the membrane flux. The operating cost (excluding labor) is primarily driven by energy
(e.g., pumping), chemical requirements (e.g., sulfide and phosphorus removal and membrane
cleaning chemicals), membrane replacement, and solids generation rates and characteristics
(e.g., dewaterability). These and other parameters (Table 3.1) were estimated during the
demonstration and used to estimate capital and operating costs as described in Section 7. Downstream
processes including dissolved methane removal, coagulation-flocculation-sedimentation and
ammonia removal were also evaluated with respect to chemical use and loading rates or fluxes.

Results and Interpretation

The metrics listed in Table 3.1 were established based on previous research and reasonable
operating conditions. While success will be evaluated with respect to meeting these criteria, the
economic analysis will ultimately determine technology cost-effectiveness and implementability.
Nevertheless, each of the implementablity parameters are discussed below.
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Organic Loading Rate

The average organic loading rate in the gas-sparged AnMBR was 1.3+0.5 kg-COD m™ d°!, which
is greater than the performance objective of 0.6 kg-COD m™ d! (p < 0.0001). The average organic
loading rate in the GAC-fluidized AnMBR without COD supplementation was 1.4+0.5 kg-COD
m™ d"!, which is greater than the performance objective (p < 0.0001) and similar to the rate for the
gas-sparged AnMBR. The organic loading rates of both AnMBRs were similar because both the
hydraulic residence time and the influent COD for the gas-sparged AnMBR were greater than for
the GAC-fluidized AnMBR. Supplemental COD was fed to the GAC-fluidized AnMBR after day
475 to increase the COD concentration. During this time (day 476 to day 535) the organic loading
rate increased incrementally but averaged 2.2+0.5 kg-COD m™ d'. BODs, and COD removals
decreased during this time, suggesting the organic loading rate with supplemental COD may have
been too high.

Hydraulic Residence Time

The average hydraulic residence time for the gas-sparged AnMBR was 11+£3 h which is less than
the performance objective of 20 h (p < 0.0001). The level sensor in the bioreactor tank became
fouled with sludge and overestimated the liquid volume through day 283. Thus, the average
hydraulic residence time was likely overestimated. The average hydraulic residence time for the
GAC-fluidized AnMBR was 3.9+1.0 h, which is less than the performance objective of 20 h
(p <0.0001) and 65% less than the average hydraulic residence time for the gas-sparged AnMBR.

Biosolids Production

The volatile solids (VS) generation per unit mass loaded COD for each AnMBR system was
calculated and compared to the performance objective of 0.2 g-VS/g-CODioaded. The results were
0.074 and 0.13 g-VS/g-CODioaded for the gas-sparged and GAC-fluidized AnMBR. Both of these
values met the performance objective. The value for the gas-sparged AnMBR may be
underestimated in part because of solids settling in the bioreactor and incomplete recovery. On the
other hand, the greater solids residence time (60+27 d versus 11+5 d calculated for
suspended/non-biofilm solids only) in the gas-sparged AnMBR could have led to greater
hydrolysis and a lower value. The fixed solids recovery was low for both systems. Part of the low
recovery for both systems was low precision of the solids analyses. When values for both systems
are corrected based on the fixed solids recovery, the values (0.17 and 0.24 g-VS/g-COD) are
similar to the performance objective.

Membrane Flux

Operation of the gas-sparged AnMBR over the duration of the demonstration involved variation
of several variables including the HRT, wasting rate, associated bioreactor VSS concentration, UF
permeation flux, and biogas blower flow rate and duty (i.e., percent of time the biogas blower was
on when cycling). Operation of the GAC-fluidized AnMBR over the duration of the demonstration
involved variation of several parameters including the HRT, wasting rate, bioreactor VSS
concentration, and UF permeation flux. The purpose of the above variations was to optimize the
AnMBR and meet all of the performance objectives.
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The average net flux of the gas-sparged AnMBR for the entire demonstration, excluding periods
of mechanical shutdown and COD overloading, was 7.6+1.6 LMH. This flux was greater than the
goal of 6 LMH (p < 0.0001). The maximum net flux was 14 LMH. The average net flux of the
GAC-fluidized AnMBR for the entire demonstration, excluding periods of mechanical shutdown,
upsets, and COD supplementation, was 7.9+2.2 LMH. This flux was greater than the goal of
6 LMH (p < 0.0001). The maximum net flux was 12 LMH.

While not a performance objective, an operational objective was to maintain the transmembrane
pressure less than 30 kPa to prevent irreversible fouling of the UF membranes. This operational
objective was met most, but not all of the time in the gas-sparged AnMBR. The transmembrane
pressure in the GAC-fluidized AnMBR was less than 30 kPa for the first 170 days and then
inconsistently less than 30 kPa thereafter.

Permeabilities in both AnMBR systems decreased over the duration of the demonstration. The
initial permeabilities (corrected to 20°C) from 1 to 60 days were 280+110 and 200+60 LMH/bar
in the gas-sparged and GAC-fluidized AnMBR, respectively. The final permeabilities were 49+25
and 24+13 LMH/bar, respectively. Insufficient membrane maintenance cleaning may have
contributed to the reduction in permeability.

Overall, the gas-sparged AnMBR ultrafiltration process demonstrated similar or greater
permeability even though concentrations of solids and colloidal organics were greater. However,
both systems demonstrated instability (i.e., variable permeability over time), which was
attributable not only to varying operational conditions and mechanical upsets but also to
differences in membrane performance caused by the different methods of fouling management
(i.e., variable biogas sparging versus constant GAC fluidization). Inconsistent and insufficient
maintenance cleaning also likely contributed to these instabilities.

Maintenance and Recovery Cleaning Frequency

Maintenance cleaning frequencies for the gas-sparged and GAC-fluidized AnMBRs were 0.31 and
0.45 cleans/week which is much fewer than the performance objective of < 3 cleans/week. While
this met the performance objective, inconsistent and insufficiently frequent maintenance
cleaning likely contributed to decreased permeability over time in both systems. Recovery
cleaning frequencies for the gas-sparged and GAC-fluidized AnMBRs were 1.5 and
2.0 cleans/year which are also fewer than the performance objective. Therefore, an opportunity
exists to increase ultrafiltration performance by increasing the cleaning frequency.

Wastewater Temperature

The intent of this performance objective is to demonstrate attainment of effectiveness at temperatures
> 10°C. The COD and BODs removals in the gas-sparged AnMBR did not decrease with
decreasing temperatures between 15 and 30°C. The performance with respect to COD and BODs
removal below 15°C could not be evaluated because ambient wastewater temperatures did not go
that low. COD and BODs permeate concentrations did not increase as temperatures decreased
between 15 and 30°C. In the GAC-fluidized AnMBR, COD and BODs removals did not decrease
and the permeate concentrations did not increase as temperatures decreased between 15 and 30°C.

27



The period of time when temperatures were between 10 and 15°C was concurrent with a process
upset resulting from an inadvertent pump reversal. When non-upset data are evaluated, only three
data points between 14.0 to 14.8°C exist, and they do not indicate a trend of changing performance
with temperature. Therefore, insufficient data exist to evaluate performance of the GAC-fluidized
AnMBR at temperatures < 15°C.

Dissolved Methane Removal Rate

This performance objective is important with respect to the capital cost and replacement cost of
gas-liquid membrane contactors for dissolved methane removal. The performance objective for
methane flux was 0.5 grams per square meter per day (g m? d!), and the observed flux was
6.5£1.8 g m? d!' (p < 0.0001). If two contactors were installed in series, thereby doubling the
membrane area to achieve the 90% removal objective, the performance objective for flux would
still be met.

Clinoptilolite Robustness

Robustness was quantified with respect to the variation on ammonia loading over multiple
regeneration cycles. No decrease in the ammonia loading (i.e., per unit mass of clinoptilolite) over
multiple sorption/regeneration cycles would indicate good robustness. Two regeneration cycles
were conducted, and the loading decreased by 21 to 50% compared to the performance objective
of 10%. The second regeneration did not result in further decreases in ammonia loading suggesting
robustness after the initial sorption/regeneration cycle, but additional loading/regeneration cycles
would be required to validate this hypothesis. Therefore, the conclusion was that the performance
objective for robustness has not been met, but this conclusion is based on limited testing.

Total Phosphorus Removal Rate

The phosphorus removal rate by coagulation-flocculation was 53+12 milligrams per liter per day
(mg L' d'), which was less than the performance objective of 60 mg L™ d™! (p=0.052). This rate
is based on the combined volume of the coagulation, flocculation, and sedimentation vessels.
Further optimization may have resulted in the performance objective being met.

Ammonia Removal Rate

The ammonia removal rate prior to breakthrough was 4.4+0.9 grams per liter per day (g L' d!),
which is greater than the performance objective of 2 g L' d™! (p=0.00063). A full-scale system
would conceivably be designed in a lead-lag configuration to maximize loading (i.e., the lead bed
would be run past breakthrough). In this case, the overall removal rate would be less than the
reported value.

Electrolysis

Electrolysis of ammonia-laded regenerant solution was conducted with GreenBox™ technology.
Electrolysis was not observed with any of the solutions. It is believed that iron from upstream
coagulation processes interfered negatively with the electrodes. Further studies on the linkage of
clinoptilolite ion exchange with ammonia electrolysis will require non-iron based coagulants
and/or a change in process order.
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Safety

No Occupational Safety and Health Administration or Act (OSHA)-reportable safety events were
incurred at Ft. Riley, substantiating the ability to safely design and operate an AnMBR system
despite potentially hazardous concentrations of methane and hydrogen sulfide.

Ease of Use

The operator certification requirement for a full-scale AnMBR plant will depend on the specific
requirements of the treatment plant permitting agency. During the upgrade of the Loch Sheldrake
wastewater treatment plant in New York to add aerobic membrane bioreactors, the requirement
increased from a Grade 3 to a Grade 4A operator license. This plant had conventional activated
sludge and anaerobic digestors prior to the upgrade. This is just one example, and it cannot be
extrapolated to other facilities.

3.3 QUALITATIVE PERFORMANCE OBJECTIVES

The ten qualitative performance objectives evaluated during the technology demonstration
(Table 3.2) are discussed in Section 6. These objectives do not have numeric success criteria.
Rather, they involved collection of data to enable completion of detailed analyses described in
other sections of this report. Rather than repeat those analyses, Table 3.2 provides references to
relevant sections in this report.
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4.0 SITE DESCRIPTION

The gas-sparged AnMBR pilot system was installed and operated at an existing wastewater pump
station site at Camp Forsyth in Ft. Riley, Kansas. The GAC-fluidized AnMBR pilot system was
installed and operated at the Bucheon wastewater treatment plant in Bucheon, South Korea.
Additional information on these two sites is provided in this section.

4.1 GAS-SPARGED ANMBR PILOT SYSTEM SITE

Vicinity and location maps for the Camp Forsyth pump station are provided in Figure 4.1 and
Figure 4.2, respectively.

The Camp Forsyth pump station used to be part of a former wastewater treatment plant. The plant
was demolished and the pump station was upgraded in 2006 as part of the Advanced Wastewater
Treatment Plant and Collection System Pump Station and Force Main Project (PN 45230). The
pump station currently receives sewage through an 18-inch diameter gravity line and a 10-inch
diameter force main and pumps it to the ‘Big Bertha’ pump station, which then pumps the sewage
to the Custer Hill wastewater treatment plant.

The pump station consists of an electrical building, a chemical storage and metering facility, a
screening facility, and a pump building. The chemical storage and metering equipment was used
when the site was part of the former treatment plant, but it is not currently used. The equipment
may be used in the future to provide odor control in the force main between the pump station and
the ‘Big-Bertha’ pump station. The screening facility was installed in 2012 as part of the Upgrade
Pump Station Building 2592 Project and consists of a single drum screen with approximately
1/2-inch diameter openings. Influent sewage passes through the drum screen and flows by gravity
into the pump station wet well. The pump building consists of a wet well and a dry-pit, which
contains the pumps. The site is surrounded by an existing chain link fence that has a lockable gate
in it. The site also has existing overhead lighting, which turns on at night.
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Figure 4.1  Ft. Riley Site Vicinity Map.

Figure 4.2  Ft. Riley Site Location Map
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4.2 GAC-FLUIDIZED ANMBR PILOT SYSTEM SITE

The location of Bucheon wastewater treatment plant, South Korea, is indicated in Figure 4.3
(a vicinity map) and Figure 4.4 (a site location map). The general view of the Bucheon plant is
also shown in Figure 4.5. The treatment processes of the Bucheon plant include a grit chamber,
influent pump station, primary sedimentation tanks, aeration tanks, secondary sedimentation tanks,
total phosphorus treatment facilities, sludge thickeners, sludge digesters, and dewatering facilities.
The plant was founded in 1991 with a single process of Biodenipho™ (520,000 m?/d of treatment
capacity). Later, a second system (four-stage biological nutrient removal process, 380,000 m*/d of
treatment capacity) was installed in 2002 to meet an increased flow rate of domestic wastewater
and rigid effluent quality standards. It contains anoxic, anaerobic, and aerobic section trains.

The GAC-fluidized AnMBR pilot system was installed at the site in 2012 and has been operated
for other studies. Since the pilot system is already installed at the site and is in a good location, no
other sites were considered for the GAC-fluidized pilot system.

Figure 4.3  GAC-fluidized AnMBR Site Vicinity Map (South Korea).

33



Figure 4.4  GAC-fluidized AnMBR Site Location Map (South Korea).

Figure 4.5  Bucheon Wastewater Treatment Plant (South Korea).
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4.3 HISTORICAL DATA FOR BOTH SITES

One of the objectives of the demonstration is to compare the cost and performance of the
gas-sparged and GAC-fluidized AnMBRs. Direct comparison was possible but limited because
the two AnMBR systems treated different wastewater sources. Two important wastewater
characteristics that affected the comparison are temperature and water quality. The data presented
in Figure 4.6 illustrate that the wastewater temperature variation at Ft. Riley and Bucheon are
similar. The minimum, median, and maximum temperatures for Ft. Riley are 12, 19, 26°C,
respectively, compared to 8, 22, and 32°C for Bucheon. Directly comparable wastewater
composition data are not available. Nevertheless, Ft. Riley (Camp Funston) raw wastewater and
Bucheon primary effluent water quality results are shown in Figure 4.7. The primary effluent of
the Bucheon plant is clearly more dilute than the Ft. Riley raw wastewater. If primary treatment is
assumed to remove 45% BODs (Tchobanoglous et al. 2014), then the calculated average raw
Bucheon wastewater BODs is 282 mg/L, which is similar to the value of 317 mg/L for Ft. Riley.
If primary treatment is assumed to remove 60% TSS (Tchobanoglous et al. 2014), then the
calculated average raw Bucheon wastewater TSS is 263 mg/L, which is about half of the Ft. Riley
value of 506 mg/L. Despite the differences in organic matter, the wastewaters have similar nitrogen
and phosphorus concentrations.
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Figure 4.6  Wastewater Temperature Distributions for Ft. Riley (Camp Funston)
Wastewater (left) and Bucheon (right).
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5.0 TEST DESIGN

This section provides a detailed description of the design of the gas-sparged AnMBR pilot system
and the GAC-fluidized pilot system. This section also describes the testing methods and detailed
results of the testing conducted to address the performance objectives described in Section 3.

5.1 CONCEPTUAL EXPERIMENTAL DESIGN

The gas-sparged AnMBR pilot system demonstration and the GAC-fluidized pilot system
demonstration both consisted of the following phases:

e Setup: During this phase of the demonstration, the major components of the gas-sparged
AnMBR pilot system were fabricated and installed in a portable trailer. The trailer was
shipped to the Ft. Riley project site and installed. After installation, the pilot system was
tested. The GAC-fluidized pilot system was already fabricated and installed at the Bucheon
wastewater treatment plant. During this phase of the demonstration, the system was slightly
modified to treat raw screened sewage rather than primary effluent.

e Startup: The startup phase for the two AnMBRs was somewhat different, as the
GAC-fluidized system had previously been operated, and seeded GAC was already
available to begin this demonstration.

During startup of the gas-sparged system, the anaerobic bioreactor was seeded with
mesophilic anaerobic digester sludge, and the influent flow rate was steadily increased
while still meeting the effluent water quality criteria listed in Table 3.1. The startup phase
for the gas-sparged AnMBR was originally anticipated to take three months but required
less than one week.

The GAC-fluidized AnMBR was already installed at the Bucheon wastewater treatment
plant and had been operating from 2012 to 2015 treating settled wastewater (i.e., primary
clarifier overflow) (Shin et al. 2014). It was then modified to treat screened sewage initially
at an HRT of 12 h. The HRT was then reduced incrementally to 1.5 h.

e Continuous Optimization: After startup was complete and stable operation was achieved,
the pilot systems were operated continuously for a period of over one year. During this
time, the pilot systems were optimized continuously while the temperature and influent
wastewater quality varied naturally. Optimization was achieved through adjustment of
influent flow rate, permeate flow rate, sludge wasting rate, and membrane cleaning
frequency. For the gas-sparged AnMBR demonstration, gas-liquid contactor conditions for
dissolved methane removal, coagulant and polymer doses for sulfide and total phosphorus
removal, and ion-exchange operating conditions for ammonia removal were also adjusted
to optimize the performance of process units downstream of the AnMBR system.

Additional details are provided in Section 5.5.
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5.2 BASELINE CHARACTERIZATION

No baseline characterization was conducted. Sampling and analysis of wastewater influent were
conducted throughout the demonstration, as described in Section 5.5.

5.3 TREATABILITY OR LABORATORY STUDY RESULTS
No separate treatability or laboratory studies were conducted.
5.4 DESIGN AND LAYOUT OF TECHNOLOGY COMPONENTS

54.1 Design Criteria

The design criteria for the gas-sparged and GAC-fluidized AnMBR systems are summarized in
Table 5.1.
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Table 5.1 Design basis for the gas-sparged and GAC-fluidized AnMBR systems.

Parameter

Units

Gas-Sparged AnMBR

GAC-Fluidized AnMBR

Influent Screen/Strainer

Opening size mm 1.7 2

Primary Bioreactor

Empty bed bioreactor active volume (used to calculate HRT) m3 1.3 0.99

GAC stling voims (e s ol i addien | N

Flow rate m3/d 1.6-5.5 7-20

HRT h 6-20 1.2-35

GAC type - NA Calgon Filtrasorb 300 sieved to remove < 0.8 mm
GAC kg NA 139

GAC fluidization velocity (empty bed basis) m/h NA 27

Recycle flow rate within primary bioreactor m3/d 18+4 220

Secondary Membrane Bioreactor

Empty bed reactor volume (used to calculate HRT) m3 0.12 0.77

iAOSe )settling volume (i.e., aqueous volume in addition to o’ NA 14

Membrane make - Suez Lotte Chemical (formerly Samsung)
Membrane model - ZeeWeed 500d SM-1015

Membrane type - PVDF on woven polyester PVDF (PET filament embedded)
Membrane area m? 12.9 (three 4.3-m? modules) 60 (four 15-m? modules)

Pore size pm 0.04 0.03

Membrane fiber size (OD/ID) mm 1.9/0.8 2.1/1.1

Exposed fiber length mm 1099 1827
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Parameter Units Gas-Sparged AnMBR GAC-Fluidized AnMBR
Membrane area per unit empty bed reactor volume m?/m? 110 78
Membrane surface area per module footprint area® m?/m? 349 375
Number of membranes per module footprint arca #/m? 64,286 31,500
Instantaneous flux LMH 7-22 6-18
Net flux LMH 5-18 5-14
Membrane cleaning chemicals - ?;Lfﬁﬁ“c aI:iZ:iOCI and 2000 500 mg/L NaOCl and 2000 mg/L citric acid
Reactor HRT h 0.7-2.5 1.0-3.0
Combined HRT for both bioreactors h 6.7-23 22-6.5
Biogas membrane sparge flow rate L/min 25-100 NA
Specific biogas membrane sparge flow rate m’m! h'! 0.11-0.46 NA
GAC type - NA Calgon Filtrasorb 300 sieved to remove < 0.8 mm
GAC kg NA 264
GAC fluidization velocity m/h NA 90
Recirculation flow rate within secondary bioreactor m’/d 0 840
Recirculation flow rate between primary and secondary 3
bioreactors m/d 1543 1.2+0.6
Methane Contactor
Type - Microporous hollow fiber
Make - 3M Liqui-Cel
Model - 2.5 x 8 Industrial Extra-Flow
Membrane type - X40 NA
Membrane area m? 1.5
Vacuum pump absolute pressure mm Hg 25
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Parameter Units Gas-Sparged AnMBR GAC-Fluidized AnMBR
Rapid Mix Basin
Volume L 5.7
Number of mixers - 1
Mixer speed st 400 NA
Coagulant ) Ferric chloride and aluminum

chlorohydrate

Flocculation Basin
Volume, total L 83
Number of chambers -
Number of mixers - NA
Mixer speed st 10
Flocculant - Cationic emulsion polymer
Sedimentation Basin
Volume L 91
Lamella plate surface area cm? 7500
Surface loading rate m/h 1.0-1.5 NA
Sludge mechanism - Manual scraper
Settled water basin volume L 9.8
Ion-Exchange Column
Diameter cm 15
Height cm 107
Media type - Clinoptilolite
Media manufacturer/make - NFM Pools/Zeobest® NA
Surface loading rate m/h 3.7-13
Empty bed contact time min 51-17

2Values are similar because GAC-fluidized AnMBR UF has 50% fewer membranes per unit area, but the membranes are twice as long relative to the gas-sparged AnMBR.
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5.4.2 Gas-Sparged AnMBR Pilot System

A set of design drawings for the gas-sparged AnMBR pilot system is included as part of the
Operations and Maintenance Manual included in Appendix B. The major design and operational
attributes are summarized here.

The gas-sparged AnMBR pilot system consisted of two trailers: 1) a process trailer fabricated by
Intuitech of Salt Lake City, Utah, and 2) a rented office/laboratory trailer (Figure 5.1). The process
trailer was an 8-feet (ft)-wide, 40-ft-long trailer and contained all the process equipment. The office
trailer was an 8-ft-wide, 20-ft-long trailer used for office/storage space. Both trailers were installed
on gravel pads behind the existing pump station building at the Camp Forsyth Pump Station site.

Figure 5.1 Photograph of the Installed Gas-sparged AnMBR at Ft. Riley.

A progressive cavity pump (Moyno model C23ACIE) and self-cleaning strainer
(Eaton model DCF400) with a 1.7-millimeter (mm) screen was installed inside the existing pump
station (Figure 5.2). The pump withdrew sewage from the existing pump station wet well and
pumped it through the strainer prior to being conveyed to the bioreactor in the process trailer
(see Figure 5.3 and Figure 5.4). The bioreactor was insulated but not heated or cooled. A progressive
cavity pump recirculated fluid in the bioreactor. A second progressive cavity pump (Moyno model
33304) recirculated the fluid between the bioreactor and the UF membrane tank. This second pump
also discharged sludge at a predetermined rate. A gear permeate pump (Oberdorfer model
R10411PB-C1) created suction on the UF membranes and conveyed the permeate to the gas-liquid
contactor for dissolved methane removal (Figure 5.5). The effluent from this contactor flowed by
gravity to the coagulation-flocculation-sedimentation process (Figure 5.6 and Figure 5.7).
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The coagulation-flocculation process included a single rapid-mix vessel and three slow-mix
coagulation-flocculation vessels in series. The sedimentation basin contained lamellar plate
settlers and a sludge basin that was emptied manually. The clarified effluent was pumped (Moyno
model 22002) through the ion-exchange column that contained clinoptilolite media (Figure 5.6
and Figure 5.7) prior to being discharged back to the wet well.

Figure 5.2  Feed Pump and Strainer for the Gas-sparged AnMBR.

Figure 5.3  Gas-sparged AnMBR Bioreactor, UF Membrane Tank, and Dissolved
Methane Removal Contactor.

Biogas production occurred in two main locations within the process: the primary reactor and the
secondary membrane reactor. Biogas produced in the headspace of the primary bioreactor was
pumped using a double-diaphragm blower (KNF model N0150.1.2) to the sparge the membranes
in the secondary bioreactor (see Figure 5.4). Dissolved gas in the bioreactor permeate from the
secondary reactor was pulled out of solution in the hollow fiber gas contact membrane. A vacuum
pump connected to the permeate side of the membrane drew the vacuum (see Figure 5.5).
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The volume of biogas produced in this pilot-scale system was small and was vented to the
atmosphere rather than used beneficially to generate power. Other details about the process are
included in Table 5.1.

Figure 5.4  Process and Instrumentation Diagram for the Bioreactor and UF Systems.
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Figure 5.5  Process and Instrumentation Diagram for the Permeate Pump and Dissolved
Methane Removal System.

Figure 5.6  Gas-sparged AnMBR Coagulation-flocculation, Sedimentation, and
Ammonia Removal Processes.
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Figure 5.7  Process and Instrumentation Diagram for the Coagulation-flocculation-
Sedimentation and Ammonia Removal Processes.

5.4.3 GAC-Fluidized AnMBR Pilot System

The GAC-fluidized AnMBR pilot system has been described previously (Shin et al. 2014) and is
summarized here. Rather than treating effluent from the Bucheon wastewater treatment plant
primary sedimentation process, grit chamber effluent at the Bucheon plant was screened with
2-mm screen and then pumped to the first-stage AFBR. Individual pumps recirculated fluid
upward in each stage to fluidize the GAC (see Figure 5.8 and Figure 5.9). A third pump recirculated
fluid between the AFMBR and AFBR. A permeate pump withdrew fluid from the hollow-fiber
membranes, which was not further treated. Unfiltered water not containing GAC was also wasted
at a predetermined rate for the purpose of wasting solids. The hollow-fiber membrane modules
used in the AFMBR were obtained from Lotte Chemical and modified to enable GAC-fluidization.
The modification involved removing 50% of the hollow fibers and sealing the holes in the headers.
Characteristics of the modified membrane modules and other details about the process are listed
in Table 5.1.
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Figure 5.8  Photograph of the First-stage (AFBR - left) and Second-stage
(AFMBR - right) GAC-fluidized AnMBR Systems.
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Figure 5.9  Process Flow Diagram of the GAC-fluidized AnMBR Showing the First-stage
Anaerobic Fluidized Bioreactor (AFBR) and Second Stage Anaerobic Fluidized Membrane
Bioreactor (AFMBR).

5.5 FIELD TESTING

A Gannt chart for the field demonstration is shown in Figure 5.10. A description of the various
demonstration phases follows.

5.5.1 Commissioning and Startup

Commissioning and startup of the gas-sparged AnMBR involved installation, seeding, and
initiation of Ft. Riley wastewater flow. It was seeded with 1360 L of mesophilic anaerobic digester
sludge from the Oakland wastewater treatment plant in Topeka, Kansas on July 13, 2016.
Wastewater flow to the AnMBR was initiated, and day 0 of the demonstration was defined as July
15, 2016.

The GAC-fluidized AnMBR was already installed at the Bucheon wastewater treatment plant and has
been operating since June 21, 2012, treating settled wastewater (i.e., primary clarifier overflow) (Shin
et al. 2014). In February 2014 operation of the AFMBR was stopped so that it could be retrofitted for
the current demonstration. The AFBR was operated in recirculation mode during this time. GAC was
removed from the AFMBR and placed in drums for storage. Kolon membranes were installed in the
AFMBR and a 2-mm screen was installed upstream of the AFBR. Stored GAC was returned to the
AFMBR on October 29, 2015 and operation with raw sewage commenced. Fouling with the Kolon
membranes was immediate; therefore, operation was once again stopped in February 2016.
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The GAC in the AFMBR was transferred to the AFBR and the Kolon membranes in the AFMBR
were replaced with the Lotte Chemical membranes. The GAC was redistributed between the
AFBR and AFMBR and raw sewage flow was resumed in April 2016. Day 0 of the demonstration
is defined as April 5, 2016. COD of the Bucheon wastewater was supplemented near the end of
the demonstration to test increased COD concentrations. The stock solution was comprised of
1,600 mg/L urea, 280 mg/L. NH4Cl, 800 mg/L KoHPOs4, 2,800 mg/L starch, 2,000 mg/L. milk
powder, and 900 mg/L dried yeast.

Figure 5.10 Gannt Chart for the Demonstration.
5.5.2 Continuous Optimization Phase
General Approach

The continuous optimization phase involved operating the AnMBR systems for over one year to
allow data collection throughout an annual cycle of wastewater temperature changes. During this
time, operations and maintenance of the AnMBR systems was optimized to meet or exceed the
quantitative performance objectives of effectiveness, energy footprint, and implementability.
Several control variables were available for optimization. Table 5.2 illustrates which variables
were controllable and which were not.

The key variables that were applicable to both systems and were adjusted for optimization included
liquid flow rate and membrane cleaning strategies. The suspended solids concentration is an
additional key variable that was controlled by varying the sludge wasting rate. While the majority
of the active microorganisms in the GAC-fluidized AnMBR are present as biofilm on the GAC,
they are suspended in the gas-sparged AnMBR. Therefore, wasting sludge in the gas-sparged
AnMBR may allow increased flux and lower TMP, but at the same time, can result in lower organic
removal effectiveness. Optimization of TMP, membrane flux, and COD removal rates was
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particularly important at lower wastewater temperatures. Table 5.3 summarizes the adjustments
that were made to the pilot systems and the general decision-making process that was used to
determine if and when adjustments are necessary. This approach facilitated better comparability
of the results from both AnMBR systems. The decision approach outlined in Table 5.3 was used
as a general guide and was not rigid.

Table 5.2 Primary process variables used for continuous process optimization.
Variables Gas-Sparged AnMBR GAC-Fluidized AnMBR
Temperature Not controllable
Wastewater composition Not controllable

Flow rate, HRT, and membrane flux Controllable but not independently

Partially controllable by flow rate variation. Influent wastewater

Organic loading rate composition is not controllable

Biomass concentration

Controllable

Not controllable

Suspended solids concentration

Controllable by adjusting solids
wasting rate

Controllable by adjusting solids

wasting rate

Recycle rate

Controllable

Not applicable

pH Partially controllable by organic loading rate variation
UF membrane area Not controllable
Biogas sparging rate Controllable Not applicable
GAC-fluidization velocity Not applicable Not controllable
Membrne lvaion ey danin
Gas-liquid contactor pressure Controllable Not applicable
Coagulation chemical, dose, and mixing Controllable Not applicable
Clinoptilolite mass Not controllable Not applicable

Table 5.3 AnMBR Continuous Optimization Decision Matrix.
i, | Ot | o e | Biogt Spare | Membrane Clenin
< 60 mg/L < 30kPa increase or maintain decrease or maintain maintain or decrease

< 60 mg/L > 30 kPa decrease or maintain increase or maintain increase
> 60 mg/L < 30kPa decrease decrease or maintain maintain or decrease
> 60 mg/L > 30 kPa decrease increase or maintain increase

2 The system designs did not allow the flow rate and membrane flux to be adjusted independently.

® Applicable to gas-sparged AnMBR only.
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The quantitative performance objective of energy footprint was also considered during
optimization. Factors that affected energy consumption (e.g., biogas sparging flow rate) were
adjusted to increase the potential for energy-positive operation. The optimization process often
involved trade-offs. For example, when the gas-sparged AnMBR system was energy-negative and
the biogas sparging rate was determined to be the primary energy sink, decreasing the biogas
sparging flow rate was sometimes conducted. However, this change sometimes resulted in greater
membrane fouling and increased TMP. Deteriorated membrane performance affected the
implementability performance objective. Therefore, evaluation of all data and careful
consideration was required during the optimization process. In general, the quantitative
performance objectives were assigned the following priorities with regard to optimization:

e Priority 1: Effectiveness — Water quality must be met to meet regulatory standards,
minimize environmental impact, and provide maximum opportunities for water reuse.
Therefore, optimization first strived to meet the effectiveness objectives.

e Priority 2: Energy Footprint — The AnMBR has the potential to provide a decreased
national energy footprint as well as reduce sludge production. Therefore, this objective was
important, but considered secondary to that of effectiveness.

e Priority 3: Implementability — Implementability as defined in Table 3.1 primarily drives
cost. While cost is important, the overall objective of this demonstration was to determine
the conditions under which the AnMBR processes can meet performance objectives for
effectiveness and energy footprint (i.e., performance) and then determine the associated
cost. Therefore, this objective was tertiary.

Specific Procedures and Tests
Membrane Maintenance and Recovery Cleaning

UF membrane maintenance and recovery cleaning procedures are shown in Table 5.4 and
Table 5.5. In general, the process involved back-to-back cleaning with citric acid, followed by
sodium hypochlorite.
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Table 5.4 Maintenance Cleaning Procedure.

sl Gas-Sparged AnMBR Action GAC-Fluidized AnMBR Action
Number
Stop permeating from all cassettes in train to be Stop permeating from all cassettes in train to be
1 cleaned and continue biogas sparging or GAC- cleaned and continue GAC-fluidization and
fluidization and recirculation for 5-10 minutes. recirculation for 5 minutes.
Backpulse the chemical solution at 15 LMH
through the membranes for 8 minutes (via
injecting the chemical into the backpulse line to
achieve the desired chemical concentration after
mixing), and relax the membranes for 30
minutes with continuous GAC fluidizing and
5 Stop sludge recirculation and biogas sparging or sludge recirculation
GAC-fluidization of train to be cleaned. e For sodium hypochlorite (NaOCl) a
concentration of 750 mg/L was used
e For citric acid a concentration of 2,000 mg/L
was used
Note: Initial pulse duration varied based on the
length of piping between the chemical injection
point and the membrane cassettes.
Backpulse the chemical solution at 20 LMH Remove the remaining chemical solution from
through the membranes for 2 minutes (via pipe, headers and membrane fibers by
injecting the chemical into the backpulse line to permeating at 7 LMH for 4 minutes.
achieve the desired chemical concentration after
mixing), and relax the membranes for 4.5 minutes
(no backpulse, no biogas sparging or GAC-
3 fluidization).
e For sodium hypochlorite (NaOCl), a
concentration of 500 mg/L was used.
e For citric acid, a concentration of 2,000 mg/L
was used.
Note: Initial pulse duration varied based on the
length of piping between the chemical injection
point and the membrane cassettes.
Backpulse the chemical solution at 20 LMH for 30 | Return train to operation.
4 :
seconds and then relax for 4.5 minutes
s Repeat step 4 for a total of 5 to 10 chemical pulses
and soak iterations
Backpulse membranes with clean permeate
without chemicals at 20 LMH through the
membranes for 2 minutes (Note: this final
backpulse is used to purge the remaining chemical
6 solution from the headers and membrane fibers
into the membrane tank where it will be readily
consumed by the mixed liquor without affecting
performance; and pulse duration should be
adjusted accordingly).
7 Biogas sparge for 5-10 minutes.
8 Return train to operation.
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Table 5.5

Recovery cleaning procedure.

Step
Number

Gas-Sparged AnMBR Action

GAC-Fluidized AnMBR Action

Stop permeating from train to be cleaned, continue
biogas sparging and sludge recirculation for 5
minutes to 1 hour to dislodge any accumulated
solids.

Stop permeating from train to be cleaned,
continue GAC-fluidization for 5 minutes to
dislodge any accumulated solids.

Drain membrane tank by transferring mixed liquor
to another train(s)/channel, digester or waste.
Default location is the digester.

Transfer all GAC particles in secondary
membrane reactor (AFMBR) to the primary
bioreactor (AFBR).

Fill membrane tank with permeate until a high
level is reached in the membrane tank.

Drain membrane tank by transferring mixed
liquor to another train(s)/channel, digester or
waste.

Further clean membranes for 5 minutes to 1 hours
by sparging.

Fill membrane tank with permeate until a high
level is reached in the membrane tank

Drain membrane tank by transferring mixed liquor
to another train(s)/channel, digester or waste.
Default location is the digester.

Allow membranes to soak in residual chemical
concentration (1,000 mg/L for NaOCl or 5,000
mg/L for citric acid) for 24 hours.

If required, wash down and drain the tank
completely.

Note: In certain cases or configurations, manual
flushing and draining of the membrane tanks may
be a more practical option.

Backpulse cleaning solution with the following
cycle at 1.1 times the desired soak concentration to
fill the tank to about 90% of the membrane
cleaning level. Backpulse cycle includes
backpulsing at 33 LMH for 120 seconds (5 — 200
second timer, default = 120 seconds), followed by
a 120 second relax (0 — 600 second timer, default
=120 seconds).

e For sodium hypochlorite (NaOCl), backpulse
at concentration of 1,100 mg/L for soak
solution concentration of approximately
1,000 mg/L (pump limitations on the gas-
sparged AnMBR limited NaOCl
concentrations to 200-400 mg/L).

e For citric acid, backpulse at a concentration
0f 2,200 mg/L for soak solution concentration
of approximately 2,000 mg/L.

Add permeate to the tank by backpulsing the
membranes at 33 LMH to completely submerge
the membrane fibers to 100% of the cleaning level
and reduce the dosed chemical concentration down
to a required soak concentration.

10

Allow membranes to soak in residual chemical
concentration (1,000 mg/L for NaOCl or 2,000
mg/L for citric acid) for 6-16 hours.
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Dissolved Methane Removal Testing

Dissolved methane was removed with a Liqui-Cel Extra-Flow membrane contactor. The contactor
was a 2.5x8-inch model G420 welded housing filled with 1.5-m? of X40 membranes
(serial number 020407L040259 manufactured in 2007). UF permeate was pumped upward through
the shell side of the vertically-oriented contactor, and a controlled vacuum was pulled from both
ends of the contactor. Vacuum was drawn by either a water liquid ring pump (Airtech 3AV30-1B-
NR-XP) or a compressed-air operated venturi vacuum pump (Cole Parmer EW-78165-30;
equivalent to Vaccon HVP-100). No sweep gas flow was used.

Coagulation-Flocculation-Sedimentation Testing

Jar testing for the gas-sparged AnMBR was conducted initially to determine the optimal chemicals
and approximate dosages to be used in the pilot system. A standard Phipps and Bird jar tester was
used. For each test, the mixing was started with 120 revolutions per minute (rpm) for 2 minutes,
followed by slow mixing at 30 rpm for 20 minutes. After mixing, the beaker contents were poured
into 1-liter (L) graduated cylinders and allowed to settle for 30 minutes prior to sampling and
analysis. After a series of screening tests, the primary coagulant for sulfide and phosphorus
removal was selected to be ferric chloride (Chemtreat P8281L) with aluminum chlorohydrate
(ACH, Chemtreat P891L) and medium to high molecular weight cross-linked, low-charged
cationic emulsion polymer (Chemtreat P847E) as coagulant aids. Technical data sheets for these
products are included in Appendix C.

Pilot testing for the gas-sparged AnMBR used the same products as in jar testing. All products
were added to the UF permeate in the rapid mix chamber (400 per second [s']) and then flowed
in series through three flocculation chambers (10 s!) prior to entrance into the sedimentation basin.
The sedimentation basin had 7500 square centimeters (cm?) of lamellar plates (12 removable plates
and 1 fixed plate, each with an area of 580 cm?) and was operated at a surface loading rate of 1.0 to
1.5 meters per hour (m/h).

Only jar testing was conducted for the GAC-fluidized AnMBR. Initial tests with FeCls resulted in
a colored settled water and further tests were conducted with alum (Al2(SO4)3-16H20) and a
cationic polymer (SWC-910, Songwoo Chemience Co., Ltd., South Korea). Test conditions
included 1 minute (min) rapid mix, 15 min flocculation, and 30 min sedimentation.

Ammonia Removal Testing

Clinoptilolite media (Zeobest®, NFM Pools, Muscatine, lowa) was loaded dry into the column
prior to testing. Initial tests used a 6-inch (15-cm) diameter column, which broke halfway through
the demonstration and was replaced with a 2-in (5-cm) column. Settled water from the
sedimentation tank was pumped upward through the column at a surface loading rate of
9-10 cm/min in both columns during permeate pumping. The empty bed contact time was
12-20 minutes (min). Water was pumped through the clinoptilolite bed and monitored for
ammonia breakthrough. Pre-breakthrough samples were collected after four hours of operation
(~50 residence volumes) and these data were used to estimate effectiveness. Then the water
continued to be pumped through the clinoptilolite column until complete breakthrough was
achieved (i.e., the effluent and influent concentrations were equal). The clinoptilolite was then
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removed from the column and shipped to the CERL for regeneration. The regenerated clinoptilolite
media was sent back to Ft. Riley for the next sorption cycle. Two batches of clinoptilolite were
tested as duplicates, and a total of three sorption cycles were conducted per duplicate.

Clinoptilolite was transferred to upflow columns at CERL upon receipt. Initially a solution of
10% NaCl was used for the regeneration based on previous studied by CERL (Guy et al. 2016).
This was then changed to a 0.5 M NaOH solution which promoted faster ammonia removal. The
flow rate was adjusted to maintain a slow but continuous effluent stream. The actual flow rate
varied at column loading volumes with an average rate of 65 milliliters per minute (mL/min). The
regeneration effluent was collected for subsequent analysis of ammonia concentrations. Ammonia
loading totals were calculated by multiplying effluent concentrations by the volume collected.

During regeneration, samples were periodically collected from the effluent stream to determine
when the column had been fully regenerated. Total effluent ammonia concentrations were
measured per 20-L of collected volume. All samples were analyzed within an hour of collection
to minimize ammonia loss. Ammonia concentrations were obtained based on the colorimetric
salicylate method. Reagents were added to 5 mL of solution and allowed to react for 20 minutes.
Absorbance at 700 nanometers (nm) was recorded and compared to standard calibration values.

Samples were diluted as necessary to obtain absorbance values within the linear calibration range
(0.2 -1.3 mg-N/L).

Brine collected from regenerating the clinoptilolite media was transferred to an ammonia
electrolysis process. The brine was heated to 55°C before treatment. A voltage of 0.925 volts (V)
was applied across the membrane supported electrodes. Gas volumes were measured in 100 mL
increments with a tip meter.

5.6 SAMPLING METHODS AND ANALYSIS
Table 5.6 and Table 5.7 summarize the sampling and analytical methods, respectively, conducted

for the demonstration. Additional details on specialized analytical methods are presented below.
Quality assurance is discussed in Appendix D.
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Table 5.6 Performance Monitoring Schedule Indicating Total Number of Analyses Conducted for the Gas-sparged and GAC-fluidized AnMBRs.
Strainer Ei:ﬂllaent AnMBR? UF Permeate® UF Membranes %‘:)S;{J;;lt'(l:f Coagulationl-) Sedimentation® Ion Exchange®
Composite Effluent® Flocculation
Liquid Samples
pH 61 106 5 59 5
ORPP 4
Total COD 196 211 23 4
Filtered COD 216
Total BODs 108 101 3
Volatile fatty acids (VFAs) 53
Alkalinity® 4
Hardness® 3
Specific conductivity® 4
TDS® 4
Total nitrogen® 42 45 27 4
NH;-N® 25 40 28 34
NO;® 3
NO®
Sulfate 134 137 1
Sulfide 3 66 16 34 5
Total phosphorus® 43 44 28 3
Filtered iron® 57 4
TSS 197 132 12 25 4
VSS 175 132 12 25
FSS 44
Turbidity 17 3
Dissolved methane 137 36
Chlorine demand® 4
E. coli and total coliforms® 2
TS® 76
Vs 70
FS?
Microbial Ecology See text

Solid/Sludge/Media/Membrane Samples
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Gas-Liquid

Strainer Ef.ﬂuaent AnMBR? UF Permeate® UF Membranes Contactor Coagulationl-) Sedimentation® Ion Exchange”
Composite Effluent® Flocculation
RCRA metals (As, Ba, Cd, Cr, Pb, Hg, Se, Ag)® 2
Metals/non-metals (Al, Ca, Fe, K, Mg, Na, P, S)° 1
Chlorine® 1
Carbon, hydrogen, and nitrogen® 1
Oxygen® 1
Sulfur® 1
Dewaterability® 2 1
Part 503 biosolids analyses®® 2
NH;-NP 6
Membrane autopsy 6
Gas Samples
CHa, CO2, Np, O5° 8
Siloxanes® 2
H,SP 6
Notes

2Both Ft. Riley and Bucheon demonstrations.
b Ft. Riley demonstration only.

¢ Enteric viruses, fecal coliforms, Salmonella, total solids, and viable helminth ova.
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Table 5.7 Analytical Methods for Sample Analysis.
La.b or . . . Minimum Sample
Analyte Lab Fleld. Method Container Preservatives Hold Time Required
Analysis
Liquid Samples
pH KSU/Inha Field SM 4500 NA Analyze immediately Analyze immediately 50 mL
ORP KSU/Inha Field SM 2580 NA Analyze immediately Analyze immediately 50 mL
Total COD KSU/Inha Lab Aerate 10 min then SM 5200D/Hach 8000 250 mL poly H,S04, Cool to 4° C+ 2° 28 days 50 mL
Filtered COD KSU/Inha Lab Aerate 10 min then SM 5200D/Hach 8000 250 mL poly H,S04, Cool to 4° C+ 2° Filter immediately, 28 days 50 mL
Total BODs KSU/Inha Lab Aerate 10 min and then SM 5210B 250 mL poly Cool to 4° C+2° 48 hours 100 mL
Volatile fatty acids (VFAs) KSU Lab HPLC (see text for method description) 2 mL amber glass vial H,S04, Cool to 4° C+ 2° 14 days SmL
Alkalinity KSU Lab SM 2320B 250 mL poly Cool to 4° C+2° 14 days 50 mL
Hardness KSU Lab Hach 8030 250 mL poly Cool to 4° C£2° 6 months 50 mL
Specific conductivity KSU Lab SM 2510 250 mL poly 14 days, Cool to 4° C+ 2° 28 days 100 mL
TDS KSU Lab SM 2540C 250 mL poly Cool to 4° C+ 2° 7 days 500 mL
Total nitrogen KSU Lab USGS WRIR 03-4174 250 mL poly Cool to 4° C+2° 7 days 150 mL
NH;-N KSU/Inha Lab SM 4500-NH3 500 mL poly H,S04, Cool to 4° C+ 2° 28 days 400 mL
NOs KSU Lab EPA 353.2 250 mL poly H,S04, Cool to 4° C+ 2° 48 hours 150 mL
NO; KSU Lab EPA 353.2 250 ml poly H,S04, Cool to 4° C+ 2° 48 hours 150 mL
Sulfate KSU/Inha Lab SM 4110B 250 mL poly Cool to 4° C+2° 28 days 60 mL
Total sulfide KSU Field SM 4500 S2 D (Hach method 10254) 250 mL poly Analyze immediately Analyze immediately 60 mL
Total sulfide Inha Field SM 4500G 250 mL poly Analyze immediately Analyze immediately 60 mL
Total phosphorus KSU Lab USGS WRIR 03-4174/EPA 365.2 250 mL poly Cool to 4° C£2° 7 days 150 mL
Total phosphorus Inha Lab SM 4500P 250 mL poly Cool to 4° C+2° 28 days 150 mL
Filtered iron KSU Field Hach 8112 250 mL poly filtered, no preservative Analyze immediately 100 mL
TSS KSU/Inha Lab Shﬁﬁ:fe%%zzrgfrg izrl‘:lil‘l’: Yere not (f‘tb}ests")be 250 mL poly Cool to 4° C+ 2° 7 days 200 mL
VSS KSU/Inha Lab Shgl%:rig,lilfjsrrzi)(lfrtseg ‘S/zrl?lzlfss \V/Vgr;nréolisgfstg)be 250 mL poly Cool to 4° C+2° 7 days 200 mL
FSS KSU/Inha Lab Sl\%ﬁ:i%%if?:pﬁi Svaéﬁféfz ;Vser;’nr(‘i";stbéests")be 250 mL poly Cool to 4° C+ 2° 7 days 200 mL
Turbidity KSU Field EPA 180.1 250 mL poly Analyze immediately 48 hours 50 mL
Dissolved methane Contract Lab Lab EPA RSK SOP-175, (Kampbell et al. 1989) 40 mL vial (2) Cool to 4° C+2° 7 days 80 mL
Dissolved methane Inha Lab GC (see text for method description) 54 mL serum bottle Analyze immediately Analyze immediately 54 mL
Chlorine demand KSU Lab Hach 10223 (adapted from SM 2350B) 250 mL poly Cool to 4° C+ 2° 24 hours 1L
Temperature KSU/Inha Field Thermometer 250 mL poly no preservative Analyze immediately -
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Lab or

Minimum Sample

Analyte Lab Field Method Container Preservatives Hold Time .
. Required
Analysis
E. coli and total coliforms KSU Lab SM 9223B (Colilert) 250 mL poly NaS,S0; (tablet), Do not freeze 24 hours 250 mL
TS KSU Lab SM 2540 B 250 mL poly Cool to 4° C+ 2° 7 days 100 mL
VS KSU Lab SM 2540 G 250 mL poly Cool to 4° C+2° 7 days 100 mL
FS KSU Lab SM 2540 G 250 mL poly Cool to 4° C+ 2° 7 days 100 mL
Microbial ecology KSU/Inha Lab See text for methods NA Cool to -80° C 1 year 50 mL
Solid/Sludge/Media/Membrane Samples
RCRA Metals (As, Ba, €4, Cr, Pb, | ey Loy Lab EPA 3050B/EPA 6010B/EPA 7470 250 mL poly or 2 oz. glass Cool to 4° C+2° 28 days for Hg, 180 days for 200 mL of 2 oz.
Hg, Se, Ag) wide mouth rest of metals
Metals/non-metals (Al Ca, Fe, K, Mg, KSU Lab EPA 3051 A/ICP-OES 250 mL pply or 2 oz. glass Cool to 4° C:+ 2° 180 days 0.5¢
Na, P, S) wide mouth
Chlorine KSU Lab EPA 9056A Al gl G 2 07, (e Cool o 4° Cx 2° 28 days 0.5¢
wide mouth
. 250 mL poly or 2 oz. glass o o
Carbon, hydrogen, and nitrogen Contract Lab Lab ASTM D5373 . Cool to 4° C+2 28 days 05¢g
wide mouth
Oxygen Contract Lab Lab ASTMS5622 A1l Ly 02 072, I Cool to 4° C+ 2° 28 days 0.5¢
wide mouth
Sulfur Contract Lab Lab ASTMD439 250 mL poly or 2 0z. glass Cool to 4° C:+ 2° 28 days 0.5g
wide mouth
. Bucknell
Dewaterability . . Lab See text for method 5-gallon bucket None NA 5 gallons
University
Part 503 Biosolids Analyses
o ASTM Method D 4994-89, Part A and B
Enteric viruses
] EPA 1680 (MPN)
Fecal coliforms .
Salmonella Contract Lab Lab EPA 1682 Five 1-L bottles Cool to 4° C+ 2° Method-dependent 5L
. SM 2540G
Total Solids
) : Yanko, 1987/EPA600/1-87-014
Viable Helminth Ova
NH3-N CERL Lab See text for method 250 mL poly Cool to 4° C£2° 7 days 250 mL
American
Membrane autopsy Water Lab See text for methods NA NA NA NA
Chemicals
Gas Samples
CHs4, CO2, Ny, O, Contract lab Lab Grab sample = ASTM D1945 1-L Tedlar bag no preservative 72 hours 1 liter
Siloxanes Contract lab Lab ALS Global Siloxane Method 111 Siloxane sorbent tube no preservative 14 days 6 liters gas
H,S Contract lab Lab ASTM D5504 1-L Tedlar bag no preservative 24 - 48 hours 1 liter
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5.6.1 Volatile Fatty Acids

Kansas State University (KSU) measured volatile fatty acids (VFA) using a high performance
liquid chromatograph (HPLC) equipped with an Aminex HPX-87H column, photo diode array,
and refractive index detectors, as described previously (Parameswaran et al. 2009). At Inha, VFA
concentrations were determined with an HP 6890 series gas chromatograph (GC) using a flame
ionization detector (FID) as described previously (Shin et al. 2011).

5.6.2 Gas and Dissolved Methane Analysis

Gas samples collected from the gas-sparged AnMBR were analyzed by contract laboratories using
methods listed in Table 5.7. For the GAC-fluidized AnMBR, biogas was collected in a Tedlar bag
(Dupont Corp., Delaware) and measured volumetrically with a MilliGascounter (Ritter, Germany).
Gas composition (methane, carbon dioxide, nitrogen and oxygen) was determined using a GC with
thermal conductivity detector (HP6890 series gas chromatograph, Hewlett-Packard Company,
USA). Dissolved methane concentrations were measured as described previously
(Shin et al. 2012). For this, effluent samples were collected without air contact in 54-mL serum
bottles which were then sealed with rubber stoppers and aluminum caps. A 27-mL sample was
removed from each bottle with a syringe and simultaneously replaced with N2 gas. NaOH
(3N, 0.2 mL) was then injected into the serum bottle to inactivate bacteria and capture CO2. The
serum bottles were then equilibrated for about an hour on a 35°C shaker, and head-space gas
composition was measured.

5.6.3 UF Membrane Analyses

Diagnostic analysis (i.e., autopsy) of the membranes from the AnMBRs at the end of the
demonstration was conducted by American Water Chemical (www.membranechemicals.com).
These analyses included:

e Scanning electronic microscopy (SEM) with energy dispersive spectroscopy (EDS) to
characterize the elemental composition of membrane foulants.

e Fourier transform infrared spectroscopy to characterize organic foulants.

e Raman spectroscopy to determine the presence of elemental activated carbon on the
GAC-fluidized AnMBR UF membranes.

e Loss on ignition test on foulants for volatiles, organic carbon, total inorganic carbon, total
inorganic non-carbon for further characterization.

Additional information is included in the reports in Appendix E.
5.6.4 Dewaterability Testing

Dewaterability testing of gas-sparged AnMBR samples was conducted by Dr. Matt Higgins at
Bucknell University and included determining optimum polymer dose, dewatering the sludge
using belt filter press fabric placed inside a centrifuge, and then analyzing the TS and VS
contents of the dewatered sludge and monovalent/divalent cation contents of the centrate.
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These analyses were conducted using previously published methods (Higgins et al. 2014, Higgins
and Novak 1997). Additional details from the Bucknell University Report (see Appendix F) are
included below.

Two shipments of samples were received. The first shipment was in late April 2017 and contained
a sample from the AnMBR while the second shipment contained two samples, one from the
AnMBR and the other from the sedimentation basin. A high molecular weight, cationic polymer
(SNF, 6440) was made to a 0.25% concentration on the day of the dewatering experiment. First,
the optimum polymer dose was determined by establishing the polymer dose-response curve using
capillary suction time (CST) as the measure of the extent of conditioning and floc formation. A
500-mL sample of digestate was placed in a 2-L, baffled circular container. The polymer was
added to the solids and mixed using a single-paddle mixer at 563 rpm for 30 seconds (s), followed
by 54 rpm for 90 s, after which the CST was measured. The dosage with the lowest CST was
considered the optimum polymer dose, and this sample was then dewatered.

Dewatering was performed by first gravity draining the solids on belt filter press fabric for a
minute. The drained solids were then placed in a specially designed belt filter press centrifuge cup.
These cups comprise a piece of belt filter press fabric that was suspended approximately half way
up the height of the cup. The samples were then centrifuged at 2075 x the gravitational force on
earth (g) for 10 minutes, and the cake was scraped off the belt filter press fabric for analysis for
TS and VS. The cakes are also analyzed for their odorant production potential. Duplicate cake
samples were generated and analyzed for each sample.

5.6.5 Microbial Ecology Analyses for the Gas-Sparged AnMBR

The objective of the microbial ecology analyses for both the gas-sparged AnMBR and
GAC-fluidized AnMBR is to: 1) characterize transitions between various acetoclastic and
hydrogenotrophic methanogenenic archaea as temperatures change, and 2) identify any potential
associations between microbial ecology and biofouling of the membranes. For example, we know
that with such low COD concentrations in municipal wastewater, Methanosaeta rather than
Methanosarcina will be the dominant aceotclastic methanogen present. If not, then we are not
likely to get efficient treatment. Additionally, as temperatures decrease, hydrogenotrophic
methanogenesis may become more dominant than acetoclastic methanogenesis. Temperature also
dictates the nature of the syntrophic partnership between the volatile fatty acid degrading bacteria
and the methanogens, which is critical for process stability. For instance, propionate degrading
bacteria in association with the methanogens could hold a key role to avoid VFA buildup and their
microbial diversity and predominance could change with temperature. Microbial ecology studies in
combination with other analyses (e.g., volatile fatty acid distribution) and knowledge of AnMBR
operating conditions may provide useful diagnostic information with respect to understanding
AnMBR performance under a variety of environmental conditions. Biofouling can also be strongly
controlled by microbial ecology. The microbial startup dynamics of the AnMBR for a mesophilic or
a psychrophilic startup followed by ambient operation could also be valuable information for
future successful deployments of AnMBR technology under various climatic conditions. One can
optimize the startup time through a thorough understanding of the microbial interactions during
the startup phase as a function of temperature, through bioaugmentation and continued monitoring
of the chemical parameters and the critical microbial partners. These analyses in combination
with other analyses such as extracellular polymeric substances may enhance our understanding.
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It is not clear whether these analyses will lead to useful tools for full-scale AnMBR applications,
but they may do so. In either case, the results may allow us to increase our understanding of the
process.

Sample preparation and DNA extraction

A biomass sample was preserved from the seed inoculum, and subsequent bioreactor samples
(8 total) were collected from the middle sample port of the primary bioreactor. The bioreactor
samples represented a great range of temperatures and operational performance conditions, as
shown in Table 5.8 below.

Table 5.8 Summary of Key AnMBR Operation Parameters During Biomass Sampling

Reaction Condition AnMBR operation time corresponding to DNA sampling (days)
0 157 203 222 229 243 257 262 271

Dates of Operation | 7/13/16 | 12/19/16 | 2/3/17 | 2/22/17 | 3/1/17 | 3/15/17 | 3/29/17 | 4/3/17 | 4/12/17
Influent COD (mg/L) | 430 560 410 610 980 840 320 510 540
Permeate COD (mg/L) | -- 42 46 46 48 61 74 96 64
HRT (h) 8.6 13 14 15 13 14 10 11 10
SRT (days) N.D. 68 68 68 68 69 66 66 66
OLR (kg m-3 d-1) 0.88 1.5 0.9 1 1.9 1.5 0.73 1.2 1.3
Bioreactor VS (mg/L) | 13,000 | 5,800 7,100 | 8,700 | 5,500 | 4,300 | 9,900 | N/A 11,000
COD removal (%) - 92 89 92 95 93 77 81 89
Net flux (LMH) 13 6 5.9 6 7 7 8 8 8

Bioreactor sludge samples were centrifuged in an Eppendorf centrifuge 5920 R (Hauppauge, New
York, USA) at 21,000 relative centrifugal force to concentrate the biomass so that the excess water
could be easily excluded. Table 5.9 shows the results of three different deoxyribonucleic acid
(DNA) kits, MO BIO PowerSoil DNA Isolation Kit (Carlsbad, California, USA), and E.Z.N.A.®
Water and Soil DNA Kit (Norcross, Georgia, USA), that were used to compare the effectiveness
of each one using the same sample. Higher nucleic acid concentrations and a ratio of 1.8-2.2 is
considered adequate for the 260/280 and 260/230 ratios, which are ratios of the nucleic acid to
contaminants.

Table 5.9 Comparison of Three Different DNA Extraction Kit Results Using the Same
Sample.

Kit Type Nucleic Acid Concentration (ng/pl) | 260/280 | 260/230

MoBio Soil 51 1.78 1.44
E.Z.N.A. Soil 228 1.87 1.56
E.ZN.A. Water 694 1.9 1.58
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DNA was extracted from roughly 0.5 g (wet weight) biomass samples using the most effective
DNA kit, the E.Z.N.A.® Water DNA Kit (Norcross, Georgia, USA) and samples were stored at -
20°C. The Thermo Scientific NanoDrop™ 2000c¢ (Wilmington, Delaware, USA) was used to
quantify nucleic acid concentrations and quality of DNA samples.

High-throughput microbial community analysis

To determine the structure of the Bacterial and Archaeal community during startup of the AnMBR,
DNA was sequenced at MR DNA (www.mrdnalab.com, Shallowater, TX, USA) on an Illumina
MiSeq (Illumina, USA). 16S ribosomal ribonucleic acid (rRNA) universal prokaryotic primers
519F and 806R (Angenent et al. 2002), with barcode on the forward primer, were used to amplify
the V3 and V4 hyper-variable region of this highly conserved gene (Ariesyady et al. 2007). The
reads were paired-end sequenced with DNA fragments consisting of 2 x 300 base pair (bp) reads
using an Illumina MiSeq with the MiSeq Reagent Kit v3.

MR DNA provided sequencing data in fasta, mapping, and quality files that were processed using
the QIIME v. 1.9.1 pipeline (Caporaso et al. 2010). The data set was first de-multiplexed by
barcode decoding and the sequences were filtered to remove low-quality reads using the script,
split_libaries.py. The total sequence count was 760,810 with a minimum of 74,698 for sample 6
and a maximum of 91,511 for sample 2. Next, the sequences were aligned and binned into
operational taxonomic units (OTUs) in a BIOM-formatted OTU table at 97% similarity and the
taxonomy was assigned with UCLUST consensus taxonomy assigner using the script,
pick de novo otus.py. This script uses the 16S rRNA gene database, Greengenes 13 8
(McDonald et al. 2012). Finally, the singletons were removed and taxonomy charts and tables were
created using the scripts, filter otus from otu table.py and summarize taxa through plots.py.

5.6.6 Microbial Ecology Analyses for the GAC-Fluidized AnMBR
Biomass sample collection and total genomic DNA extraction

Biomass samples from the GAC-fluidized AnMBR were taken at day 342, 436 and 555. GAC
samples were collected from the AFBR and AFMBR reactors at all time points. The bulk liquid
from AFMBR reactor was sampled at all time points while an additional bulk liquid from the
AFBR reactor was obtained for day 436. To examine the influence of influent sewage on the
system’s microbiome, the influent sewage was also sampled at day 555. The reaction conditions
at the points of sampling are provided in Table 5.10.
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Table 5.10  Reactor Conditions at the Three Sampling Time Points.

. Sample
Reactor Condition
Day 342 Day 436 Day 555
Raw sewage

Influent Raw sewage Raw sewage supplemented with COD
Temperature (°C) 14 25 26
HRT (h) 7.3 4.8 3.2
SRT for suspended solids (h) 490 320 130
OLR (kg m™ d™) 0.9 1.0 2.7
Influent COD concentration 290 200 360
(mg/L)
Permeate COD concentration 69 3 63
(mg/L)
COD removal efficiency (%) 76 84 83
Influent SS concentration
(TSS/VSS) 160/120 87/65 160/140
(mg/L)
?r;l:;LS')S concentration (TSS/VSS) 4000/3100 2700/1700 2200/1800

Total genomic DNA extraction was performed using the PowerSoil DNA Isolation Kit
(MO BIO Laboratories, Carlsbad, CA, USA) according to the manufacturer’s instruction. Prior to
DNA extraction, biomass pre-concentration was performed. For bulk and influent sewage samples,
the samples were filtered through 0.2-um sterilized cellulose nitrate filters to pre-concentrate the
biomass. The filters were cut into smaller pieces and placed into the PowerBead Tubes supplied
with the PowerSoil DNA Isolation Kit for DNA extraction. For the GAC samples, the samples
were washed with 4% autoclaved NaCl solution twice before the liquid was decanted. The layer
of GAC sample was suspended in autoclaved water and sonicated to promote the detachment of
biofilm from GAC. The suspension was transferred to a mortar and grinded to powder with a pestle
followed by another round of sonication. The resultant blacken suspension was collected with a
50-mL centrifuge tube and centrifuged at 8,000 rpm, room temperature for 10 min. The supernatant
was discarded, and the residual pellet was used for DNA extraction. The concentration and purity
of the extracted DNA were assessed by NanoDrop Lite spectrophotometer (Thermo Scientific,
USA) at A260 nm and A260/A280 absorbance ratio, respectively.

Bacterial and archaeal 16S rDNA sequencing, data processing and analysis

Extracted DNA samples were sent to Novogene (Beijing, China) for bacterial and archaeal
16S rDNA sequencing using primer sets 515F (5 GTGCCAGCMGCCGCGGTAA 3’)/ 806R
(5 GGACTACNNGGGTATCTAAT 3’) and 519F (5° CAGCCGCCGCGGTAA 3’°)/ 915R
(5> GTGCTCCCCCGCCAATTC 3’), respectively. Both primer sets amplify the V4 variable
region of the 16S rRNA gene. Sequencing was performed on the Illumina HiSeq 2500 platform
(ITlumina Inc, San Diego, CA, USA) with at least an average of 30,000 raw reads per sample.
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A total of 796,949 clean bacterial 16S rDNA sequences and 714,124 clean archaeal 16S sequences
were generated and processed with the Mothur pipeline (version 1.39.5) (Schloss et al. 2009)
according to the parameters described in Tan et al. (2016). Chimeric sequences and sequences with
ambiguous bases were discarded. Non-bacterial and non-archaeal sequences were further removed
from the bacterial 16S rDNA and archaeal datasets, respectively. Clean bacterial 16S rDNA
sequences (350 to 400 bp) were aligned to the SILVA database (release 132) (Wang et al. 2007)
at a pseudo-bootstrap cutoff value of 60%. The reads were subsequently clustered into OTUs at a
97% sequence similarity. Cluster analysis employing the Bray-Curtis index was performed to
compare the bacterial and archaeal community structure and composition between the samples.
The Bray-curtis index was chosen, as it considers the presence and absence of taxa as well as
abundance of species. Because the samples were obtained from the same reactor system, the
changes in taxa make-up and species abundance are integral features of the system operation.
Hence, the Bray-Curtis index is well-suited for this cluster analysis application. To compare the
16S rDNA sequences to available sequences in GenBank, The National Center for Biotechnology
Information (NCBI) BLAST program (http://www.ncbi.nlm.nih.gov/) was used.

5.6.7 Data Analysis

Data evaluation involved comparison of results for each pilot system to the performance objectives
and to each other. The systems are different in several aspects as described above, and the
wastewater composition and concentration were also different. Therefore, it was important to
provide a basis for comparison.

Several types of comparisons were made, including: 1) percent contaminant removal and effluent
contaminant concentrations, 2) membrane flux, TMP and permeability, and 3) energy footprint.
Comparisons to performance objectives were made using Student’s t-test. Estimation of rate
constants was conducted, but the results were not accurately reflective of system kinetics, so results
are not reported.

A steady-state mass balance conducted on element i (e.g., S, P, Fe) entering and leaving the
coagulation-flocculation process is presented below where Q is the water flow rate, C" and C°!%
are the aqueous (i.e., dissolved) concentrations of component i in the water, C%4ss is the TSS
concentration in the aqueous solid suspension leaving the flocculator (i.e., prior to sedimentation),
and C*i%; is the weight percentage (dry basis) of component i in the TSS.

in out _ out ~solids
QC" — QC™ = QR € ()
Recovery is defined as:
C’qugcisolids
Recovery = =5~ —ur ()
l l

The energy footprint determined whether each system was energy-negative, -neutral, or -positive.
Engineering calculations in combination with measured parameters (e.g., flow rates, pressure loss,
methane yield) were used to estimate energy consumption of the various processes. Energy
consumption associated with pumping (e.g., recirculation for mixing or GAC-fluidization) of
incompressible fluids (i.e., water) was estimated as follows (Kim et al. 2011):
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£ _ QpumpHgp

pumping —

(3)

n Qpermeate

Where Epumping is the pumping energy consumed per unit volume of permeate, Qpymyp is the
recirculation or fluidization pump flow rate for which the energy consumption was calculated, H
is the head loss associated with pumping, g is the gravitational constant, p is the density of water,
n is the pump efficiency (assumed to be 65%), and Qpermeate 1 the permeate flow rate averaged
over the combined pumping/relaxation cycle.

Energy consumption associated with adiabatic pumping of compressible fluids (i.e., biogas
sparging and vacuum extraction of dissolved methane) was estimated as follows (Crone et al. 2016,
Green and Perry 2008):

k-1

i kQinPin Pout(T)
E . = — | == -1 4
adiabatic (k_l)nQpermeate lpin l ( )

where E gigpatic is the adiabatic sparging or evacuation energy consumed per unit volume of
permeate, k is the heat capacity ratio, Q;, is the actual inlet volumetric flow rate, P, is the inlet
absolute gas pressure (i.e., atmospheric pressure in the case of biogas sparging or absolute pressure
of the vacuum in the gas-liquid contactor in the case of dissolved methane removal using a vacuum
pump), P,,; 1s the outlet absolute gas pressure (i.e., compressed gas in the case of biogas sparging
or atmospheric pressure in the case of dissolved methane removal using a vacuum pump), 7 is the
pump efficiency (assumed to be 65%), and Qpermeqte 1 the permeate flow rate averaged over the
combined pumping/relaxation cycle. An average value of 1.3 was used for k based on the values
for methane (1.32), nitrogen (1.4), and carbon dioxide (1.28).

Energy production from generated methane was estimated as follows:

E _ Wmethane QLHVU 5
generation — FW. ( )
methane Qpermeate

Where Egenemtion is the electrical energy produced by a generator per unit volume of permeate,
Winethane 18 the methane mass flow rate, Q.yy is the lower heating value of methane
(0.222 kWh/gram-mole), n is the generator efficiency (assumed to be 38%), FW,,ethane 1S the
formula weight of methane, and Qpermeqte 15 the net permeate flow rate averaged over the
combined pumping/relaxation cycle.

5.7 SAMPLING RESULTS
5.7.1 Gas-Sparged AnMBR Bioreactor Operating Conditions

The gas-sparged AnMBR bioreactor tank was filled with 1.3 cubic meters (m?) (350 gal) of
mesophilic anaerobic digester sludge from the Topeka, Kansas wastewater treatment plant on
July 13, 2016 and operated for 487 days. The initial operating conditions included a feed
flow rate of 3.3 cubic meters per day (m’/d) and a bioreactor operating volume of 1.3 m?.
The feed flow rate and bioreactor volume were varied over the course of the demonstration.
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Certain periods of no or low flow were associated with mechanical failures (e.g., high pressure
shutdown associated with a clogged strainer). These variations in combinations with natural
variations in the feed COD concentration led to operating over a range of HRTs and OLRs (Figure
5.11). The average HRT was 11+£3 h which is less than the performance objective of 20 h (p <
0.0001). The level sensor in the bioreactor tank became fouled with sludge and overestimated the
liquid volume through day 283. Thus, the average HRT is likely overestimated. The average OLR
was 1.3+0.5 kg-COD m™ d'!, which is greater than the performance objective of 0.6 kg-COD m™
d! (p <0.0001).

Figure 5.11 Gas-sparged AnMBR Volume and Flow Rate (a) and Calculated Hydraulic
Residence Time and Organic Loading Rate (b).

Volume and hydraulic residence time include both the bioreactor and the membrane tank. Volume
measurements through day 283 are approximate because the level transmitter became fouled with sludge.
Volume measurements from day 284 onward were from manual level measurements. HRT and OLR
values are thus estimated prior to day 284.

Initial operation of the bioreactor did not involve regular wasting of sludge to allow time for the
inoculum to acclimate to the Ft. Riley wastewater. During this time, efforts were made to improve
mixing in the bioreactor by varying the flow rates of the mixing pumps, varying the recirculation
piping configuration, changing the bioreactor operating volume, and periodically wasting sludge.
Regular wasting of sludge commenced on day 224 (Figure 5.12). The wasting percentage
(defined as the volume wasted divided by the volume of wastewater treated) for this period was
0.7£1.1% and translated to an SRT of 60+27 d. Combined total solids and volatile solids
concentrations and masses in the bioreactor and membrane tanks varied over time as shown in
Figure 5.13. The average TSS and VSS concentrations were 9,100+6,100 mg/L and
7,100+£4,700 mg/L, respectively. The initial decrease is thought to be due to inadequate mixing
and sludge settling in the bioreactor. A second perturbation and ultimate decrease occurred around
day 300 during a major wasting event intended to decrease the concentrations of colloidal organics
(i.e., defined herein as 0.04 to 1.2 um). This colloidal fraction was hypothesized to be fouling the
ultrafiltration membranes as described in Section 5.7.14.
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Figure 5.12 Gas-sparged AnMBR Solids Wasting Rate and Rsidence Time.

Wasting percentage is volume wasted as a percentage of volume fed. Regular wasting did not commence
until day 224.

Figure 5.13 Gas-sparged AnMBR TSS and VSS Concentrations (a) and Mass (b) in the
Bioreactor and Membrane Tank.

The apparent increases around day 300 may be associated with mixing of solids that may have settled in
the bottom of the bioreactor.
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5.7.2 GAC-Fluidized AnMBR Bioreactor Operating Conditions

The demonstration for this study was initiated on April 5, 2016 which is defined as day 0. The initial
operating conditions included a feed flow rate of 8.9 m*/d. The total active volume (i.e., volume
occupied by fluidized GAC and inclusive of the bioreactor and the membrane tank) was constant
(1.8 m*) and was not varied. The feed flow rate was varied over the course of the demonstration.
Certain periods of no or low flow were associated with mechanical failures. These variations, in
combinations with natural variations in the feed COD concentration, led to operating over a range
of HRT and OLR (Figure 5.14). The average HRT was 3.9+1.0 h, which is less than the performance
objective of 20 h (p <0.0001) and 65% less than the average HRT for the gas-sparged AnMBR. The
average OLR through day 475 was 1.4+0.5 kg-COD m™ d!, which is greater than the performance
objective of 0.6 kg-COD m™ d! (p < 0.0001) and similar to the OLR for the gas-sparged AnMBR.
OLR based on total GAC mass is also presented for comparison (Figure 5.14c). Supplemental COD
comprised of urea, NH4Cl, KoHPOs, starch, milk powder, and dried yeast was fed to the GAC-
fluidized AnMBR after day 475 to increase the COD concentration. From day 476 to day 535, the
OLR was increased incrementally but averaged 2.2+0.5 kg-COD m™ d™'.

Figure 5.14 GAC-fluidized AnMBR Volume and Flow Rate (a), Hydraulic Residence
Time, Volumetric Organic Loading Rate (b), and Organic Loading Rate per ass GAC (c¢).

Volume and hydraulic residence time include both the bioreactor and the membrane tank and only the
volume occupied by fluidized GAC.

69



The wasting percentage was varied over the demonstration for the purpose of maximizing UF
membrane flux and minimizing fouling (Figure 5.15). This percentage (2.1+1.0%) was about
three-fold greater than that for the gas-sparged AnMBR (0.7+1.1%), which would lead to a greater
volume of waste sludge volume requiring management. The average suspended solids residence
time (sSRT) was 11+5 d but varied in response to the varying wasting rate and HRT. The sSRT
accounts only for sloughed solids and solids that enter the bioreactor with the feed flow and remain
suspended. It does not consider the biofilm, which would be expected to have a much greater SRT.
The sSRT for the GAC-fluidized AnMBR was less than the SRT for the gas-sparged AnMBR
(60+27 d). Variation in the GAC-fluidized AnMBR wasting rate, HRT, sSRT, and possibly
influent solids concentrations led to changes in the TSS and VSS concentrations (Figure 5.16).
The average TSS and VSS concentrations were 2,700+1,600 mg/L and 1,800+£960 mg/L,
respectively. These values are 25 to 30% of the gas-sparged AnMBR values. Thus, the
GAC-fluidized AnMBR generally operated with lower solids concentrations and HRTs than the
gas-sparged AnMBR, as would be expected for a biofilm system.
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Figure 5.15 GAC-fluidized AnMBR Solids Wasting Rate and Suspended Solids
Residence Time.

Wasting percentage is volume wasted as a percentage of volume fed. Suspended solids residence time
includes suspended solids only and not biofilm solids.
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Figure 5.16 GAC-fluidized AnMBR TSS and VSS oncentrations.
5.7.3 Gas-Sparged AnMBR Organics Destruction

Performance data for COD and BODs removal in the gas-sparged AnMBR are shown in
Figure 5.17. Average influent and effluent COD concentrations for the period spanning from 17 to
472 days were 610+260 mg/L and 71+41 mg/L, respectively. The period from 1 to 16 days was
excluded because this represented startup, and much of the COD was associated with the Topeka
wastewater treatment plant anaerobic digester digestate. The period after 472 days was excluded
because the pH of the raw sewage decreased, which led to a decrease in the bioreactor pH
(Figure 5.17c). The effluent COD concentration is the AnMBR UF membrane permeate
concentration and does not reflect further removal that may have occurred during coagulation,
dissolved methane removal, or clinoptilolite ion exchange. The average permeate concentration of
71 mg/L was greater than the performance objective of 60 mg/L. However, an intentional sludge
wasting event was conducted from day 300 to 314 (Figure 5.12) which led to a large decrease of
volatile solids in the bioreactor (Figure 5.13b). The active microbial population would have
decreased commensurately during this wasting event, resulting in less potential to destroy the
organics and the operating OLR (Figure 5.10b). The percent removal of COD decreased in
response to the decrease in bioreactor VS mass (Figure 5.17¢). While the bioreactor pH did not
decrease in response to this apparent overloading (Figure 5.17c), an increase in VFAs was
observed in response to the wasting event (Figure 5.18). The permeate COD was similar to the
calculated COD of the measured VFAs, and the increase was associated with acetate, butyrate,
isobutyrate, and valerate. VFA concentrations returned to pre-wasting concentration around day
360 (Figure 5.18) as did the total permeate COD (Figure 5.17a). Thus, the wasting event, which
was conducted to address membrane fouling as described below, led to an overloading condition
and was the cause of the temporarily elevated permeate COD. If the permeate data from day 300
to 355 (i.e., during the wasting event and during the period of elevated VFAs) are not included in
the analysis, the effluent COD concentration was 58+27 mg/L, which is less than the performance
objective, but the difference is not statistically significant (p=0.34). The average COD removal
was 90+4%.
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The BODs concentrations followed a similar pattern to the COD concentrations. The influent and
effluent BODs concentrations for the period spanning from 17 to 472 days were 250+£110 mg/L
and 29+15 mg/L, respectively. The BODs was observed to increase transiently following the
intentional wasting event on day 300 (Figure 5.17b). The percent removal of BODs decreased
simultaneously to the decrease in bioreactor VSS mass (Figure 5.17¢). If the period from day 300
to 355 is excluded, the permeate concentration was 25+12 mg/L. This value is less than the
performance objective of 30 mg/L (p=0.004) but greater than the reuse objective of 10 mg/L. The
average BODs removal was 89+5%.

One of the objectives of this demonstration was to evaluate the effect of temperature on organics
removal. Figure 5.17c illustrates that COD and BODs removals were not negatively impacted by
low temperatures reaching a minimum of 12.7 °C. The overloading condition did lead to transient
COD and BODs concentrations greater than the 60- and 30-mg/L performance objectives
(Figure 5.18a and b). A reduction in organics removal was also observed on day 257, when the
temperature was 18°C and increasing; the reason for the organics removal reduction at this time
could not be determined. Organics removal was seriously impacted on day 479 as a result of low
influent and bioreactor pH. The effects of temperature on organics removal are evaluated further
in Section 5.7.5.
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Figure 5.17 Gas-sparged AnMBR COD (a), BODs (b), and Removals (c¢) by the
Bioreactor and UF Systems.

Effects of temperature, volatile solids mass, and pH on VFA concentrations and removals (c) are also
shown.
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Figure 5.18 Gas-sparged AnMBR Permeate COD and VFAs Expressed as COD in
Response to Bioreactor Sludge Wasting Event (a) and VFA Composition (b).

5.7.4 GAC-Fluidized AnMBR Organics Destruction

Performance data for COD and BODs removal in the GAC-fluidized AnMBR are shown in
Figure 5.19. Average influent and effluent COD concentrations for the period of no COD
amendment spanning from 8 to 475 days were 240+70 mg/L and 40+20 mg/L, respectively. The
average permeate concentration of 40 mg/L was less than the performance objective of 60 mg/L
(p <0.001). On day 263 the bioreactor recirculation pump was accidentally reversed, and about
30% of the GAC was ground and discharged from the system. New, virgin GAC was added to the
bioreactor on day 277. Similar to the data analysis done for the gas-sparged AnMBR, the data
during the upset and the period of elevated VFAs (i.e., through day 439) were excluded from the
analysis. In this case, the effluent COD was 2949 mg/L. The average COD removal was 86+3%
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compared to 90+4% for the gas-sparged AnMBR. The reason for the difference in percent removal
is mainly associated with the different influent COD concentrations (i.e., 6104240 mg/L for the
gas-sparged AnMBR and 210+50 for the GAC-fluidized AnMBR during the non-upset periods).

The BODs concentrations followed a similar pattern to the COD concentrations. The influent and
effluent BODs concentrations for the period spanning from day 8 to 475 were 150+44 mg/L and
22413 mg/L. This value is less than the performance objective of 30 mg/L (p < 0.001) and greater
than the re-use objective of 10 mg/L. The permeate concentration was 15+9 mg/L, excluding the
upset period, and the percent removal was 89+5% which is identical to that for the gas-sparged
AnMBR.

Figure 5.19c¢ illustrates that COD and BODs removals started decreasing around day 300. The
minimum temperature of 9.3°C was measured on day 303, which was 40 days after the upset.
Minimum COD and BODs removals occurred around day 330. VFA concentrations increased
following the upset and remained elevated for about 150 days compared to <70 days for the
gas-fluidized AnMBR (Figure 5.17¢ and Figure 5.18). It is not clear whether the upset condition,
the low temperature, or a combination of the two led to decreased performance. Nevertheless, the
result was transient COD and BODs concentrations greater than the 60- and 30-mg/L performance
objectives (Figure 5.19a and b). The effects of temperature on organics removal are evaluated
further in Section 5.7.5.

COD supplementation after day 475 increased COD to a maximum of 510 mg/L with an average
concentration of 390+79 mg/L. The permeate COD concentration was 33+15 mg/L, which is less
than the performance objective and less than the permeate concentration of 39+20 mg/L when no
COD supplement was added. However, COD removal did not appear to be stable during COD
supplementation, and the permeate COD increased to more than 60 mg/L at the end of this
short-term experiment (Figure 5.19a). The OLR of more than 3 kg m™ d"! may have been too high
for the system (Figure 5.14).
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Figure 5.19 GAC-fluidized AnMBR COD (a), BODs (b), and Removals (c¢) by the
Bioreactor and UF Systems.

Effects of temperature on removals and VFA concentrations (c) are also shown. The arrow shows the

time when fluidization pump flow was accidentally reversed for about one week resulting in GAC
grinding and about 30% loss of GAC from the system. Virgin GAC was supplemented on around day 277.
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5.7.5 Comparison of Gas-Sparged and GAC-Fluidized AnMBR Organics Destruction

Further evaluation of the effect of temperature on organics removal was conducted by directly
comparing the performance of the gas-sparged and GAC-fluidized AnMBRs. Figure 5.20 through
Figure 5.23 present various comparisons of the COD and BODs data sets for both systems. Data
for upset periods (i.e., overloading in the gas-sparged AnMBR and GAC grinding and loss in the
GAC-fluidized AnMBR) are treated similarly (see sections 5.7.3 and 5.7.4) and presented
separately from the non-upset data. For the GAC-fluidized AnMBR, only conditions without COD
supplementation are shown.

Figure 5.20 shows the percent removals of COD and BODs. For temperatures greater than 15°C,
COD removal by the gas-sparged AnMBR was slightly better than by the GAC-fluidized AnMBR.
As described previously, this difference is attributable mainly to greater gas-sparged AnMBR feed
COD concentrations as compared to those for the GAC-fluidized AnMBR (Figure 5.21). COD
removal by the GAC-fluidized AnMBR decreased as temperatures declined from 15 to about 11°C
however most of the decrease is associated with upset conditions. Non-upset data (3 data points)
represent temperatures from 14.0 to 14.8°C. Therefore, conclusions regarding GAC-fluidized
AnMBR performance at temperatures less than 14°C is not possible. Insufficient data for the
gas-sparged AnMBR exist to make conclusions regarding COD removal effectiveness at
temperatures less than 15°C. BODs removal data are more scattered, and trends related to
temperatures are difficult to interpret (Figure 5.20b). Wastewater temperatures at Ft. Riley did not
decrease as much as they did in Bucheon, which resulted in only one data point at less than 15°C.
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Figure 5.20 Comparison of Gas-sparged and GAC-fluidized AnMBR Performance at
Different Temperatures for COD (a) and BODs (b) Removal.
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Figure 5.21 Comparison of Gas-sparged and GAC-fluidized AnMBR Influent
Concentrations at Different Temperatures for COD (a) and BODs (b).

Permeate COD and BODs concentrations for both systems are presented in Figure 5.22. The
GAC-fluidized AnMBR permeate COD and BODs concentrations gradually increased as
temperatures decreased from about 30 to 11°C. No discernable trend exists for the gas-sparged
AnMBR data. The average COD and BODs permeate concentrations (non-upset data only) for
5°C increments are shown in Figure 5.23. The gas-sparged AnMBR permeate COD concentrations
did not increase as the temperature decreased. The GAC-fluidized AnMBR permeate COD
and BODs permeate concentrations for adjacent 5°C increments are not significantly different
(Table 5.11) with the exception of 20 to < 25°C and 25 to < 30°C COD data (p < 0.001).
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Both AnMBR systems were capable of maintaining low permeate COD and BODs concentrations
even though the influent concentrations appeared to increase as the temperature decreased (Figure
5.21). Differences in influent concentrations may also explain the greater permeate COD and
BODs concentrations observed in the gas-sparged AnMBR compared to the GAC-fluidized
AnMBR (Figure 5.21 to Figure 5.23). The COD and BODs permeate concentrations for
temperatures greater than 15°C were less than the performance objectives with the exception of
gas-sparged AnMBR COD for the 20 to < 25°C temperature range. This exception appears to be
more attributable to data scatter rather than an actual performance issue. Thus, both AnMBR
systems were capable of meeting the effectiveness performance objective for BODS and COD at
temperatures as low as 15°C but conclusions regarding lower temperatures is not possible.

Table 5.11  Average GAC-fluidized AnMBR Permeate COD and BODs Concentrations
for 5°C Temperature Ranges and Associated Statistical Levels of Significance for the

Differences.
Temperature Range (°C) COD (mg/L) p* BODs5 (mg/L) p?
10to<15 3547 19+13
0.33 0.39
15t0<20 38+12 16+8
0.13 0.33
20 to <25 33+6 19+14
<0.001 0.13
25t0<30 24+7 13+4

2 Probability value for Welch's t-test for significant difference between adjacent concentrations.
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Figure 5.22 Comparison of Gas-sparged and GAC-fluidized AnMBR Permeate
Concentrations at Different Temperatures for COD (a) and BODs (b).
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Figure 5.23 Comparison of Gas-sparged and GAC-fluidized AnMBR Permeate
Concentrations at Different Temperature Ranges for COD and BODs.

Upset data not included. Error bars represent £1 standard deviation. Only one value for gas-sparged
AnMBR COD at 10 to < 15 °C.

5.7.6 Solids Generation

Table 5.12 presents the results of a comparable analysis of solids data for the two AnMBR systems.
Inadequate mixing in the gas-sparged AnMBR led to settling of solids in the bottom of the
bioreactor tank. These solids were recovered and quantified at the end of the demonstration. This
problem was not encountered with the GAC-fluidized AnMBR. Therefore, estimation volatile
solids generation per unit COD loaded was done by summation of total masses of solids entering
and leaving the AnMBRs.

First the screened influent was evaluated. The average TSS, VSS, and fixed suspended solids (FSS)
concentrations are presented along with the ratio of VSS/TSS. The solids concentrations in the
gas-sparged AnMBR influent were greater than those in the GAC-fluidized AnMBR in line with
the differences observed in COD and BODs. The VSS/TSS ratio for the GAC fluidized AnMBR
(78+8%) was less than that for the gas-sparged AnMBR (89+4%). The VSS and FSS influent
masses were calculated by multiplying the average concentrations by the total volume of
wastewater treated. The wasted sludge volume as a fraction of the treated wastewater was greater
in the GAC-fluidized AnMBR (2.1%) than in the gas-sparged AnMBR (0.7%). The total wasted
solids were estimated by summing the daily or weekly masses generated and, in the case of the
gas-sparged AnMBR, adding this sum to the mass recovered from the bottom of the bioreactor.

The fixed solids recovery was low for both systems. Part of the low recovery for both systems was
low precision of the solids analyses. The ratios of sludge volatile to total solids in the gas-sparged
and GAC-fluidized AnMBR systems were 70 and 66%, respectively, compared to the influent
ratios of 89 and 78%. The relatively lower ratios in the sludge compared to the influent is consistent
with volatile solids destruction and accumulation of fixed solids in the sludge.
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Table 5.12  Gas-sparged AnMBR and GAC-fluidized AnMBR Solids Generation and

Destruction.

Gas-Sparged

GAC-Fluidized

(g-VS/g-COD loaded or g-VSS/g-COD loaded)®

Farameter AnMBR AnMBR®
Average TSS in influent (mg/L) 330+ 190 120+ 50
Average VSS in influent (mg/L) 300+ 170 89 +£30
Average FSS in influent (mg/L) 35+£23 29422
Influent VSS/TSS 89% + 4% 78% + 8%
Total wastewater treated (m?) 1200 4600
Influent VSS mass (kg) 340 410
Influent FSS mass (kg) 41 140
Wasted sludge (L) 6,000 94,000
Wasted sludge volumetric fraction® 0.7% 2.1%
Total wasted TS or TSS (kg)* 67 220
Total wasted VS or VSS (kg)© 47 150
Total wasted FS or FSS (kg)° 18 75
Fixed solids recovery 44% 55%
Wasted sludge VS/TS or VSS/TSS¢ 70% 66%
Average COD in influent (mg/L) 620 + 250 240+ 70
Influent COD mass (kg) 630 1,100
IS;:(;iegg)?roduction (g-VS/g-COD loaded or g-VSS/g-COD 0.074 013
Sludge production corrected for fixed solids recovery 017 024

2 COD supplementation period not included.
b Days 224 to 487 for gas-sparged AnMBR.

¢ Total values reported for gas-sparged AnMBR and suspended values reported for GAC-fluidized AnMBR.

The volatile solids generation per unit mass of loaded COD was calculated and compared to the
performance objective of 0.2 g-VS/g-COD. The results were 0.074 and 0.13 g-VS/g-COD for the
gas-sparged and GAC-fluidized AnMBR. Both of these values met the performance objective. The
value for the gas-sparged AnMBR may be low in part because of solids settling in the bioreactor
and incomplete recovery. On the other hand, the greater SRT (60+27 d versus 11+5 d) in the
gas-sparged AnMBR could have promoted greater hydrolysis and lower solids generation. When
values for both systems are corrected based on the fixed solids recovery, the values
(0.17 and 0.24 g-VS/g-COD) are similar to the performance objective.

83




Primary treatment other than screening was not conducted before wastewater was pumped to the
bioreactors. Attempts to directly estimate the amounts of solids removed by screening were
unsuccessful; however, Suez provided values (Table 5.13). Based on these data, the estimated
amounts of TSS and COD removed by 1.7-mm screening at Ft. Riley were 20% and 15%,
respectively. Designing any wastewater treatment system requires consideration of the primary
treatment requirements. In this demonstration, only screening was conducted. Primary
sedimentation may also be considered prior to secondary treatment. In any case, treatment of all
residuals will need to be considered. Such consideration is given in Section 7.

Table 5.13  Screening Estimates for COD and TSS Removal.

Influent COD and TSS concentrations were 570 and 270 mg/L, respectively.

Screen size (mm)

Screen (mm) 0.5 1 2
TSS removal (%) 38% 26% 15%
COD removal (%) 22% 18% 12%

5.7.7 Gas-Sparged AnMBR Biogas Production

The gaseous methane concentration was initially 784+4% through day 200 and then decreased
slightly to 74+4% between days 200 and 300 (Figure 5.24). From day 300 through the end of the
demonstration, the methane content was 65+4%. The reason for the gradual decrease in methane
content is uncertain but may be associated with the sludge wasting event that occurred around day
300. The initially high methane content has been observed previously with AnMBR treatment of
low-strength domestic strength wastewater and is associated with lower carbon dioxide content
(Shin et al. 2016¢). Such a low carbon dioxide content was also observed with the AnMBR at Ft.
Riley as shown in Section 5.7.20.

The biogas and methane flow rates (Figure 5.24) and methane mass rate (Figure 5.25) decreased
around day 150 and was associated with lower temperatures. Methane mass rates increased as the
temperature increased (Figure 5.25), and the changes were associated with variation in methane
yield (see Section 5.7.9). The variation in methane mass rate was not associated with organic
loading rate (Figure 5.26). The methane mass rate decreased temporarily after the sludge wasting
around day 300. The mass rate increased around day 360 consistent with system recovery and
reduction of VFA concentrations (Figure 5.18). The dissolved portion of the methane mass rate
was relatively small compared to the gaseous fraction at relatively high temperatures (Figure 5.25);
the dissolved and gaseous mass rates were similar at lower temperatures.
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Figure 5.24 Gas-sparged AnMBR Daily Average Biogas and Gaseous Methane Flow
Rates and Methane Composition.

Data prior to day 334 are from on-line gas analyzer. Later data are from laboratory analyses.

Figure 5.25 Gas-sparged AnMBR Daily Average Gaseous, Dissolved, and Total Methane
Mass Rates Compared to Temperature.

Periods of missing data are associated with equipment malfunctions. Methane production rates include
interpolated values for gas flow rates and methane concentrations.
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Figure 5.26 Gas-sparged AnMBR Daily Average Total Methane Mass Rate Compared to
Organic Loading Rate and Feed Flow Rate.

Periods of missing data are associated with equipment malfunctions.
5.7.8 GAC-Fluidized AnMBR Biogas Production

The gaseous methane concentration was initially 73+1.3% through day 100 and then decreased to
60+4.9% between days 100 and 239 (Figure 5.27). From day 373 through the end of the
unsupplemented COD demonstration (day 475), the methane content was 62+5.9%. The decline
in methane concentrations over the duration of the demonstration was similar to that observed for
the gas-sparged AnMBR. The reason for the gradual decrease in methane content is uncertain. No
intentional sludge wasting occurred during the GAC-fluidized AnMBR demonstration, but a GAC
grinding and loss event did occur on day 263. This time, it was after the reduction in methane
concentration. Therefore, loss of GAC biomass was not the cause of the reduction in methane
concentration in the GAC-fluidized AnMBR.

Figure 5.27 GAC-sparged AnMBR Daily Average Biogas and Gaseous Methane Flow
Rates and Methane Composition without COD Supplementation.

Gas leakage from the bioreactor from day 240 to 371 prevented collection of accurate gas data.
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The biogas and methane flow rates (Figure 5.27) and the methane mass rate (Figure 5.28)
decreased around day 200 and was associated with lower temperatures. The lower mass rates were
associated with lower methane yield (see Section 5.7.10) than that for the gas-fluidized AnMBR
and not with lower organic loading rate (Figure 5.29). Methane mass rates increased as the
temperature increased. The dissolved portion of the methane mass rate was equal to or greater than
the gaseous fraction at (Figure 5.28). This result was unexpected but may be attributable to the
relatively lower COD of the wastewater compared to the gas-sparged AnMBR. With a lower COD,
a relatively greater proportion of methane will remain dissolved (Shin et al. 2016c¢).

Figure 5.28 GAC-sparged AnMBR Gaseous, Dissolved, and Total Methane Mass Rates
without COD Supplementation Compared to Temperature.

Gas leakage from the bioreactor from day 240 to 371 prevented collection of accurate gas data.

Figure 5.29 GAC-sparged AnMBR Total Methane Mass Rate without COD
Supplementation Compared to Organic Loading Rate and Feed Flow Rate.

Gas leakage from the bioreactor from day 240 to 371 prevented collection of accurate gas data.
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5.7.9 Gas-Sparged AnMBR COD Balance and Methane Yield

A COD balance was conducted by totalizing the amounts of wastewater COD, permeate COD,
gaseous and dissolved methane, sulfate reduction, and wasted sludge volatile solids and calculating
their COD equivalents. The sludge recovered from the bottom of the bioreactor was also included
in the COD balance. Results are presented in Table 5.14. The mass balance was not complete with
35% of the COD unaccounted (i.e., “other”). Possible explanations for the missing COD include
underestimation of wasted solids, instrumentation inaccuracy (e.g., flow meters and the gaseous
methane analyzer), and analytical accuracy. The most likely explanation is underestimation of
wasted solids. First the fixed solids balance was poor (Table 5.12). Additionally, the volatile solids
generated per unit mass loaded COD was low compared to that for the GAC-fluidized AnMBR.
While a greater SRT may explain the relatively lower sludge yield, an underestimate of the
concentrations could also be a factor. The solids in the bioreactor were not well mixed. This was
observed several times by analyzing the concentrations at different water heights in the bioreactor.
Because of this issue, measurements of total and volatile solids concentrations were conducted by
sampling the sludge recirculation line. This approach may have underestimated the actual sludge
concentration.

Table 5.14  Gas-sparged AnMBR COD Balance.
Aqueous Equivalent Total COD Percentage of
Parameter concentration | aqueous COD equivalent influent COD
(mg/L)! (mg/L)* mass (kg) mass
Influent COD 620+250 620+250 630 100
Permeate COD 66+34 66+34 70 11
Gaseous methane NA 140£50 154 24
Dissolved methane 14+2 5749 57 9
Total methane NA NA 210 33
Sulfate reduction 63+17 44+10 44 7.0
Wasted sludge volatile solids® NA NA 86 14
Other NA NA 220 35

2 Average + standard deviation of samples collected during operation.
® Includes sludge recovered from bottom of bioreactor at end of study. COD equivalent is based on a measured value of 1.84
g-COD/g-VS.

Despite these challenges, the total methane generated represented 33% of the influent COD with
most being in the biogas. These are average values for the entire demonstration. As was noted
previously, temperature has an effect on this apportionment (see Figure 5.25). The remaining COD
was associated with the permeate (11%), sulfate reduction (7%), and sludge volatile solids (14%).

The average methane yield for the entire demonstration was 140+60 mL-methane per gram
removed COD (mL-CH4/g-CODremoved or mL/g). The theoretical value of 350 mL/g was not
achieved because influent COD was not converted to methane; rather, it was distributed amongst
the permeate, sulfate reduction, sludge generation, and other unaccounted COD (Table 5.14).

88



The methane yield was compared to wastewater temperature (Figure 5.30). The methane yields
presented here are thus net or effective yields which are relevant for design, economic analysis,
and practical implementation of the process. A general trend where lower yields were associated
with lower temperatures was observed. The average yields for > 25°C and < 20°C were 180+40
and 110+50 mL/g, respectively. These yields are significantly different (p=0.00016). The yield
between 20 and 25°C was intermediate at 140+50 mL/g. Therefore, temperature had a strong effect
on methane yield and is likely associated with decreased hydrolysis and greater sludge production
at lower temperatures. This observation has important implications with regard to attainment of
energy neutrality, as discussed in Section 5.7.23.

Figure 5.30 Gas-sparged AnMBR Methane Yield in Relationship to Temperature.

5710 GAC-Fluidized AnMBR COD Balance and Methane Yield

A COD balance for the GAC-fluidized AnMBR was also conducted but did not account for any
sludge associated with GAC lost from the system. Results are presented in Table 5.15. The mass
balance was not complete with 19% of the COD unaccounted (i.e., “other”), which is less than that
for the gas-sparged AnMBR (35%). In addition to the possible explanations for the missing COD
listed for the gas-sparged AnMBR, the GAC-fluidized AnMBR experienced a gas leak from
around day 240, when the leak was observed, to day 371, when it was sealed. This time period was
not included in the COD balance, but additional leakage could have occurred prior to day 240.
Underestimation of wasted solids may have also contributed to an incomplete solids balance
because the fixed solids balance was also poor (Table 5.12).
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Table 5.15 GAC-fluidized AnMBR COD Balance.

Aqueous Equivalent Percentage of
Parameter concentration aqueous COD influent COD
(mg/L)? (mg/L)? mass

Influent COD 240+66 240+66 100
Permeate COD 40+20 40420 17
Gaseous methane® NA 32+19 14
Dissolved methane® 1243 49+12 21
Total methane NA 81 34
Sulfate reduction 139 9+6 3.6
Wasted sludge volatile solids 34+15 62+28 26
Other NA 46 19

2 Average + standard deviation of samples collected during operation.
®Excludes data from days 240 to 371 when a gas leak existed.
NA - Not applicable

The total methane generated represented 34% of the influent COD, which was similar to that for
the gas-sparged AnMBR (33%). Relatively more methane was present in the aqueous phase in
contrast to the gas-sparged AnMBR, and this was likely correlated to the lower COD
concentrations in the influent and effluent. The remaining COD was associated with the permeate
(17%), sulfate reduction (3.6%), and sludge volatile solids (26%).

The average methane yield for the portion of the demonstration where COD was not supplemented
was 170+£50 mL/g, which is similar to that for the gas-sparged AnMBR (140+60 mL/g). The
methane yield was compared to wastewater temperature (Figure 5.31). A general trend was
observed where lower yields were associated with lower temperatures. The average yields for
>25°C and < 20°C were 200+40 mL/g and 100+20 mL/g, respectively. These yields were
significantly different (p < 0.00010). The yields for > 25°C for < 20°C were similar to those for
the gas-sparged AnMBR (180+40 and 110+50 mL/g, respectively). The differences in sSRT
(1145 d versus 60+27 d) did not lead to differences in effective methane yield. The yield between
20 and 25°C was intermediate at 140+50 mL/g. Therefore, temperature had a strong effect on
methane yield, just as was observed with the gas-sparged AnMBR. The implications with regard
to attainment of energy neutrality are discussed in Section 5.7.24.
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Figure 5.31 GAC-fluidized AnMBR Methane Yield without COD Supplementation in
Relationship to emperature.

Data from 240 to 370 days not included because of bioreactor leakage.

5.7.11 Dissolved Methane Removal

Figure 5.32 illustrates the methane removal as a function of the lumen-side absolute pressure at
two different permeate flow rates. The permeate flow rates, when normalized to contactor
membrane area, were 0.55 and 1.1 cubic meters per square meter per day (m* m d!). The influent
dissolved methane concentration for these tests was 1342 mg/L. Methane removal increased as the
absolute pressure decreased (i.e., the vacuum increased) as expected. Methane removal was also
greater at the lower permeate flow rate. The maximum methane removal was 83%, which is lower
than the performance objective of 90%. The average removal at the lower permeate flow rate and
absolute pressures less than 100 millimeters of mercury (mm Hg) was 79+2%. According to 3M,
the performance of the Liqui-Cel contactors can decrease over time because of oxidation of the
membranes. Because of the age of this contactor (~10 years), the performance may have been less
than would have been observed with a new contactor. Therefore, the results reported here are
considered conservative.

3M ran their proprietary design model prior to execution of these tests. The results are also shown
on Figure 5.32. The model and the experimental results do not match. The primary application of
these contactors is for dissolved oxygen and carbon dioxide removal from water. Their design
model has been tested and validated for these solutes but not for methane. To conduct the
modeling, 3M used the relative Henry constants for methane and oxygen. This approach did not
account for possible mass transfer differences between these two solutes. Therefore, the 3M model
as it currently exists does not appear to be applicable to removal of dissolved methane. On the
other hand, the age of the contactor could have affected the performance. Therefore, additional
tests with new contactors in conjunction with modeling are recommended.
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Figure 5.32 Dependence of Dissolved Methane Removal on Absolute Gas Pressure and
Liquid Flow Rate in Comparison to 3M Model Results.

Removal of sulfide (as hydrogen sulfide) and bicarbonate or dissolved inorganic carbon
(as carbon dioxide) was also evaluated (Figure 5.33). The maximum sulfide removal was 39%, but
appreciable removal was not observed until absolute pressures were less than 100 mm Hg.
Dissolved inorganic carbon removal was insignificant because it is mostly ionized at operating pH,
though only a limited number of tests were conducted. The observation that appreciable sulfide
removal occurred suggests that use of gas-liquid contactors for dissolved methane removal may
also be useful for sulfide removal and provide an alternative to coagulation evaluated in Section
5.7.15. Considering the cost and environmental impact of chemical use associated with sulfide
removal (see Section 7), this alternative is particularly attractive.

The performance objective for methane flux was 0.5 g m? d! and the observed flux was
6.5+1.8 gm?2 d! (Figure 5.34). This difference was significantly different (p < 0.0001). However,
the performance objective was originally based on the system design rather than potential
performance of the membrane contactor.
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Figure 5.33 Relationship of Sulfide (a) and Dissolved Inorganic Carbon (b) Removal to
Absolute Gas Pressure and Liquid Flow Rate.

Figure 5.34 Comparison of Membrane Methane Flux to Performance Objective at
Different Absolute Gas Pressures and Liquid Flow Rates.
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5.7.12  Gas-Sparged AnMBR UF Membrane Performance

Operation of the gas-sparged AnMBR over the duration of the demonstration involved variation
of several variables including the HRT, wasting rate, associated bioreactor VSS concentration, UF
permeation flux, and biogas blower flow rate and duty (i.e., percent of time the biogas blower was
on when cycling). The purpose of the above variations was to optimize the AnMBR and meet all
of the performance objectives. Figure 5.35 shows the net flux and transmembrane pressure for the
entire demonstration. Permeability, the ratio of net flux to TMP normalized to 20°C, is also shown.
The average net flux was varied intentionally, and the TMP consequently varied in response to not
just the flux, but also to the other variables, including VSS, blower operating conditions,
accumulation of colloidal organics (estimated as 1.5-um filtered COD), and maintenance and
recovery cleaning events. These events and variables are discussed below in detail. The average
net flux for the entire demonstration, excluding periods of mechanical shutdown, was
7.6£1.6 LMH. This flux was significantly greater than the goal of 6 LMH (p < 0.0001). The
maximum net flux was 14 LMH. While not a performance objective, an operational objective was
to maintain the TMP less than 30 kPa to prevent irreversible fouling of the UF membranes.
Figure 5.35 shows this operational objective was met most of but not all of the time. The
permeability was initially 300 to 400 LMH/bar (1 bar = 100 kPa) and steadily decreased over the
course of the demonstration. Some of the decreases were associated with attempts to achieve
energy neutrality by decreasing the biogas blower sparge rate as described below.
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Figure 5.35 Gas-sparged AnMBR Net Ultrafiltration Flux Compared to Performance
Objective, Transmembrane Pressure, and Permeability. Permeability is corrected to 20°C.

The following figures illustrate the operational changes that were made to achieve the general
performance objectives of net energy production efficiency and implementability. Operational
stability is also necessary for a process to be considered implementable.

Initial operating conditions were a net flux of 14 LMH and a sparge flow rate of ~60 standard liters
per minute (std. L/min) with the blower operated at 100% duty (Figure 5.36). The UF membrane was
operated with an 80% duty cycle — 8 minutes on and 2 minutes of relaxation unless otherwise stated.

94



The permeability was initially 290 LMH/bar but then started to decrease to 210 LMH bar from
day 2 to 6 (permeability decrease rate = —20 LMH per bar per day [LMH bar™ d™']). This decrease
indicated an unstable condition, so the net flux was decreased to 7.5 LMH, and the blower flow
rate was increased to 75 std. L/min. The permeability increased to 510 LMH/bar as a result. The
flux was subsequently increased to an intermediate value of 10 LMH while maintaining the same
blower flow rate. The permeability gradually decreased from 380 to 210 LMH/bar from day 21 to
39 days, indicating instability but at a lesser rate (—9.4 LMH bar! d'!). A maintenance clean and
sludge wasting was conducted between days 40 and 50, which promoted somewhat better stability
with permeability ranging from 290 to 320 LMH/bar from days 49 to 55 (5.0 LMH bar! d).
Tests were then initiated to evaluate varying blower operating scenarios and to improve bioreactor
mixing.

Figure 5.36 Gas-sparged AnMBR Ultrafiltration Performance from Days 0 to 60.
Permeability is Corrected to 20°C.

The blower duty was decreased to 50% (30 s on/30 s off) on day 57 with an instantaneous blower
flow rate of 75 to 80 std. L/min (Figure 5.37). This resulted in a lower permeability. Coincidentally
during this time, incomplete mixing was observed in the bioreactor and optimization was
conducted, including increasing recirculation flow rates and varying the bioreactor level. The net
flux was also decreased. The permeability increased to 160 LMH/bar and was stable from days 75
to 80 (+0.8 LMH bar! d!). While the permeability was reasonably high and stable, the TMP was
approaching 30 kPa (Figure 5.35). Therefore, an operational strategy called extended relax was
implemented. This strategy involved turning off the permeate pump for about 25 to 30 minutes
while continuing biogas sparging. This technique temporarily reduced the TMP but did not prevent
subsequent TMP increases. On day 88, conditions that existed on day 50 were reinstated, and the
permeability increased to 150 LMH/bar, which is lower than that observed on day 50
(320 LMH/bar). Therefore, the membrane performance decreased between days 50 and 88. The
net flux and the blower flow rate and duty were changed on day 92, as described below.
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Figure 5.37 Gas-sparged AnMBR Ultrafiltration Performance from Days 50 to 100.

Permeability is corrected to 20°C.

The period from days 90 to 150 involved continued optimization of the UF process while keeping
the net flux at around 7 LMH (Figure 5.38). Initial conditions from days 93 to 97 involved blower
operation at 50% duty and an instantaneous flow rate of ~50 std. L/min. The average permeability
for this period of time was 5621 LMH/bar. Increasing the blower flow rate on day 101 while
maintaining 50% duty increased the permeability to 120 LMH/bar but became unstable on day 106
(=14 LMH bar™' d!). Extended relax events and a maintenance clean did not improve membrane
performance. Periodic extended relax cycles (10 minutes every 4 to 12 hours) did not appear to
improve performance though increasing the blower flow rate did from 140 to 145 days.

Figure 5.38 Gas-sparged AnMBR Ultrafiltration Performance from ays 90 to 150.

Permeability is corrected to 20°C.
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Periodic extended relax was stopped on day 157, and a recovery clean was conducted on days 157
to 158 (Figure 5.39). The permeability was somewhat variable following the recovery clean and
varied between 60 and 150 LMH/bar from days 159 to 197. Operation at a net sparge flow rate of
50 std. L/min and a net flux of 6 LMH from days 188 to 195 led to relatively stable permeability
(=3.3 LMH bar! d'!), decreasing from 100 to 77 LMH/bar. The recovery clean did not restore
membrane permeability to the initial value of ~300 LMH/bar (Figure 5.36), but the blower flow
rate was slightly higher (~60 std. L/min).

Figure 5.39 Gas-sparged AnMBR Ultrafiltration Performance from Days 130 to 200.

Permeability is corrected to 20°C.

Several mechanical shutdowns occurred from days 200 and 210 (Figure 5.40). Thereafter the
permeability was relatively constant, though somewhat scattered, at a blower flow rate of 50 std.
L/min operating at 100% duty. The relative stability may have been due to initiation of periodic
maintenance cleans that were conducted every 2 to 11 days. Additionally, regular wasting of
sludge from the bioreactor was initiated on day 222 (see also Figure 5.12). The net permeate flux
was also increased from 6 to 7 LMH on day 225.

Permeability continued to be relatively stable from days 250 to 285 (Figure 5.41). The net permeate

flux was increased to 8 LMH on day 251. The average permeability from days 210 to 285 was
55+18 LMH/bar.
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Figure 5.40 Gas-sparged AnMBR Ultrafiltration Performance from Days 190 to 250.

Permeability is corrected to 20°C.

Figure 5.41 Gas-sparged AnMBR Ultrafiltration Performance from Days 250 to 300.

Permeability is corrected to 20°C.

A series of mechanical shutdowns occurred from days 286 to 300 and then a major sludge wasting
event was conducted (Figure 5.42). This wasting event reduced the TSS in the bioreactor
(Figure 5.13) and increased the permeability from 55+18 to 94+7.6 LMH/bar. The sparge flow rate
was decreased from 50 to 25 std. L/min with the objective of decreasing power consumption and
attaining the performance objective of energy neutrality. Following this decrease, the permeability
decreased to 73+12 LMH/bar (days 326 to 370).
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Figure 5.42 Gas-sparged AnMBR Ultrafiltration Performance from Days 280 to 350.

Permeability is corrected to 20°C.

Figure 5.43 further illustrates the effect of the major wasting event on permeability. Permeability
gradually decreased between 0 and 100 days as the bioreactor solids concentration decreased. The
solids concentration is one factor that can affect permeability, but it did not appear to be the major
factor during this time. Therefore, some factor other than solids concentration alone must have
caused the decrease in permeability. Between days 100 and 300, the permeability varied in
response to operational changes (e.g., blower flow rate and maintenance cleans) but did not
demonstrate a definitive increasing or decreasing trend. During this time, bioreactor total solids
concentration was either constant or increasing. Following the major wasting event, the
permeability increased, and the bioreactor total solids decreased. Filtered COD was measured as
an indicator of colloidal organics that can potentially foul the UF membranes. Both 0.45- and
1.5-um filtered COD decreased following the major wasting event. Their concentrations were also
gradually decreasing prior to this time in response to regular sludge wasting, but the major wasting
event resulted in greater decreases. While the major wasting event increased the permeability, it
gradually decreased between days 300 and 400, as discussed further below.
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Figure 5.43Gas-sparged AnMBR Ultrafiltration Performance in Relationship to
Total Solids and Filtered COD Fractions in the Bioreactor Prior to and After the
Major Wasting Event.

Permeability is corrected to 20°C.

Permeability was constant from days 350 to 370 with a blower sparge rate of 25 std. L/min and a
net permeate flux between 6 and 8 LMH (Figure 5.44). Several attempts to further decrease blower
power were conducted from days 372 to 381 but resulted in further decreases in permeability.
These attempts included variation of the blower duty and flow rate. Following these attempts, the
permeability was relatively lower compared to values prior to day 370. While the flux was
increased on days 377 and 384, the reduction in permeability suggests membrane fouling. Note
that maintenance cleans were not being done as frequently as compared to days 200 to 270. The
decreased maintenance cleaning frequency, in combination with lower blower flow rates, likely
led to membrane fouling, as discussed further below and in Section 5.7.14.

Figure 5.44 Gas-sparged AnMBR Ultrafiltration Performance from Days 350 to 400.

Permeability is corrected to 20°C.
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Regular maintenance cleaning was re-initiated on day 405 (Figure 5.45). The average permeability
from days 397 to 485 was 30+9 LMH/bar, which is lower than was observed from days 326 to 370
at the same blower flow rate.

Figure 5.45 Gas-sparged AnMBR Ultrafiltration Performance from Days 400 to 500.

Permeability is corrected to 20°C.

Figure 5.46 condenses and summarizes the results presented in the previous figures. The main
conclusions that can be made with regard to UF performance are:

Permeability decreased three-fold between days 2 to 56 and days 57 to 85. While the
instantaneous sparge flow rate was kept constant, the blower duty was decreased from
100 to 50%. The permeability decrease was in part attributable to a lower net sparge flow
rate.

Sparging conditions from days 2 to 56 were reinstated from days 86 to 91. The permeability
increased but not to the same value observed from days 2 to 56, suggesting a loss of
membrane performance over time even though solids concentrations were decreasing.

Intermittent sparging (50% duty) conditions from days 98 to 115 were similar to those from
days 57 to 85 but also resulted in lower permeability. These data further suggest a continued
decrease in membrane performance.

Increasing sparge flow rates (e.g., compare days 91to 97 to days 98 to 115, days 98 to 115
to days 151-156, and days 116 to 150 to days 157to 288) resulted in permeability increases,
suggesting that permeability could be controlled through variation of the sparge flow rate
even though membrane performance was decreasing over time.

Permeability from 289-300 days was relatively low, but mechanical shutdowns and
inconsistent operation occurred during this time.
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The major sludge wasting event from days 300 to 314 resulted in decreased bioreactor
solids concentrations as well as concentrations of colloidal organics (i.e., 1.2-um filtered
COD). The net effect on permeability was positive (compare days 311 to 322 to days 157 to
288, where sparging conditions were similar).

As aresult of sludge wasting, sparge flow rates could be decreased from 50 to 25 std. L/min
with a relatively minor reduction in permeability (compare days 323 to 371 to days 311 to
322).

Testing of intermittent sparging for the purpose of energy reduction (compare days 372 to
377 to days 323 to 371) led to permeability reductions, suggesting that intermittent
sparging was not promoting consistent membrane performance.

Reinstating continuous sparging did not increase permeability to previous levels
(compare days 378 to 486 to days 323to 371). These data suggest membrane performance
decreased over time. Also, the final permeability (days 378 to 486) was 10 times lower
than the original permeability (days 2 to 56), though the sparge flow rate was 65% lower.

Several factors contributed to the reduction in membrane performance over time:

- Maintenance cleaning was not done consistently, which likely led to accumulation of
foulants.

- The pilot unit was designed to be operated at a constant sparge flow rate of 180 std.
L/min. Sparge flow rates less than this value were tested for the purpose of attaining
the performance objective of energy neutrality. However, this approach likely led to
inefficient membrane scouring and accumulation of foulants as described below.

- Regular sludge wasting was not initiated until day 224, which likely led to
accumulation of colloidal organics prior to this period and can contribute to membrane
fouling.
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Figure 5.46 Gas-sparged AnMBR Ultrafiltration Summary.

Permeability is corrected to 20°C.
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Photographs of the UF membranes prior to and after the demonstration are shown in Figure 5.47.
The UF membranes uniformly changed color, likely because of reduced sulfur compounds
deposited on the fibers. Notably, the bottom of the fibers (Figure 5.47g,h) became coated with a
solid substance, which is discussed further in Section 5.7.14. This material was clayey, thick, and
bound the individual fibers together. The presence of this material clearly would have affected
permeability and is indicative of ineffective sparging.

Figure 5.47 Gas-sparged AnMBR Ultrafiltration Membrane Modules Prior to (a) and
After (b) the Demonstration.

Close-up photos of the top (c,d), middle (e,f), and bottom (g,h) of the fibers prior to (c,e,g) and after
(d,f,h) the demonstration.
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5.713 GAC-Fluidized AnMBR UF Membrane Performance

Operation of the GAC-fluidized AnMBR over the duration of the demonstration involved variation
of several variables including the HRT, wasting rate, bioreactor VSS concentration, and UF
permeation flux. The purpose of the above variations was to optimize the AnMBR and meet all of
the performance objectives. Figure 5.48 shows the net flux and transmembrane pressure for the
entire demonstration. Permeability, the ratio of net flux to TMP normalized to 20°C, is also shown.
The average net flux was intentionally varied and the TMP consequently varied in response to not
just the flux but also to the other variables including VSS, accumulation of colloidal organics, and
maintenance and recovery cleaning events. These variables are discussed below in detail. The
average net flux for the entire demonstration, excluding periods of mechanical shutdown and COD
supplementation, was 7.1£2.2 LMH (compared to 7.6+1.6 LMH for the gas-sparged AnMBR).
This flux was significantly greater than the goal of 6 LMH (p < 0.0001). The maximum net flux
was 12 LMH (compared to 14 LMH for the gas-sparged AnMBR). While not a performance
objective, an operational objective was to maintain the TMP less than 30 kPa to prevent irreversible
fouling of the UF membranes. Figure 5.48 shows this operational objective was met for the first
170 days and then inconsistently thereafter. The permeability was initially ~200 LMH/bar for the
first 100 days and then decreased until day 350 when it seemed to stabilize.

Figure 5.48 GAC-fluidized AnMBR Ultrafiltration Flux Compared to Performance
Objective, Transmembrane Pressure, and Permeability.

Permeability is corrected to 20°C.

The following figures illustrate the operational changes that were made to achieve the general
performance objectives of net energy production efficiency and implementability. Operational
stability is also necessary for a process to be considered implementable.

Initial operating conditions were a net flux of 6 LMH and a wasting rate of 5% (Figure 5.49). The
UF membrane was operated with an 80% duty cycle — 24 minutes on and 6 minutes of relaxation.
The permeability was relatively stable for the first 106 days (—0.075 LMH bar™! d!). But following
an initial increase, permeability subsequently decreased from days 50 to 106 (—1.5 LMH bar! d!).
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During the first 106 days, the wasting rate was decreased from 5 to 2.5% and did not appear to
have a negative effect on permeability. The net flux was increased to 9 LMH on day 106, and the
permeability continued to decrease from 160 to 83 LMH/bar (—0.46 LMH bar' d!). On day 71,
the flux was increased to a setpoint of 12 LMH but proved to be unstable. In addition, the TMP
exceeded 30 kPa (Figure 5.48). Permeability decreased (—0.55 LMH bar! d') from 171 to
221 days. Maintenance cleans were conducted during this time and wasting became unstable.

Figure 5.49 GAC-fluidized AnMBR Ultrafiltration Performance from Days 0 to 250.

Permeability is corrected to 20°C.

The flux was reduced to 9 LMH on day 226 and to 6 LMH on day 246 (Figure 5.50). Permeability
increased to 72 LMH/bar (+2.2 LMH bar! d!) in response to the flux decrease from 9 to 6 LMH
until the process upset and GAC loss occurred. Upon restart the permeability was unstable both
before and after (—6.2 and —5.0 LMH bar! d”!, respectively) a recovery clean was conducted on
day 270. Initiation of weekly maintenance cleans, in combination with a recovery clean on day
300 and reduction of net flux to 4 LMH on day 317, stabilized the permeability at ~40 LMH/bar,
increasing the flux back to 6 LMH led to instability.
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Figure 5.50 GAC-fluidized AnMBR Ultrafiltration Performance from Days 0 to 250.

Permeability is corrected to 20°C.
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Figure 5.51 illustrates the overall change in permeability before and after the upset and GAC loss.
The upset resulted in increased bioreactor solids likely associated with GAC grinding cause by
accidental reverse pump operation. The permeability became unstable but stabilized somewhat
from days 300 to 350. This is different from what occurred in the gas-fluidized AnMBR where the
major wasting event led to decreased solids in the bioreactor and increased permeability. Colloidal
organics represented by a 1.2-um filtered COD decreased during the first 100 days and then
gradually increased, likely in response to decreased wasting rates. However, the 1.2-um filtered
COD concentrations are about 10 times lower than those observed in the gas-fluidized AnMBR
(Figure 5.43).

Figure 5.51 GAC-fluidized AnMBR Ultrafiltration Performance in Relationship to Total
Suspended Solids and Filtered (1.2 pm) COD.

Permeability is corrected to 20°C.

Permeability continued to be unstable from day 350 to the end of the demonstration (Figure 5.52).
Recovery cleans temporarily increased the permeability, but it then decreased. The final
permeability prior to initiation of COD supplementation on day 476 was 18 LMH/bar compared
to an initial permeability of ~200 LMH/bar. Both the GAC-fluidized AnMBR and gas-sparged
AnMBR permeabilities decreased ten-fold over the duration of the demonstration, indicating
inadequate fouling control.
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Figure 5.52 GAC-fluidized AnMBR Ultrafiltration Performance from Days 350 to 536.

Permeability is corrected to 20°C.

Figure 5.53 condenses and summarizes the results presented in the previous figures. The main
conclusions that can be made with regard to UF performance are:

Permeability was relatively constant for the first 106 days of the demonstration while the
net flux was maintained at 6 LMH. Increased fluxes of 9 LMH (days 107-170) and 12 LMH
(days 171-190) resulted in permeability decreases. These data suggest that GAC
fluidization alone was not capable of maintaining UF membrane permeability.

Operations from days 191-357 led to relatively constant but decreased permeability
(32-36 LMH/bar). This time period encompassed the upset condition around day 270.

Continued operation led to a further decrease in permeability from days 358 to 475.
COD supplementation from days 476 to536 resulted in a slight permeability increase.

The final permeability prior to COD supplementation (days 358 to 475) was 10 times lower
than the original permeability (days 1 to 106).

Several factors contributed to the reduction in membrane performance over time:
- Maintenance cleaning was not done consistently until day 300, potentially leading
to accumulation of foulants.
- GAC grinding during the upset produced powdered activated carbon, which likely
fouled the membranes (see Section 5.7.14).

Unlike the gas-sparged AnMBR where the biogas sparging flow rate can be varied, the fluidization
flow rate in the GAC-fluidized AnMBR cannot be varied without changing the GAC particle size,
which limits an operator’s ability to control permeability in real time.
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Figure 5.53 GAC-fluidized AnMBR Ultrafiltration Summary.

Permeability is corrected to 20°C.

Photographs of the UF membranes prior to and after the demonstration are shown in Figure 5.54.
The UF membranes uniformly changed color, likely because of reduced sulfur compounds
deposited on the fibers. GAC particles are evident in the bottom of the modules (Figure 5.54b,e,f).
Notably, the top of the fibers (Figure 5.54c) became coated with a solid substance, which is
discussed further in Section 5.7.14. This material was clayey, thick, and bound the individual fibers
together. A similar deposit was noted in the gas-sparged AnMBR but at the bottom of the fibers.
The presence of this material clearly would have affected permeability and is an indication of
inadequate fouling management.

5.7.14 Comparison of Gas-Sparged and GAC-Fluidized AnMBR UF Membrane
Performance

Figure 5.55 is a comparison of gas-sparged and GAC-fluidized AnMBR ultrafiltration
performance. Permeability in both AnMBR systems decreased over time. The ability to vary
biogas sparge rate provided the gas-sparged AnMBR a means to control permeability. For
example, note the decrease and increase in permeability on days 60 and 150 in response to changes
in biogas sparge flow rate. This control variable was not available in the GAC-fluidized AnMBR.
In this system, the only control variable available is the wasting rate, which affects the
concentration of solids being filtered. Solids concentration also affected permeability in addition
to sparge gas flow rate. For example, at ~290 days, the increase in sparge rate did not increase
permeability (Figure 5.55a), but solids wasting and reduction of gas-sparged solids concentration
did increase permeability ~300 to 320 days (Figure 5.55b). Variation of the biogas sparge flow
rate was not the only factor affecting permeability.
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Figure 5.54 GAC-fluidized AnMBR Ultrafiltration Membrane Modules Prior to (a) and
After (b) the Demonstration. Close-up Photos of the Top (¢), Middle (d), and Bottom (e,f) of
the Fibers After (d,f,h) the Demonstration.

109



Figure 5.55 Comparison of Gas-sparged and GAC-fluidized AnMBR Ultrafiltration
Permeability in Relation to Net Gas Sparge Rate (a), Total Solids Concentration (b) and
1.2-pm Filtered COD Concentration (c).

Permeability is corrected to 20°C.
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The initial permeabilities from days 0-60 were variable but greater in the gas-sparged AnMBR
(Figure 5.56). The GAC-sparged AnMBR permeability was greater from days 61 to 150, as was
the solids concentration (Figure 5.55b). The permeabilities became more similar to each other from
days 151 to 250, though the gas-sparged AnMBR permeability was slightly greater. During this
time, the solids concentrations in the gas-sparged AnMBR were about 10 times greater. The gas-
sparged AnMBR was capable of similar or greater permeabilities at greater solids concentrations
because of the ability to control the biogas sparging rate. The permeability of the gas-sparged
AnMBR was greater than that of the GAC-fluidized AnMBR from days 251 to 475, when the
solids concentrations were similar, and the biogas sparging rate was reduced from ~50 to ~25 std.
L/min. The solids reduction in the gas-sparged AnMBR was due to the major wasting event at
~300-320 days.

Bioreactor filtered COD was measured as an indicator of potential colloidal organic membrane
foulants. The concentration of 1.5-um filtered COD in the gas-sparged AnMBR was about
10 times greater than in the GAC-fluidized AnMBR (Figure 5.55c). The permeability in the
gas-sparged AnMBR was similar to (days 150 to 250) or greater than (days 250 to 475) that in the
GAC-fluidized AnMBR despite this concentration difference.

Overall, the gas-sparged AnMBR ultrafiltration process demonstrated similar or greater
permeability in the presence of elevated concentrations of suspended solids and colloidal organics
(Figure 5.55). However, both systems demonstrated instability (i.e., variable permeability over
time) which was attributable not only to varying operational conditions and mechanical upsets but
also to differences in membrane performance caused by the different methods of fouling
management (i.e., variable biogas sparging versus constant GAC fluidization). Inconsistent
maintenance cleaning also likely contributed to these instabilities.
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Figure 5.56 Comparison of Gas-sparged and GAC-fluidized AnMBR Ultrafiltration
Permeability for Different Time Periods.

Permeability is corrected to 20°C. Error bars are + 1 standard deviation. Differences are significant
at p < 0.0001.
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Membrane samples were submitted to American Water Chemicals (AWC, Plant City, FL) at the
end of the demonstration for analysis. Subsamples from the top, middle, and bottom of the
membrane module were analyzed for the parameters listed in Table 5.16 and laboratory reports are
included in Appendix E. The gas-sparged AnMBR permeability increased slightly from 184 to 199
LMH/bar following high-pH cleaning with two separate proprietary reagents
(see Appendix E), whereas the GAC-fluidized AnMBR permeability did not change appreciably
(196 to 201 LMH/bar). The permeability of the gas-sparged AnMBR membrane was 7% greater
than that of the GAC-fluidized AnMBR membrane following a 24-h water soak and prior to
cleaning. The laboratory difference of 7% is less than the operating permeability difference of
110% (49£25 versus 24+13 LMH/bar) observed at the end of the demonstration (Figure 5.56). The
measured permeabilities were also similar to those measured for a virgin Lotte Chemical fiber of
194 LMH/bar (7.776 gfd/psi). Additionally, clayey material (Figure 5.54c) was scraped off of the
GAC-fluidized membranes prior to shipment, whereas the gas-sparged AnMBR membranes were
shipped as is. Therefore, it appears the physical and chemical changes in the foulants during
preparation and shipment led to laboratory permeabilities that were not representative of the fouled
membranes.

Other laboratory analyses provided more useful information. The loss on ignition test indicated
the foulants in both systems contained both organic and inorganic fractions. The inorganic fraction
was not insignificant and was comprised of silt and clay substances and sulfur compounds. Fourier
transform infrared spectroscopy demonstrated the organic content was similar to biofilm. Raman
spectroscopy demonstrated the presence of elemental carbon in the GAC-fluidized AnMBR
membrane foulant. These results indicate the foulants in both systems were similarly comprised of
silty/clayey inorganics derived from the raw sewage and biofilm; the foulant of the GAC-fluidized
AnMBR membrane also contained ground GAC particles. All of these foulants contributed to
decreased permeabilities over the duration of the demonstration. Operational strategies used during
each demonstration (i.e., biogas sparging, GAC-fluidization, maintenance cleaning, recovery
cleaning) did not completely prevent accumulation of these foulants. Several strategies could be
employed to prevent or minimize accumulation of these foulants. These include:

¢ Include sedimentation for primary treatment in addition to screening to minimize inorganics
entering the AnMBR.

e Implement regular (i.e., two to three times per week) maintenance cleaning.

e Conduct more aggressive recovery cleaning in response to observed permeability
reduction.

e Minimize grinding or attrition of GAC.

e Addition of a coagulant to the bioreactor to control fouling by colloidal matter similarly to
what others have found (Dong et al. 2015b, 2018).
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Table 5.16

Ultrafiltration Membrane Autopsy Summary Based on Reports from AWC.

Analysis

Gas-Sparged AnMBR UF
Membranes

GAC-Fluidized AnMBR UF
Membranes

Permeability

Initial* (184 LMH/bar)
Post-cleaning® (199 LMH/bar)

Initial* (196 LMH/bar)
Post-cleaning® (201 LMH/bar)

Loss on ignition

59% organic
41% inorganic

66% organic
34% inorganic

Scanning electron
microscopy/energy
dispersive spectroscopy

Top: Organic matter, calcium sulfate’,
and silt/clay

Middle: Organic matter, calcium
sulfate®, phosphate salts, titanium
dioxide, and silt/clay

Bottom: Organic matter, calcium
sulfate®, silt/clay phosphate salts, iron
hydroxide, and titanium dioxide

Top: Organic matter, elemental
sulfur, iron hydroxide, titanium
dioxide, and silt/clay

Middle: Calcium sulfate®, organic
matter, iron hydroxide, and
silt/clay

Bottom: Calcium sulfate®, organic
matter, iron hydroxide, and
silt/clay

Fourier transform infrared
spectroscopy

Dehydrated foulant similar to biofilm
Inorganic residue similar to
aluminosilicate clay

Dehydrated foulant similar to
biofilm

Inorganic residue similar to
aluminosilicate clay

Raman spectroscopy

No match to spectra in database

Results indicate presence of coal;
likely activated carbon

Membrane surface analysis

“Surface damage” observed ranging
from ~1.5 to ~6 um. See Figure 5.57.

“Pores” observed ranging from
~0.7 to ~5 um. See Figure 5.57.

2 Following 24-hour soak in de-ionized water.
®Following two six-hour high-pH cleanings proprietary cleaning agents.
¢ Reported as calcium sulfate but may have been a sulfide.

SEM demonstrated membrane damage on membrane samples from both systems (Table 5.16 and
Figure 5.57). The damage appeared to be more severe on the GAC-fluidized AnMBR membranes.
Additional SEM analyses conducted by Inha University demonstrated the PVDF membrane
was severely compromised, especially at the bottom location, where most of the GAC is located

(Figure 5.58).

a
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F

Figure 5.57 Electron Photomicrographs of Cleaned Gas-sparged (a) and GAC-fluidized

(b) UF Fibers.
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Figure 5.58 GAC-fluidized AnMBR Ultrafiltration Membrane Scanning Electron
Photomicrographs of UF Membranes Including an Intact Membrane (Shin et al. 2016a) (a),
and Samples from the Top (b), Middle (c) and Bottom (d) of the GAC-fluidized AnMBR in

this Study.
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Elemental analysis via EDS was conducted to characterize the membrane surface and associated
foulant prior to cleaning (Figure 5.59 and Table 5.17). Low fluorine atomic concentrations and
low fluorine:carbon atomic ratios relative to that for a virgin membrane (0.69) are indicative of a
foulant coating on the membrane. The lowest fluorine:carbon ratios were associated with the
gas-sparged AnMBR membrane bottom sample and the GAC-fluidized AnMBR membrane top
sample. These results indicate most of the foulant in the gas-sparged AnMBR was located at the
bottom of the membrane, which is consistent with visual observations of a clayey deposit
(Figure 5.47). Most of the foulant was located at the top of the GAC-fluidized AnMBR membrane
sample, which is also consistent with visual observations (Figure 5.54) and the knowledge that
most of the GAC is located near the bottom. Fluorine:carbon ratios for the gas-sparged AnMBR
ranged from 0.7 to 4% of the virgin membrane, whereas the GAC-fluidized AnMBR ratios ranged
from 4 to 84%. These data suggest the amount of foulant on the GAC-fluidized AnMBR was less
than that on the gas-sparged AnMBR, but the foulant on the GAC-fluidized AnMBR membranes
was physically scraped off with a spatula prior to shipment. The oxygen:carbon ratios provide an
additional indication of the amount of foulant. Virgin PVDF membranes have a ratio of 0.17. The
ratio ranges for the gas-sparged AnMBR and GAC-fluidized AnMBR membranes were 0.40 to
0.50 and 0.16 to 0.29, respectively. These results support the presence of relatively more foulant
on the as-received gas-sparged AnMBR membrane samples.

Considering the limitations described above, the main conclusions from the AWC study are:

e Foulants were present on both AnMBR membrane samples and were predominately
located at the bottom in the gas-sparged AnMBR and at the top in the GAC-fluidized
AnMBR.

e Foulants on both sets of membranes included organic and biological substances
(i.e., biofilm) and inorganic substances similar to silt/clay.

e Sulfur compounds were present in foulants on membranes from both AnMBRs.

e FElemental carbon was deposited only on the GAC-fluidized AnMBR membranes resulting
from GAC attrition and/or grinding.

¢ The GAC-fluidized AnMBR membranes appear to be more physically compromised from
GAC-abrasion compared to the gas-sparged AnMBR membranes (Figure 5.57).
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Figure 5.59 Energy Dispersive Spectroscopic Elemental Analysis of UF Fiber Sections for
gas-sparged (a,c) and GAC-fluidized (b,d) Reporting All Detected Elements (a,b) and
Excluding Carbon and Oxygen (c,d).
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Table 5.17  Ultrafiltration Membrane Atomic Ratios.

Gas-Sparged UF Membrane GAC-Fluidized UF Membrane
Membrane

Fluorine:Carbon | Oxygen:Carbon | Fluorine:Carbon | Oxygen:Carbon
Virgin 0.69 0.17 0.69 0.17
Top 0.13 0.40 0.03 0.29
Middle 0.03 0.44 0.46 0.21
Bottom 0.005 0.50 0.58 0.16

5.715 Gas-Sparged AnMBR Sulfide and Phosphorus Removal

A matrix of jar tests was performed with the primary objective of removing sulfide, and a
secondary objective of producing low turbidity. The results of tests where concentrations of ferric
chloride and aluminum chlorohydrate (ACH) were varied, while cationic polymer (P847E) was
kept constant at 1 mg/L, shown in Figure 5.60. The results of the jar tests demonstrate that lower
concentrations of residual sulfide were achieved at higher doses of iron (Figure 5.61a). While
sulfide removal was achieved through the addition of iron alone, floc size was small and led to
poor settling. The addition of ACH and cationic polymer helped to form stronger, larger flocs and
improved settling. Keeping the polymer dose constant at 1 mg/L, ferric chloride and ACH were
varied to find a suitable combination of doses to achieve sulfide removal and low turbidity. The
most promising results were achieved in two tests with iron dosing at 180 mg/L and 1 mg/L
polymer, which demonstrated removal rates greater than 99% and 96% in sulfide and phosphorus,
respectively, while forming large flocs with acceptable settling at ACH doses of 50 milligrams
aluminum per liter (mg-Al/L) and 67.5 mg-Al/L (Figure 5.61b).

Figure 5.60 Surface Plots Demonstrating the Results of the Matrix of Jar Tests
Conducted by Varying Ferric Chloride and ACH Concentrations, While Holding Polymer
Dosing to a Consistent 1 mg/L to Determine Optimal Dosages for Reduction of Sulfide
Residual Concentrations (a) and Turbidity (b).
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Figure 5.61 (a) Sulfide Residuals in Response to Varying Concentrations of Ferric
Chloride (a) and Removal of Phosphorus and Sulfide in Response to Varying
Concentrations of ACH (b).

Based on the results of jar testing, a combination of ACH, ferric chloride, and medium to high
molecular weight, low-charged cationic emulsion polymer was used in gas-sparged AnMBR
continuous-flow coagulation-flocculation-sedimentation tests. Figure 5.62 shows chemical doses
and the measured sedimentation basin pH.

Sulfide concentrations were reduced from ~30 mg/L to less than the performance objective of
0.1 mg/L from days 328 to 360 at times, but removal was inconsistent (Figure 5.62b). During this
time, the FeCls dose was 55-76 mg-Fe/L and dissolved iron was < 1 mg/L. The FeCls dose was
increased to 100-125 milligrams iron per liter (mg-Fe/L) to improve sulfide removal from days
361 to 479. With the exception of a transitional period from days 361 to 362, sulfide removal
consistency improved, and the effluent concentration was 0.7+1.7 mg/L (Table 5.18). Sulfide was
> 1 mg/L on days 382 and 437 for unknown reasons, which contributed to the high standard
deviation. The median and minimum effluent concentrations were 0.10 and 0.04 mg/L,
respectively. Sulfide removal was 99+2%. The dissolved iron concentration increased to
5.1+4.3 mg/L as a result of the increased FeCl3 dose. While the median sulfide concentration met
the performance objective, the average concentration did not, and the elevated dissolved iron
concentration indicates further process optimization is required. The performance objective of
0.1 mg/L sulfide may also be too strict for some applications. A goal of 1 mg/L sulfide would have
been achieved more easily.

Total phosphorus was reduced from 7.0+2.9 mg/L in the screened AnMBR influent to 0.43+0.29 in
the clinoptilolite effluent for an overall removal of 94+3%, which was greater than the performance
objective of 90% (p=0.052) (Figure 5.62c). The overall removal for total phosphorus was a result
of the individual removals observed in the AnMBR, coagulation, and clinoptilolite sorption. The
coagulation-flocculation-sedimentation process removed most of the phosphorus. Total
phosphorus concentrations in the coagulation influent were reduced from 4.2+0.6 mg/L by 83+9%
(effluent concentration 0.72+0.36 mg/L) (Table 5.18). Coagulation removal ranged from 88 to
91% from days 363 to 383 but then decreased to 67 t078% from days 416 to 465 (Figure 5.62c).
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The reason for this decrease is uncertain. The phosphorus removal rate by coagulation-flocculation
was 53+12 mg L' d”!, which was less than the performance objective of 60 mg L' d!. This rate is
based on the combined volume of the coagulation, flocculation, and sedimentation vessels. Further
optimization may have resulted in the performance objective being met.

Figure 5.62 Gas-sparged AnMBR Coagulation-flocculation Chemical Doses and
Resultant pH Values (a) Along with Associated Removals of Sulfide (b) and Total
Phosphorus (c).

Chemical doses are reported as mg-Fe/L, mg-Al/L, and mg/L of polymer product. Overall removal of
total phosphorus (c) is inclusive of bioreactor removal and clinoptilolite removal.
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Table 5.18  Gas-sparged AnMBR Coagulation-flocculation-sedimentation Effectiveness
for Period of Elevated Iron Dose from 362 to 479 Days.

Concentration (mg/L)

Analyte Influent Effluent Removal
Sulfide 2745 0.7£1.7 99%+2%
Total phosphorus 4.2+0.6 0.72+0.36 83%+9%
Dissolved iron NA 5.1+4.3 NA

Note:

Average Fe dose was 116 + 3 mg-Fe/L
Average Al dose was 31 + 2 mg-Al/L
Average polymer dose was 1.2 + 0.3 mg/L

5.716 GAC-Fluidized AnMBR Sulfide and Phosphorus Removal

Table 5.19 summarizes the results of jar testing for the purpose of removing sulfide and phosphorus
from the GAC-fluidized AnMBR permeate using alum and a cationic polymer. Permeate sulfide
concentrations were lower than those for the gas-fluidized AnMBR and were reduced to < 1 mg/L.
The 0.1-mg/L performance objective was not met in these short-duration tests. Total phosphorus
was reduced to undetectable concentrations, and thus, the 90% performance objective was met.
COD was also measured and demonstrated the potential for additional COD removal — about 50%
of the permeate COD was removed. These data demonstrate that coagulation with alum (compared
to ferric chloride and ACH) has good potential for treatment of AnMBR permeate and must be
optimized for each system.

Table 5.19  Jar Testing Results for GAC-fluidized AnMBR Pemeate.

puw | Torbidty | Sulnde | COD | g o,
g g/L) (mg/L)
Permeate 7.1 75 6.3 40 32
Alum 10 mg/L + 1 mg/L polymer 6.9 3 0.2 22 <0.1
Alum 30 mg/L + 1 mg/L polymer 6.2 5 0.3 19 <0.1
Alum 50 mg/L + 1 mg/L polymer 52 10 0.5 22 <0.1

5.717 Gas-Sparged AnMBR Ammonia Removal
Coagulated and settled permeate was pumped through a column of clinoptilolite to evaluate

ammonia removal efficiency and loading. The clinoptilolite column was operated until ammonia
effluent concentrations were equal to influent concentrations (i.e., complete breakthrough).
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The clinoptilolite media was then shipped to CERL for regeneration (discussed below). The
regenerated clinoptilolite media was then subjected to another sorption run with coagulated and
settled water. Two batches of clinoptilolite were tested as duplicates. Figure 5.63 shows
breakthrough curves for two different tests with virgin clinoptilolite. Initial breakthrough was
observed around 50 to 100 empty bed volumes. These values are about half of what has been
observed in a previous study with ammonia-amended tap water (U.S. EPA 1971). Variation in
breakthrough was attributed to variations in influent water chemistry and process interruptions.
These interruptions involved intentional shutdowns required to empty the sludge settling basin.
The average effluent pH values of day 335 and day 348 runs were 7.2+0.1 and 6.7+0.2,
respectively. This difference may have affected the breakthrough curves though the pKa of
ammonium is 9.24 — more than 2 pH units greater than the effluent pH values.

~— 30

Ammonia

0 50 100 150 200 250
Empty bed volumes
—o—Day 335 run (run 1A) —o—Day 348 run

Figure 5.63 Gas-sparged AnMBR Ammonia Breakthrough Curves for Two Runs with
New Clinoptilolite Media.

Influent ammonia concentrations for day 334 and day 348 runs were 45 and 35 mg-N/L, respectively.

Three sorption cycles were completed in duplicate (Figure 5.64). The influent and initial effluent
ammonia concentrations were 37+4 and 0.05+0.05 mg-N/L, respectively. The initial effluent
concentrations were taken after ~4 hours of operation, which was equivalent to 12 to 20 empty bed
volumes. The percent removal was 99.9+0.1%, which exceeded the performance objective of 90%
(p < 0.0001). The effluent concentrations and percent removals did not change over time,
indicating both the virgin and regenerated clinoptilolite batches were capable of effectively
removing ammonia from coagulated AnMBR permeate. The ammonia removal rate prior to
breakthrough was 4.4+0.9 g L' d"!, which is greater than the performance objective of 2 g L' d’!
(p=0.00063).
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Figure 5.64 Gas-sparged AnMBR Ammonia Concentrations Over Time, Clinoptilolite
Effluent Concentrations Prior to Breakthrough, and Percent Removal Compared to
Performance Objective.

Ammonia loading on the clinoptilolite was measured to evaluate sorption capacity both before and
after two regeneration cycles (Figure 5.65). The initial loading was 6.4 and 4.8 grams nitrogen per
kilogram (g-N/kg) for batches A and B, respectively, compared to the design loading of 13 g-N/kg
based on CERL laboratory tests with ammonia in deionized water. After the first regeneration with
NaCl brine, the loading decreased by 21 to 50% (Figure 5.65b) compared to the performance
objective of 10%. The decrease in loading may have been attributable to either insufficient removal
of sorbed iron or competition by ferrous ion during the second sorption cycle (Figure 5.65¢). The
second regeneration (NaCl and NaOH for batch A and NaOH for batch B) did not result in further
decreases in ammonia loading. The loading of batch B may have been greater than that of batch A
because of elevated dissolved iron concentrations (Figure 5.65¢). Regenerated clinoptilolite had
reduced loading but a second regeneration did not further reduce loading. Further regenerations
were not conducted, therefore extrapolation to long-term regeneration performance was not
possible. Dissolved iron appears to have also negatively affected ammonia loading.

Clinoptilolite regeneration was possible with either NaCl brine or 0.5-molar (M) NaOH; however,
regeneration was faster with NaOH. At elevated pH, ammonia is removed by both ion exchange
and charge neutralization mechanisms, which increased regeneration rates over pH neutral NaCl.
Electrolysis of the ammonia-laded regenerant solutions was conducted with GreenBox™
technology. Electrolysis was not observed with any of the six solutions. It is believed that iron
from upstream coagulation processes interfered negatively with the electrodes. Further studies on
the linkage of clinoptilolite ion exchange with ammonia electrolysis will require non-iron based
coagulants and/or a change in process order.
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Figure 5.65 Gas-sparged AnMBR Clinoptilolite Loading per Run (a), Overall Reduction
in Loading After Each Regeneration Cycle (b), and Dissolved Iron Concentrations in the
Column Influent (¢).

5.7.18 Gas-Sparged and GAC-Fluidized AnMBR Treated Water Quality

Table 5.20 summarizes water quality following treatment by the gas-sparged and GAC-fluidized
AnMBR systems. The values listed for the gas-sparged AnMBR are following treatment by the
entire  treatment train, including the AnMBR, dissolved methane removal,
coagulation-flocculation-sedimentation, and ammonia removal. The GAC-fluidized AnMBR
values are only for the AnMBR process because the downstream processes were not tested.
General conclusions regarding these results are as follows:

e BOD:s concentrations were less than the EPA secondary treatment standard of 30 mg/L but
greater than the ANSI reuse standard of 10 mg/L. Implementation of primary treatment
prior to the AnMBR would likely have resulted in lower effluent concentrations based
results of a previous study with primary effluent (Shin et al. 2014). The primary effluent
contains predominately soluble COD which is more degradable in an AnMBR than solids
that must be hydrolyzed. The GAC-fluidized AnMBR was capable of achieving lower
concentrations than the gas-sparged AnMBR; though, the influent concentration to the
gas-sparged AnMBR was greater than that to the GAC-fluidized AnMBR. Similar
conclusions apply to COD.
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Table 5.20  Gas-sparged and GAC-Fluidized AnMBR Treated Water Quality.

Gas-Sparged GAC-Fluidized
Analyte a b

AnMBR AnMBR
BODS5 (mg/L)° 25+12 1549
COD (mg/L)’ 58+27 29+9
Ammonia (mg-N/L) 0.046+0.045 2945
Nitrite (mg-N/L) 0.015+0.007 NA
Nitrate (mg-N/L) 0.023+0.012 NA
Total nitrogen (mg/L) 1.4+0.6 29+7
Total phosphorus (mg/L) 0.43+0.29 2.7+0.3
Sulfate (mg/L) 1.3 10£7
Sulfide (mg/L) 0.294+0.25 3.9
Dissolved iron (mg/L) 0.29+0.07 NA
Oxidation-reduction potential (mV) -120£30 NA
pH 8.1+1.1 7.240.2
Hardness (mg/L) 5660 NA
Alkalinity (mg-CaCO3/L) 370+70 240+20
Total dissolved solids (mg/L) 820+90 NA
Specific conductivity (uS/cm) 1200£100 NA
LSI¢ -0.14+1.00 NA
Total suspended solids (mg/L) 25+17 NA
Turbidity (NTU) 9.8+8.8 5.3+£3.2
E. coli (MPN/100 mL) <1 NA
Total coliforms (MPN/100 mL)" 3704210 NA
Chlorine demand (mg/L) 1242 NA
Dissolved methane’ 2.6+0.5 1243

2 Data for clinoptilolite effluent with the exception of BODs and COD.

b Data for AnMBR permeate.
¢ Data for non-upset conditions.

4 Langalier saturation index calculated using specific conductivity data and a temperature of 15°C.

¢ Prior to disinfection.

fIn permeate prior to dissolved methane removal for the GAC-fluidized AnMBR and minimum value observed following
dissolved methane removal in the gas-sparged AnMBR.

e Ammonia was effectively removed by the clinoptilolite media. Nitrate and nitrite were very
low, as expected in an anaerobic system. Total nitrogen in the screened sewage to the
gas-sparged AnMBR was reduced from 60+4 mg/L to 1.4+0.6 mg/L. Total phosphorus was
reduced from 7.0+£2.9 mg/L to 0.43+0.29 for an overall removal of 94+3% which was
greater than the performance objective of 90% (p=0.052). The overall removal for total
phosphorus was a result of the individual removals observed in the AnMBR, coagulation,
and clinoptilolite sorption (Figure 5.66).
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Figure 5.66 Gas-sparged AnMBR Total Phosphorus Concentrations Through the Entire
Process.

e Sulfide was reduced by the coagulation-flocculation-sedimentation process from
31£2 mg/L in the AnMBR permeate to 0.294+0.25 mg/L in the clinoptilolite bed effluent.
The performance objective of 0.1 mg/L was not met, suggesting further refinement of the
coagulation process is required (see also Section 5.7.15).

e Dissolved iron in the clinoptilolite effluent (0.29+0.07 mg/L) was less than the
coagulation-flocculation-sedimentation effluent (9.7+7.2 mg/L) for these sorption test
runs. These data demonstrate the clinoptilolite sorbed ferrous iron, which in turn,
negatively affected the electrolysis process (see Section 5.7.17). While further coagulation
optimization is warranted to minimize dissolved iron concentrations, the clinoptilolite
could be an effective polishing step for residual dissolved iron.

e The oxidation-reduction potential was negative, which could adversely affect receiving
surface water. While dissolved oxygen was not measured, its concentration was likely low.
Post aeration of treated effluent may be necessary, and use of energy-efficient methods
(e.g., cascade aeration) should be considered. This process would also remove residual
sulfide and dissolved iron. This may not be necessary for certain reuse applications, such
as toilet flushing.

e General water quality parameters were measured, including pH, hardness, alkalinity, total
dissolved solids, and specific conductivity. The Langelier saturation index (LSI) was
calculated and was highly variable because of variations in coagulation pH. This result
indicates corrosion potential would need to be considered further. Total dissolved solids
concentration was greater than the EPA secondary MCL of 500 mg/L, which could
potentially affect potable reuse applications.

e Total suspended solids were detected in the gas-sparged AnMBR effluent because of
inefficient sedimentation and presence of fines released from the friable clinoptilolite but
were less than the EPA secondary treatment standard of 30 mg/L, although not at a
statistically significant level (p=0.30). Turbidity was elevated in both the gas-sparged and
GAC-fluidized AnMBR and greater than the performance objective of 2 NTU. Elevated
turbidity could have been a result of precipitation in addition to the above factors.
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e E. coli was not detected, and total coliform concentrations were less than typically found
in treated but undisinfected wastewaters (Elmund et al. 1999). The chlorine demand was
high in light of the negative oxidation-reduction potential.

e Dissolved methane concentrations prior to removal were similar in both systems
(14£2 and 1243 mg/L for the gas-sparged and GAC-fluidized AnMBRs, respectively). The
concentration in the gas-sparged AnMBR permeate following removal by the Liqui-Cel
contactor was reduced by 79% but still detectable and a potential source of greenhouse gas
emissions.

5.7.19  Gas-Sparged AnMBR Residuals Characterization

Bioreactor and sedimentation solids collected from the gas-sparged AnMBR were characterized
and compared to regulations including Resource and Conservation Recovery Act (RCRA)
hazardous waste and part 503B biosolids regulations (Table 5.21 and Table 5.22). Note that RCRA
exempts wastewater residuals because they are regulated separately under the Clean Water Act.
Therefore, the RCRA hazardous waste regulatory limits for the toxicity characteristic are provided
for reference only. None of the metals concentrations in both residuals exceeded regulatory limits.
Pathogens exceeded part 503B class A biosolids limits but not the class B biosolids limit for fecal
coliforms.

The suspended solids concentration following coagulation-flocculation and prior to sedimentation
was 180+£90 mg/L TSS and 58+29 mg/L VSS for the period 362 to 479 days. Thus, 180 mg of
solids was produced for each liter of permeate generated. The phosphorus and sulfur recoveries
were acceptable, but the iron recovery was low (Table 5.22). The iron recovery estimate is based
on calculated dose rather than actual measured iron concentration fed. Thus, the actual dose may
be less than reported.

The sedimentation residual has potential use as fertilizer, especially as a source of iron, phosphorus
and sulfur. The nitrogen to phosphorus to potassium (NPK) ratio (i.e., in standard terms of weight
percentages of N:P20s5:K20) is 0.35:12:0.22, indicating the nitrogen content is low. The residuals
are a good source of phosphorus (in addition to iron and sulfur), assuming it is available to plants
and not irreversibly complexed with aluminum or iron.
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Table 5.21

Gas-sparged AnMBR Bioreactor Solids Characteristics.

Analyte Gas-sparged RCRA 503B limit 151(:1::3
AnMBR limit class A class B
Total solids (mg/L) 9,200+6,000 NA NA NA
Volatile solids (mg/L) 7,200+4,800 NA NA NA
VS/TS 78%+6% NA NA NA
Metals
Arsenic (mg/kg dry) 4.5+1.1 NA 75 NA
Barium (mg/kg dry) 160+90 NA NA NA
Cadmium (mg/kg dry) 2.1£1.3 NA 85 NA
Chromium (mg/kg dry) 73+49 NA NA NA
Lead (mg/kg dry) 8.0+6.8 NA 840 NA
Mercury (mg/kg dry) 0.099+0.028 NA 57 NA
Selenium (mg/kg dry) 1145 NA 100 NA
Silver (mg/kg dry) 2.1+1.1 NA NA NA
Arsenic (max TCLP mg/L)? 0.2240.05 5 NA NA
Barium (max TCLP mg/L)? 7.9+4.5 100 NA NA
Cadmium (max TCLP mg/L)? 0.10+0.067 1 NA NA
Chromium (max TCLP mg/L)* 3.7£2.5 5 NA NA
Lead (max TCLP mg/L)* 0.40+0.34 5 NA NA
Mercury (max TCLP mg/L)? 0.0049+0.0014 0.2 NA NA
Selenium (max TCLP mg/L)* 0.56+0.24 1 NA NA
Silver (max TCLP mg/L)* 0.10£0.053 5 NA NA
Pathogens
Enteric viruses (plaque forming units/4 g dry) 1746 NA 1 NA
Viable helminth ova (number per 4 g dry) <27 NA 1 NA
Fecal coliforms (MPN/g dry) 620,000 NA 1,000 2,000,000
Salmonella (MPN/4 gdry) 1,200+700 NA 3 NA

2 Calculated assuming 100% leaching in toxicity characteristic leaching procedure (TCLP).
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Table 5.22 Gas-sparged AnMBR Coagulation-Flocculation-Sedimentation Sludge
Elemental Analysis and Calculated Recovery for Period of Elevated Iron Dose
from Days 361 to 479.

sl Concentration e Maximum | RCRA limit
(dry wt %) TCLP (mg/L)* |  (mg/L)
Al 19% NA NA NA
As 0.0009% NA 0.45 5
B 0.0004% NA 0.2 100
3.0% NA NA NA
Ca 0.42% NA NA NA
Cl 0.09% NA NA NA
Co 0.0009% NA NA NA
Cr 0.003% NA 1.5 5
Cu 0.003% NA NA NA
Fe 20% 33%=*17% NA NA
H 2.9% NA NA NA
K 0.09% NA NA NA
Mg 0.07% NA NA NA
N 0.35% NA NA NA
Na 0.18% NA NA NA
(0] 28% NA NA NA
P 2.6% 166%+99% NA NA
S 15% 107%+38% NA NA
Pb, Cd, Zn,Co ND NA ND 1to5
Total 92% NA NA NA

a2 Calculated assuming 100% leaching in TCLP.

Sludge dewatering tests were conducted by Dr. Matt Higgins at Bucknell University. The total
solids contents of the original sample, as well as the cake solids and polymer demand measured
during the dewatering test are summarized in Table 5.23. The cake solids for the AnMBR samples
average about 16% for the two different samples analyzed in duplicate. The polymer demand had
an average around 32 kilograms per metric ton (kg/tonne), which is relatively high. For the sample
from the sedimentation basin, the average cake solids concentration was 19.6% and the polymer
demand was 9.2 kg/tonne.

128



Table 5.23  Dewatering Results for Gas-sparged AnMBR Bioreactor Sludge and
Coagulation-Flocculation-Sedimentation Sludge.

Sample Sample Date Sanz‘};l)()a L Cak(eo/f ;) LLE Pzggﬂz;?(gse
AnMBR Bioreactor 4/26/17 (day 285) 1.03 16.2+0.98 29.6
AnMBR Bioreactor 10/19/17 (day 461) 0.22 159+ 0.55 344
Sediment Basin 10/19/17 (day 461) 1.24 19.6 £0.13 9.2

5.7.20  Gas-Sparged and GAC-Fluidized AnMBR Biogas Characterization

Biogas samples were collected and analyzed from each AnMBR system (Table 5.24). Methane
concentrations were similar to those observed in standard anaerobic digesters; however, the
residual gas was predominately nitrogen rather than carbon dioxide as has been observed in other
AnMBR systems (Shin et al. 2016¢). Hydrogen sulfide was present in the gas-sparged AnMBR
biogas as would be expected, especially considering the influent sulfate concentrations. Hydrogen
sulfide treatment would be required, as has been previously studied (Evans et al. 2016, Jayaraman
et al. 2015, Vandenburgh and Evans 2016). Biogas was sampled and analyzed once for siloxanes
and only octamethylcyclotetrasiloxane D4 was detected.

Table 5.24  Biogas, Gas-sparged and GAC-fluidized AnMBR Biogas Composition.

Analyte Gas-Sparged GAC-Fluidized
AnMBR AnMBR
Fixed gases (volume %)
Methane 68+6.5 61+7.7
Carbon dioxide 6.4+7.2 6.9+1.8
Nitrogen 24+5.9 32+8.6
Oxygen/argon 1.0+£0.3 NA
Hydrogen sulfide (mg/m®) 4,900+1,800 NA
Siloxanes (ppbV)
Trimethylsilanol <13 NA
Hexamethyldisiloxane (L2) <6.3 NA
Hexamethylcyclotrisiloxane (D3) <438 NA
Octamethyltrisiloxane (L3) <43 NA
Octamethylcyclotetrasiloxane (D4) 4.7 NA
Decamethylcyclotetrasiloxane (L4) <33 NA
Decamethylcyclopentasiloxane (D5) <28 NA
Dodecamethylpentasiloxane (L5) <27 NA
Dedecamethylcyclohexasiloxane (D6) <23 NA
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5.7.21 Gas-Sparged AnMBR Microbial Ecology
Phylum level distribution of bacterial communities in AnMBR

Out of 639 bacterial operational taxonomic units (OTUs) recognized, a core group of bacterial
phyla Bacteroidetes, Proteobacteria, Firmicutes, and to a lesser extent, Chloroflexi and
Synergistetes, were observed throughout the period of AnMBR sampling from the gas-sparged
AnMBR bioreactor (Figure 5.67). Phylum Bacteroidetes accounted for roughly 20 to 35% of the
relative abundance and did not significantly change from summer startup through winter operation.
Proteobacteria increased in relative abundance from 14.7% at startup to 26.9% and Firmicutes
from 8% to 16.6%, respectively, when the average effective bioreactor temperature decreased from
25°C to 16°C (7/13/2016 [day —2] to 3/15/2017 [day 243]). Temperatures are shown on top of the
graphs in Figure 5.67 through Figure 5.70. On the other hand, Chloroflexi to decrease from 29.3%
to 9.1% during the same period. Synergistes exhibited a minor increase in relative abundance, more
noticeably from startup to winter, before achieving stable but low relative abundance levels.

Temp.| 25.2°C| 13.9°C| 16.4°C| 18.9°C| 17.1°C| 15.6°C| 18°C|17.7°C| 20°C |
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Figure 5.67 Phylum Level Relative Abundance of Bacteria with > 1% Relative
Abundance for at Least One Sample Date.
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It is likely that members of Bacteroidetes performed proteolysis in the AnMBR, which is the
degradation of proteins into smaller polypeptides or amino acids (acidogenesis), and can also
ferment amino acids to acetate (Devereux et al. 1990, Riviere et al. 2009). The Proteobacteria
were mainly composed of Betaproteobacteria and a higher abundance of Deltaproteobacteria.
Betaproteobacteria are also likely involved in the first steps of the degradation and are the main
consumers of propionate, butyrate, and acetate (Ariesyady et al. 2007, Riviere et al. 2009). The
Deltaproteobacteria members present are sulfate-reducing bacteria (SRB) and microorganisms
involved in syntrophic activity, such as the genus Syntrophus. Firmicutes are another group of
syntrophic bacteria that were present in increasing abundance with temperature. They are known
to degrade VFAs such as butyrate and its analogs, which produces H> that can be degraded by
hydrogenotrophic methanogens, along with acetate that can be consumed by acetoclastic
methanogens. The metabolic capacities of Chloroflexi are still unclear, but several studies have
showed their potential role in the degradation of carbohydrates (Riviere et al. 2009). They did
decrease in relative abundance with the bioreactor operation and temperature decrease.
Synergistetes convert amino acids into short-chain fatty acids (SCFAs) and sulfate that terminal
degraders, such as SRB and methanogens, can use (Riviere et al. 2009). Predominant phyla in
mesophilic anaerobic reactors matches the trends observed here, except for Chloroflexi, which
underwent a marked decrease in relative abundance, and which warrants further investigation on
the effects of psychrophilic conditions on this Chloroflexi (Garcia and Angenent 2009, Holmes et
al. 2017).

Family/genus level distribution of bacterial communities in the gas-sparged AnMBR

Besides other Bacteroidetes and Clostridiales; Synergistaceae, Anaerolinaceae, and
Syntrophaceae exhibited the highest abundances on the family rank (Figure 5.68). The
Synergistaceae family showed the single largest abundance in the Synergistetes phylum
(Synergistia class, Synergistales order) and is known to have the ability to degrade amino acids
into VFAs and contribute to acidogenesis and acetogenesis via syntrophic relationships with
methanogens (Devereux et al. 1990). Their abundance seems to have benefited from the
temperature reduction experienced in the autumn, but then it declines in the spring.
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Figure 5.68 Family Level Relative Abundance of Bacteria with > 1% Relative Abundance
for at Least One Sample Date.

o_indicates order level.

Three bacterial genera varieties (SHD-231, T78, WCHB1-05) found in the Anaerolinaceae family
(Chloroflexi phylum, Anaerolineae class, Anaerolineales order) comprised a significant portion
(30.46%) of the relative abundance of bacteria for the first sample date, but their presence declines
through the winter and spring months (down to 4.47%) (Figure 5.69). Anaerolineae is identified
as one of the core populations, as primary and secondary fermenting groups, in methanogenic
bioreactors and most often comprises a dominating proportion of anaerobic digestive systems.
Anaerolineae are considered to be anaerobic semi-syntrophic organisms, degrading carbohydrates
and conducting reverse electron transfer via tightly coupled mutualistic interactions with
hydrogenotrophic methanogens, and in comes cases, posing the genetic potential to metabolize
ethanol to acetate, implying their reputed role as anaerobic syntrophs with acetoclastic
methanogens. The adhesive feature of Anaerolineae enabled by active pilA expression (active type
VI pili [Tfp] assembly) might serve as the adhesive matrix for the aggregation of fermentative
populations in sludge granules and the causative agent of filamentous flocs in upflow anaerobic
sludge blanket reactors. Observations of this advantageous bonding capacity in Anaerolinales may
provide an explanation for its ubiquity and accumulation in anaerobic digestive systems
(McDonald et al. 2012, Mouser et al. 2016).
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Figure 5.69 Genus Level Relative Abundance of Bacteria with > 1% Relative Abundance
for at Least One Sample Date.

o_indicates order level, f_indicates family level.

Along with Anaerolineae, the genera Syntrophus (Syntrophaceae family) also performs reverse
electron transfer in mesophilic anaerobic environments and shows a similar trend of abundance as
Synergistaceae (vadinCA02 genus) because of their apparent increase in abundance on the coldest
sample date and their abundance waning in warmer temperatures (Figure 5.69). Syntrophus, as the
name implies, is a syntrophic bacterium capable of degrading important intermediates in the
methanogenic decomposition of organic matter, such as benzoate, fatty acid chains, and aromatic
compounds in a symbiotic relationship with methanogens (Mouser et al. 2016). This anaerobic
bacterium ferments alcohols, fatty acids longer than two carbon atoms, and benzoate to acetate,
CO2 and H2 in the presence of hydrogen-utilizing methanogenic partners that, in turn, produce
methane and CO2 (Schocke and Schink 1998). The hydrogen-consuming populations that maintain
low Hz partial pressures in anaerobic environments allow the conversion of benzoate to Ha, acetate,
and CO:z to be thermodynamically feasible, which are otherwise unfavorable at standard conditions
(Becker et al. 2005).

The Desulfovibrio genus (Desulfovibrionaceae family) showed increasing abundance throughout

the experiment with the largest abundance on the last sample date. This SRB utilizes sulfate as a
terminal electron acceptor and derive their energy for growth from the oxidation of Hz, formate,
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ethanol, and lactate and hydrogen gas (Narihiro et al. 2012). Particular species perform sulfur
disproportionation with elemental sulfur (S), sulfite (SO372), and thiosulfate (S2037%) to produce
both hydrogen sulfide (H2S) and sulfate (SO4 2). The SRB Desulfomicrobium genus that utilizes
H: as an electron donor and acetate as carbon source also showed increasing abundance but to a
lesser extent (Auvinen et al. 2009). The increasing abundance of Desulfovibrionaceae, with a
subsequent increase in hydrogen sulfide production, causes concern because of the potential of
microbially induced sulfide corrosion that degrades the inner workings of the AnMBR system.
The presence of SRB also correlates with sulfate reduction that actively occurred in the AnMBR
with concomitant generation of sulfide.

The potential enteric human pathogen Arcobacter showed the second highest abundance for the
last sample date (Vandenberg et al. 2004). This curious spike in abundance might be explained by
its inoculation from influent wastewater microbiota that has changed microbial community
composition within systems in other studies (Becker et al. 2005).

Order/genus level distribution of archaeal communities in the AnMBR

The high-throughput sequencing reveals low populations of methanogens and archaea altogether.
The relative abundance of the total archaea population never amounts to > 2% of the entire
microbial community population (Figure 5.70). This observation is in accordance with findings on
other methanogenic ecosystems that are typically comprised of < 2% relative abundance of
methanogens (Liu et al. 2009).

Figure 5.70 Relative Abundance of Archaea Compared to Bacteria.

Methanosaeta = Methanothrix.
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Out of 12 archaeal OTUs recognized, the core Archaea group was composed of the methanogens
in the order Methanosarcinales, Methanobacteriales, and Methanomicrobiales (Figure 5.71a). The
obligate acetoclast, Methanothrix (formerly Methanosaeta) genus (Methanosarcinales order,
Methanosaetaceae family) represents the pathway for acetoclastic methanogenesis and showed
the overall highest abundance and higher abundances for more sample dates. Methanothrix seems
to have gained a delayed advantage in the bioreactor after the temperature reduction.
Methanobacteriales and Methanomicrobiales represent the pathway for which hydrogenotrophic
methanogenesis takes place. Methanobacteriales order, Methanobacterium genus’ dominance for
the first sample might be due to its selection in the digester from which it originates. Anaerobic
digesters treating municipal wastewater are known to be predominated by the acetoclastic
Methanothrix, although several studies indicate hydrogentophic predominance as well, especially
if the influent wastewater exhibits unusual composition (Garcia and Angenent 2009, Padmasiri et
al. 2007, Zhang et al. 2009). It shows predominance that lasts through the fall and into the
beginning of winter (Figure 5.71), after which a sharp shift in predominance takes place towards
the acetoclastic genera.

Figure 5.71 Relative Abundance of Key Methanogen Orders (a — top) and Genera (b —
bottom) Compared to the Total Abundance of the Set.

Methanosarcina (Methanosarcinales order, Methanosarcinaceae family) was not present in the
inoculum and is suspected to be absent in the source sludge anaerobic digester. If it were present,
the generalist Methanosarcina would be a better competitor for acetate; instead, we observed high
abundances of the acetate specialist, Methanothrix, which is favored in systems with a low acetate
concentration, such as this one (Angenent et al. 2002).

Proposed Microbial Interactions in the AnMBR with Decreasing Temperature

It is hypothesized that Anaerolinaceae’s provides the bonding capacity that builds an adhesive
matrix that aggregates key archaea and bacteria (McDonald et al. 2012), including Synergistaceae
and Syntrophaceae altogether. This relationship is thought to couple the reactions of
Synergistaceae degrading amino acids into VFAs with the metabolism of Syntrophaceae, which
further converts VFAs into acetate and H> that are syntrophically tied to methanogens, such as
Methanosaetaceae and Methanobacterium, respectively (Figure 5.72). Methanothrix, that
comprise the entire Methanosaetaceae population in this study, might contribute in this adhered
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relationship because they are commonly found in methanogenic biomass due to their filamentous
morphology and granulogenesis ability in forming biofilms in bioreactors (Becker et al. 2005,
Nelson et al. 2012). This points to the fact that direct acetate utilization by acetoclastic
methanogens might downplay the occurrence of acetate oxidation, often considered a preferred
pathway under thermodynamically and metabolically unfavorable conditions for acetoclastic
methanogenesis. On the other hand, the high shear environment created by biogas sparging and
sludge circulation might disrupt these syntrophic relationships found in suspension. An interesting
factor that needs to be further examined is the role of decrease or increase in bioreactor temperature
in forging these microbial community interactions, as shown below.
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Figure 5.72 Diagram of Hypothesized Relationships of Key Microbes.
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On the basis of the results, we can glean a fascinating perspective about direct interspecies electron
transfer in these systems under sub-ambient temperature conditions as well. Recent studies have
repeatedly suggested syntrophic cooperation between Methanothrix and iron-reducing bacteria,
such as Geobacter (Holmes et al. 2017, Lovley 2017). The microbial community results do show
the possibility of the increasing proportion of Methanothrix to be a component of aggregates,
which is not, however, matched by a corresponding increase in Desulfuromonodales
(to which Geobacteracea belong). This does raise an intriguing research question on the
mechanism of acetate uptake by Methanothrix in the AnMBR system at low temperatures.

Statistical Significance of Data

R (RGui) v. 3.4.1 was used to test the statistical significance of correlations in our dataset based
on Pearson correlations and Spearman’s Rho rank correlation. The significance of the Pearson
correlation coefficient (r) by comparing the p values from each dataset pair with alpha (a) equal to
0.05, meaning at least 95% certainty is needed to prove that the correlation is not random. p < 0.05
was considered to be significant. Furthermore, a Pearson correlation coefficient is significant if the
absolute value of r is greater than r Critical, which is dependent on a. Additionally, Spearman’s
rho rank correlation using two-tailed tests were also performed on the dataset, and p < 0.05 was
considered to be significant.
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Pearson Correlation Test

Only the relative abundance of Synergistaceae showed a strong negative correlation with
temperature, r = —0.894, p = 0.001, meaning its relative abundance generally increased with
decreasing temperatures. Syntrophus exhibited the same trend, r = —0.603, p = 0.084, but did not
exhibit a 95% certainty. The relative abundances of Methanobacterium, Bacteroidetes,
Anaerolinaceae, and Chloroflexi in general exhibited a moderate positive correlation with
temperature, r = 0.571, p=0.109, r = 0.622, p=0.074, r = 0.528, p=0.146, r = 0.558, p=0.119,
respectively. Again though, these correlations did not exhibit a 95% certainty. The correlation seen
with Methanobacterium, Anaerolinaceae, and Chloroflexi in general can be attributed to the initial
abundance in the inoculum followed by ever decreasing abundances throughout the sample time
range.

Spearman’s Rho Rank Correlation Test

Only the relative abundances of Synergistaceae and Syntrophus showed a strong negative
correlation with temperature, p = 0.0061 and p = 0.0311, respectively. This is in line with the
Pearson correlation test and can be seen in Figure 5.68 and Figure 5.69, where it seems that the
relative abundance of Synergistaceae and Syntrophus grow and reach peak abundance during the
coldest temperature period.

5.7.22 GAC-Fluidized AnMBR Microbial Ecology
Diversity Analyses of Microbial Community

A total of 2,158 bacterial genera and 87 archaeal genera were detected in the 11 samples analyzed.
cluster analysis was performed to compare the microbial structure and composition between the
samples. For both the bacterial and archaeal communities, it was observed that the GAC samples
were clustered together (Figure 5.73 and Figure 5.74), indicating that the GAC microbial
communities showed high similarity over the sampling period. Additionally, the primary
GAC-fluidized bioreactor (i.e., AFBR) GAC samples and secondary UF membrane tank
(i.e., AFMBR) GAC samples that were taken at the same time point were always clustered
together. This meant that the similarity in GAC communities is more temporal-dependent than
spatial-dependent. In other words, the GAC communities in the AFBR and AFMBR reactors
evolved similarly over time. This could be due to the internal recirculation between the two
reactors, exposing the AFBR and AFMBR GAC microbial communities to a completely mixed
condition rather than a plug-flow condition.

For the bulk samples, both the bacterial and archaeal community structures of samples taken at
days 436 and 555 clustered together. However, the sample obtained on day 342, was clustered
distantly (Figure 5.73 and Figure 5.74). This suggests that the bulk microbial community structure
gradually stabilized overtime. This is also evident from the distant clustering between the influent
sewage and bulk sample at day 555, indicating that the biomass brought into the GAC-fluidized
AnMBR by the incoming sewage had little impact on the bulk microbial community structure.
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Microbial Community Structure: Syntrophs, Exoelectrogens and Methanogens

Syntrophs and methanogens are key players in critical syntrophic oxidation-reduction
reactions required for methane formation. Additionally, the electrically conductive property of
GAC is known to promote the growth of exoelectrogens, which is a group of microbes that has the
ability to transfer electrons extracellularly and interact with syntrophs and methanogens to promote
methane formation (Aslam et al. 2018). Hence, the dynamics of these 3 groups of microbes were
examined. Specifically, the dominant genera (i.e., relative sequence abundance of > 1% in one or
more samples) of these 3 microbial groups were identified and investigated.

Figure 5.73 Dendrogram of Cluster Analysis Based on the Bray-Curtis Dissimilarity for
Bacterial Community at Days 342, 436 and 555.

The scale bar represents the difference in the Bray-Curtis indices between samples.
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Figure 5.74 Dendrogram of Cluster Analysis Based on the Bray-Curtis Dissimilarity for
Archaeal Community at Days 342, 436 and 555.
The scale bar represents the difference in the Bray-Curtis indices between samples.

Syntrophs

Five syntroph genera were identified as dominant. Collectively, the dominant syntroph genera
formed 5 to 10% of the total bacterial population for all GAC samples (Figure 5.75). The dominant
syntroph population was also observed at similar levels (6 to 7%) in all bulk samples with the
exception of day 342 AFMBR bulk. These findings indicate that syntroph population was enriched
in the GAC-fluidized AnMBR. Conversely, the day 555 influent sewage had about 1.2% syntroph,
suggesting that the system’s syntroph population was predominantly developed through
enrichment rather than augmentation with the incoming sewage. The enrichment could be
attributed to the combination of GAC particles, which acted as a biocarrier and provided surface
for biomass attachment, and the presence of membrane in the second stage AFMBR, aiding with
biomass residence.

The five syntroph genera were taxonomically assigned to Syntrophus, Smithella, Syntrophobacter,
Syntrophorhabdus and Syntrophomonas. The genera Smithella, Syntrophobacter and
Syntrophomonas are fatty acids oxidizers (Brenner et al. 2006, Vos et al. 2011). Specifically,
Syntrophomonas is responsible for oxidizing a wide range of long-chain fatty acids (LCFAs),
ranging from 18-carbon to 4-carbon, into SCFAs such as propionate and acetate. One the one hand,
propionate oxidation is carried out by Smithella and Syntrophobacter. On the other hand,
Syntrophorhabdus performs oxidation of various aromatic compounds including,
hydroxybenzoates, benzoate, phenol and phthalates (Brenner et al. 2006). Syntrophus is able to
oxidize aromatic compound benzoate, LCFAs, and methyl esters of butyrate and hexanoate
(Brenner et al. 2006). Together, they form a good mix of syntrophs to perform the
thermodynamically demanding tasks of fatty acids and aromatics oxidation.
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Despite having similar abundances of syntrophs, the compositions of the GAC and bulk syntroph
population were different. Syntrophomonas, in particular, tends to predominate in the bulk solution
at 5 to 7% rather than on the GAC (0.1 to 2.5%) (Figure 5.76). The other 4 syntroph genera showed
greater dominance on the GAC than in the bulk solution. The propionate-oxidizing Smithella was
the most dominant syntroph on the GAC (1.6 to 4.8%).

Exoelectrogens

Four dominant genera Geobacter, Desulfobulbus, Arcobacter, and Aeromonas were closely related
to known exoeletrogenic species Geobacter metallireducens (Rotaru et al. 2014), Geobacter lovleyi
(Sung et al. 2006), Desulfobulbus propionicus (Holmes et al. 2004), Arcobacter butzleri ED-1
(Fedorovich et al. 2010), and Aeromonas hydrophila (Pham et al. 2003) with Blastn identities of 98
to 100% (Figure 5.77). Geobacter and Desulfobulbus were two of the most dominant GAC
exoelectrogens (Geobacter: 3 to 4%; Desulfobulus: 0.7 to 2.7%). However, their population reduced
at day 555 (Geobacter: 0.8 to 1.4%; Desulfobulus: 0.3 to 0.5%), while Arcobacter increased,
suggesting that the addition of supplement COD may be associated with these changes. The
predominating exoelectrogen in the bulk liquid was Arcobacter (2 to 15%). Arcobacter was also
present at high abundance in influent sewage (25.7%), suggesting that the bulk liquid Arcobacter
could be augmented constantly with the incoming sewage. Aeromonas tends to exist at similar and
low levels on the GAC (0.03 to 0.07%) and in the bulk liquid (0.06 to 0.95%). Collectively, the
exoelectrogen population could possibly generate electron extracellular during the assimilation of a
wide variety of substrates, including, ethanol, acetate, pyruvate, lactate, propionate, hydrogen, etc.

Methanogens

Eight dominant methanogen taxa were present in the GAC-fluidized AnMBR. Methanogen
population existed at disproportionately high levels on GAC samples compared to bulk liquid
(Figure 5.78). The GAC methanogen population increased from 4% at day 342 to 70% at day 555
(Figure 5.78). Notably, a sharp spike was observed for day 555 samples, suggesting that the COD
supplementation promoted the growth of GAC methanogens. Conversely, methanogens remained
at much lower levels in the bulk liquid at day 342 and 436 (0.2 to 1.5%), up to day 555, where the
addition COD caused a spike in levels. During this spike, Candidatus Methanogranum was
observed to be the predominant methanogen taxa, which was similar to that of the influent sewage
(Figure 5.79), implying that there is little to no enrichment of bulk methanogen population, and
that the population tends to fluctuate according to influent properties.

GAC samples harboured seven main methanogen taxa (Figure 5.79). These taxa were identified
as Methanothrix (formerly known as Methanosaeta), Methanoregula, Candidatus
Methanofastidiosum, Methanobacterium, uncultured Methanomassiliicoccaceae,
Methanomassiliicoccus, and Methanomethylovoran. In particular, Methanothrix existed at a much
higher abundance on the GAC as compared to the bulk liquid. On the GAC, Methanothrix
abundance increased from 0.16% to 40%, and became the predominant methanogen. Methanothrix
has been reported to be capable of accepting electrons from exoelectrogens for methane production
(Rotaru et al. 2014). Hence, the electrical-conductive surface of GAC is likely to have promoted
the selective enrichment of Methanothrix. COD supplementation at day 555 also appeared to
promote the growth of GAC methanogens, including Methanothrix, Methanoregula, Candidatus
Methanofastidiosum and Methanomassiliicoccus.
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Methanothrix is capable of forming methane from acetate and also accepts extracellular electrons
for CO:2 reduction to methane (Rotaru et al. 2014). Methanoregula accepts formate and H2/CO2
for methane production (Zinder and Brauer 2016). Methanobacterium typically uses H2/CO: for
methanogenesis; however, some strains can also utilize formate, secondary alcohols, and CO
(Garrity et al. 2012). Aside from these classical methanogenic substrates, the other methanogen
taxa in the GAC-fluidized AnMBR were also capable of reducing a wide variety of methyl donors
for methane generation. These include methylated thiol (Candidatus Methanofastidiosum)
(Nobu et al. 2016), methanol and methylamines (Methanomassiliicoccus, uncultured
Methanomassiliicoccaceae, and Methanomethylovoran) (Cha et al. 2013, Nkamga and Drancourt
2016), and dimethyl sulfide and methanethiol (Methanomethylovoran) (Cha et al. 2013).
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Figure 5.75 Overview of GAC, Bulk, and Influent Sewage Bacterial Community Compositions Sampled at Days 342, 436 and 555.

The unclassified bacteria consisted of bacterial sequences that could not be classified into any known phyla.
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144



Figure 5.78 Overview of GAC, Bulk, and Influent Sewage Archaeal Community Compositions Sampled at Days 342, 436 and 555.

The unclassified archaea consisted of archaeal sequences that could not be classified into any known phyla.
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Figure 5.79 Methanogen Composition in GAC, Bulk, and Influent Sewage Samples Obtained on Days 342, 436 and 555.
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Overview

Taken together, the microbial community results show that there is a selective enrichment of
specific syntrophs (Syntrophus, Smithella, Syntrophobacter, Syntrophorhabdus, and
Syntrophomonas), exoelectrogens (Geobacter and Desulfobulbus) and methanogens
(Methanothrix, Methanoregula, Candidatus Methanofastidiosum, Methanobacterium, uncultured
Methanomassiliicoccaceae, Methanomassiliicoccus, and Methanomethylovoran) on the GAC.
Most notably, the growth of methanogen appeared to be mostly confined to GAC, implying that
GAC is the main site of methane production. The co-location of syntrophs and exoelectrogens,
together with methanogens, suggests tightly coupled syntrophic and electrical-syntrophic
interactions underpinning methane formation in GAC-fluidized AnMBR. To give an example,
Smithella oxidizes propionate to acetate. Subsequently, Methanothrix could directly uptake acetate
for acetoclastice methanogenesis. Alternatively, acetate could be assimilated by Geobacter, which
in turn produces extracellular electrons. These electrons could be electrically conducted to
Methanothrix via GAC, which accepts the electrons for CO2 reduction to methane. Given the
complexity of the sewage matrix and ill-defined characteristics of several dominant microbial taxa,
much of the GAC microbial network remains to be examined and disclosed through future studies.

Comparison of Gas-Sparged and GAC-Fluidized AnMBR Microbial Ecology

A high degree of similarity in the key microbial players enriched in the gas-sparged AnMBR and
the GAC-fluidized AnMBR was observed. Specifically, the bacterial players include the families
Anaerolinaceae and Syntrophaceae while the archaeal methanogenic players include
Methanothrix (formerly known as Methanosaeta) and Methanobacterium genera. Anaerolinaceae
is a group of fermentative bacteria, responsible for breaking down carbohydrates into simpler sugar
intermediates. These intermediates include succinate and propionate, which could in turn be
utilized by some syntrophic members of Syntrophaceae (e.g., Smithella and Syntrophobacter
genera); and acetate and formate/CO2 which are precursors for biomethane production by
Methanothrix and Methanobacterium, respectively. Hence, Anaerolinaceae appears to have
important trophic interactions with syntrophs, and is itself involved in a semi-syntrophic
relationship with methanogens. Anaerolinaceae could also produce an adhesive matrix, facilitating
the aggregation of syntrophs and methanogens in the bulk suspension of gas-sparged AnMBR.
The adhesive matrix could have promoted the attachment of these key microbial players on the
GAC biocarrier of the GAC-fluidized AnMBR. The electrically-conductive nature of GAC has
also promoted the enrichment of exoelectrogens such as Geobacter, which could uptake
Anaerolinaceae-produced ethanol intermediate, and exports electrons extracellularly, interacting
with methanogens via GAC-mediated direct interspecies electron transfer.

5.7.23  Gas-Sparged AnMBR Energy Efficiency

Unit energy consumption (i.e., kWh consumed per m® of wastewater treated) was estimated for a
range of gas-sparged AnMBR demonstration operating conditions. Figure 5.80 illustrates the
estimates for permeate pumping, dissolved methane removal, mixing, and biogas sparging for
different net UF flux and biogas sparging flow rates. Energy requirements for permeate pumping
(0.015 kWh/m?) and dissolved methane removal (0.0096 kWh/m?) were negligible compared to
those for mixing and biogas sparging. The unit energy consumption for dissolved methane
recovery was similar to 0.009 kWh/m? reported previously (Crone et al. 2016).
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Figure 5.80 Gas-sparged AnMBR Energy Consumption Associated with Different
Processes at Biogas Sparging Flow Rates of 25 (a), 50 (b), and 100 std. L/min (c).

According to CDM Smith’s experience, mixing power per unit bioreactor volume was 18 W/m?
compared to a typical value of 6 W/m® for anaerobic digesters. While the value for mixing was
high compared to that for anaerobic digesters, the energy requirements for an AnMBR are likely
to be greater than that for a standard anaerobic digester. AnMBR operation requires pumping
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between the bioreactor tank and the UF membrane tank in addition to mixing of the bioreactor
contents. Nevertheless, the unit mixing energy ranged from 0.10 to 0.26 kWh/m? and did not result
in effective mixing of the bioreactor. Ineffective mixing was attributable to the simple pilot-scale
bioreactor design. Full-scale design would involve use of computational fluid dynamics and better
design of the bioreactor inlet and outlet structures. The unit mixing energy decreased as the UF
flux increased because the power used for mixing was constant and independent of the flux.

The biogas sparging energy was another major contributor to the total unit energy requirement. It
was a function of both the UF flux and the biogas flow rate. The lowest flow rate (25 std. L/min)
required 0.08 to 0.20 kWh/m?® but appears to have been ineffective in keeping the UF membranes
clean in addition to other factors, including insufficient maintenance cleaning and inadequate
biogas distribution in the membrane tank. The highest flow rate (100 std. L/min) required 0.37 to
0.93 kWh/m?. The biogas sparging in the pilot-scale system was continuous. Newer and more
energy-efficient processes for biogas sparging (e.g., Suez LEAPmbr) involve intermittent sparging
using very high flow rates, which creates more turbulence. The unit energy requirements for this
process is reported to be about 0.2 kWh/m? according to Suez.

The total unit energy requirements were functions of both biogas sparging flow rate and flux
(Figure 5.81). Compared to typical wastewater treatment plant energy consumption ranging from
0.3 to 0.6 or more kWh/m? (McCarty et al. 2011, Seib et al. 2016, Smith et al. 2012b), the lowest
sparge flow rate required less energy at all net fluxes. The greatest sparge flow rate required more
or similar amounts of energy.
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Figure 5.81 Gas-sparged AnMBR Total Energy Consumption for Different Permeate
Flux and Biogas Sparging Flow Rates.
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The combined energy content of methane in biogas and recovered dissolved methane was assumed
to be recovered using a reciprocating engine (e.g., GE Jenbacher) to produce electricity with an
efficiency of 48%. Heat energy recovery was not considered in these estimates. In situations where
heat could be used, the energy efficiency would be better than reported here. The ratio of energy
produced to energy consumed and the net energy consumed were estimated using the above energy
consumption estimates and the observed methane production (Figure 5.82). The estimates were
calculated for the average influent COD concentration (620 mg/L) and temperatures of <20°C and
> 25°C because methane yield was dependent on temperature (Figure 5.30). Increased flux,
decreased sparge flow rate, and elevated temperature contributed independently to attainment of
the energy-neutrality performance objective. For example, energy neutrality at temperatures
<20°C was possible only with a flux of 15 LMH and a sparge rate of 25 std. L/min. The unit
energy consumption associated with sparging under this condition was estimated to be
0.08 kWh/m?, which is unreasonably low. Energy neutrality at temperatures > 25°C was observed
with a flux of 15 LMH and biogas sparge rates ranging from 25 to 50 std. L/min or a flux of
12 LMH and a biogas sparge rate of 25 std. L/min. The estimated unit energy consumption
associated with sparging was 0.17 kWh/m® for 15 LMH and 50 std. L/min, which is more
reasonable. These data demonstrate that multiple factors, namely temperature, flux, mixing, and
biogas sparging contribute to the potential for attaining energy neutrality. Optimization of the
engineering design can improve sustained flux and energy efficiency associated with mixing and
biogas sparging, but wastewater temperature cannot be practically changed. Therefore, the
geographic location of the AnMBR and the seasonal wastewater temperature must be considered
when estimating net energy consumption and forecasting the potential for energy neutrality. Thus,
the conclusion was that the energy-neutrality performance objective for the gas-sparged AnMBR
was met under certain conditions.

While energy neutrality may not be possible under all conditions, decreasing the net energy
consumption relative to conventional activated sludge can likely be achieved (Figure 5.82b). These
results suggest the prospect of energy reduction using the gas-sparged AnMBR process is
promising.
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Figure 5.82 Gas-sparged AnMBR Ratio of Energy Production to Consumption (a) and
Net Energy Consumption (b) for Different Operating Conditions and Temperatures.

COD concentration and removal were kept constant at 620 mg/L and 90%, respectively.
5.7.24 GAC-Fluidized AnMBR Energy Efficiency

Unit energy consumption (i.e., kWh consumed per m® of wastewater treated) was similarly
estimated for a range of GAC-fluidized AnMBR demonstration operating conditions. Figure 5.83
illustrates the estimates for permeate pumping, dissolved methane removal (Figure 5.73b), and
mixing for different net UF flux rates. Dissolved methane removal was not tested with the
GAC-fluidized AnMBR; therefore, the estimates for the gas-sparged AnMBR were assumed to be
applicable. The energy required for permeate pumping (0.015 kWh/m?) and dissolved methane
removal (0.0096 kWh/m?) were negligible compared to those for mixing.

151



0.25 a
—0.20

£
=0.15

=

<0.10

Energy consumption

0.05

0.00

12
Net flux (LMH)
B Permeate pumping O Mixing

0.25 b
—0.20

£
=0.15

=

= 0.10
0.05

Energy consumption

0.00

12 15
Net flux (LMH)

B Permeate pumping @ Dissolved methane removal O Mixing

Figure 5.83 GAC-fluidized AnMBR Energy Consumption Associated with Permeate
Pumping and Mixing as Tested (a) and with Dissolved Methane Removal Energy for the
Gas-sparged AnMBR (b).

The unit mixing energy ranges from 0.08 to 0.19 kWh/m? and represents the energy used to recycle
water and fluidize the GAC in both the bioreactor and UF membrane tanks. Mixing energy for the
UF membrane tank was 89% of the total mixing energy. As with the gas-sparged AnMBR,
increased flux decreased the unit energy requirement. Wastewater treatment energy consumption
varies widely but typically ranges from about 0.3 to 0.6 or more kWh/m? (McCarty et al. 2011,
Seib et al. 2016, Smith et al. 2012b). The maximum total unit energy requirement of 0.21 kWh/m?
is lower than these values. Additionally, Suez/United Water has stated that the wastewater
treatment plants they operate consumed 1000 to 3000 kilowatt-hours per million gallons
(kWh/MG) (0.26 to 0.78 kWh/m?) (Elizabeth Keddy, personal communication).

The unit energy requirements were low relative to those for the gas-sparged AnMBR. The mixing
energy requirements of the GAC-fluidized AnMBR were compared to a full-scale fluidized bed
reactor (FBR) for perchlorate destruction designed by Envirogen and installed by CDM Smith at the
El Monte Operable Unit (EMOU) Superfund site in California (Table 5.25). Two metrics, the unit
power per unit reactor volume and the recirculation flow rate per unit reactor volume, were calculated
for the GAC-fluidized AnMBR bioreactor and UF membrane tank as well as for the EMOU FBR.
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The results demonstrate the power used in the GAC-fluidized AnMBR is much less than the
EMOU FBR even though the full-scale FBR is operating at much lower recirculation flow
rates/unit reactor volume. The empty-bed upflow velocity of the GAC-fluidized AnMBR
bioreactor and the EMOU FBR are similar, and the power required per unit reactor volume of the
pilot system is 3% of the full-scale system. The main reason the energy requirement of the
full-scale system is greater than the pilot system is the recirculation pump head loss (12 m).

Table 5.25  Comparison of Pilot- and Full-scale Fluidized-bed Reactor Energy

Requirements.
Parameter Pg:::;i;?ﬁ;{ sec{:‘;ﬁ/{itﬁg&l;‘ﬂ"t .Full-Scale
(Bioreactor) Membrane Tank) Envirogen FBR
FBR volume (m?) 0.99 0.77 2.9
FBR height (m) 3.8 3.3 6.3
Recirculation flow rate (m?/d) 220 840 300
Empty-bed up-flow velocity (m/h) 27 90 28
Recirculation pump head (m) 0.20 0.42 12
Power (kW) 0.0076 0.061 0.63
Unit power (kW/m? FBR volume) 0.0076 0.079 0.22
Recirculation flow rate/FBR volume (d) 220 1,100 110

The mechanical design of the pilot system was optimized to reduce this head loss and in turn
minimize energy requirements. This optimization involved several aspects including:

e Minimization of the reactor aspect ratio (i.e., height divided by diameter).
e Optimization of the GAC type, size, and packing density.

e Use of in-line or axial pumps to reduce head loss.

e Use of large diameter piping with minimal bends and restrictions.

e Replacement of energy-consuming appurtenances, such as spring-loaded check valves,
with automatic knife valves.

Such concepts are typically not practiced but are needed if energy-efficiency is to be achieved.
The EMOU system was not designed with the intent of energy minimization. Future engineering
designs can reduce energy requirements. Because of this future energy savings opportunity, the
observed energy consumption was used in the current analysis.

As for the gas-sparged AnMBR, the combined energy content of methane in biogas and recovered
dissolved methane was assumed to recovered with a reciprocating engine to produce electricity with
an efficiency of 48%. Heat energy recovery was not considered in these estimates. The ratio of
energy produced to energy consumed and the net energy consumed were estimated using the above
energy consumption estimates and the observed methane production (Figure 5.84 and Figure 5.85).
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The estimates were calculated for temperatures of < 20°C and > 25°C because methane yield was
dependent on temperature (Figure 5.31). Estimates were also calculated unsupplemented (210 mg/L)
and supplemented (390 mg/L) COD concentrations. Increased flux and elevated temperature
contributed independently to attainment of the energy-neutrality performance objective. For
example, energy neutrality at temperatures < 20°C was possible only under conditions of COD
supplementation (390 mg/L total COD), a flux of 15 LMH, and dissolved methane recovery (Figure
5.85). Energy neutrality at temperatures > 25°C was observed with a flux of 9 LMH. Thus, the
conclusion was that the energy-neutrality performance objective for the GAC-fluidized AnMBR was
met under certain conditions. However, the above analysis (Table 5.25) demonstrates that
engineering design attributes may decrease the potential for attainment of energy neutrality upon
scale-up. Nevertheless, the prospect of energy neutrality exists with engineering design optimization
and under certain conditions. While energy neutrality may not be possible under all conditions,
decreasing the net energy consumption relative to conventional activated sludge can likely be
achieved (Figure 5.84b and Figure 5.85b). These results suggest the prospect of energy reduction
using the GAC-fluidized AnMBR process is promising.

Figure 5.84 GAC-fluidized AnMBR Ratio of Energy Production to Consumption (a) and
Net Energy Consumption (b) for Different Operating Conditions and Temperatures and
Not Including Dissolved Methane Recovery.

COD concentrations and removals were kept constant at 210 mg/L and 86% (unsupplemented COD) and
390 mg/L and 91% (supplemental COD), respectively.
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Figure 5.85 GAC-fluidized AnMBR Ratio of Energy Production to Consumption (a) and
Net Energy Consumption (b) for Different Operating Conditions and Temperatures and
Including Dissolved Methane Recovery Based on Gas-sparged AnMBR Results.
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6.0 PERFORMANCE ASSESSMENT

This section provides an integration between Performance Objectives results presented in
Section 3 and data presented in Section 5.

6.1 QUANTITATIVE PERFORMANCE OBJECTIVES
6.1.1 Effectiveness

The effectiveness of the AnMBR technology was assessed with respect to treated water quality.
The success was assessed by comparing water quality parameters to EPA secondary treatment
standards, published criteria for water reuse, and other applicable metrics.

COD and BODs

The average effluent COD concentration in the gas-sparged AnMBR was 58427 mg/L
(Figure 5.17a), which is about equal to the performance objective of 60 mg/L. The average COD
removal was 90+4%. The average effluent COD concentration in the GAC-fluidized AnMBR was
2949 mg/L (Figure 5.19a), which is less than the performance objective (p < 0.001). The average
COD removal was 86+3%. The influent COD concentrations in the gas-sparged and
GAC-fluidized AnMBRs were 620+240 mg/L and 210+50 mg/L, respectively, which may have
contributed to the differences in the effluent concentrations.

The average effluent BODs concentration in the gas-sparged AnMBR was 25+12 mg/L
(Figure 5.17b), which is less than the performance objective of 30 mg/L (p=0.004) but greater than
the reuse objective of 10 mg/L. The average BODs removal was 89+5%. The average effluent
BOD:s concentrations in the GAC-fluidized AnMBR was 15+9 mg/L (Figure 5.19b), which is less
than the performance objective of 30 mg/L (p < 0.001) and greater than the re-use objective of
10 mg/L. The average BODs removal was 85+7%. The influent BODs concentrations in the
gas-sparged and GAC-fluidized AnMBRs were 250+130 mg/L and 140+40 mg/L, respectively,
which contributed to the differences in the effluent concentrations.

Fine screening was the only form of primary treatment used in this demonstration. Primary
sedimentation may have resulted in even lower effluent concentrations and potentially less than
10 mg/L BODs based on previous demonstrated with the GAC-fluidized AnMBR (Dagnew et al.
2011, Dong et al. 2016, Shin et al. 2014).

Ammonia

The ammonia removal by the clinoptilolite column prior to breakthrough was 99.9+0.1%
(Figure 5.64), which is greater than the performance objective of 90% (p < 0.0001). The influent
and effluent ammonia concentrations were 37+4 and 0.05+£0.05 mg-N/L, respectively.

Total Phosphorus

Total phosphorus was reduced from 7.0+2.9 mg/L in the screened AnMBR influent to 0.43+0.29
in the clinoptilolite effluent for an overall removal of 94+3% (Figure 5.62c¢ and Figure 5.66), which
was greater than the performance objective of 90% (p=0.052). The overall removal for total
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phosphorus was a result of the individual removals observed in the AnMBR, coagulation, and
clinoptilolite sorption. The coagulation-flocculation-sedimentation process removed most of the
phosphorus. Total phosphorus concentrations in the coagulation influent were reduced from
4.2+0.6 mg/L by 83+9% to an effluent concentration 0.72+0.36 mg/L (Table 5.18).

Total Sulfide

Sulfide was reduced from 27+5 to 0.7+1.7 mg/L (Figure 5.62b). Sulfide was > 1 mg/L on days
382 and 437 for unknown reasons, which contributed to the high standard deviation. The median
and minimum effluent concentrations were 0.10 and 0.04 mg/L, respectively. Overall sulfide
removal, including these elevated values, was 99+2%. While the median sulfide concentration met
the performance objective, the average concentration did not. Further optimization would likely
have improved the performance, which would have led to attainment of the performance objective.

Total Suspended Solids and Turbidity

Total suspended solids in the gas-sparged AnMBR final effluent (i.e., clinoptilolite column
effluent) was 25+17 mg/L (Table 5.20) and less than the EPA secondary treatment standard of 30
mg/L, although not at a statistically significant level (p=0.30). Turbidity was elevated in both the
gas-sparged and GAC-fluidized AnMBR and greater than the performance objective of 2 NTU
(Table 5.20). The gas-sparged AnMBR sedimentation basin was undersized, which led to elevated
total suspended solids and turbidity. These processes are standard and final effluent quality could
be improved through process design and optimization. The GAC-fluidized AnMBR turbidity was
likely associated with precipitation of the anaerobic ultrafiltration permeate following exposure to
the atmosphere. Coagulation was not tested downstream of the GAC-fluidized AnMBR.

pH

The pH of the gas-sparged and GAC-fluidized AnMBR permeates were 6.9+0.2 and 7.3+0.2,
respectively (Figure 5.17 and Table 5.20). The final gas-sparged AnMBR effluent (i.e., after
coagulation and ammonia removal) was 8.1+1.1 (Table 5.20). All values met the performance
objectives of 6 to 9 (p <0.017).

Dissolved Methane

The average dissolved methane removal under optimized conditions was 79+2% (Figure 5.32),
which was not greater than the performance objective of 90%. Performance may have been
affected by the age of the contactor and associated membrane oxidation. Therefore, the methane
removal result is considered conservative and an underestimate. The influent dissolved methane
concentration for these tests was 1342 mg/L.

6.1.2 Net Energy Production Efficiency

Energy consumption and production were calculated for a matrix of operating scenarios that
included various net permeate fluxes and temperatures for the gas-sparged and GAC-fluidized
AnMBRs. Temperature was an important factor because the total methane yield was observed to
be greater at elevated temperatures (Figure 5.30 and Figure 5.31). Energy neutral or positive
operation was estimated for some but not all of these scenarios (Figures 5.82, 5.84, and 5.85).
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In general, energy-neutral or positive operation was more likely at greater flux, temperature, and
influent COD concentration. At the average observed flux for the gas-sparged AnMBR (7.6 LMH),
the ratio of energy produced:energy consumed was 60% for T <20°C and 84% for T > 25°C (COD
= 620 mg/L). At the maximum flux (14 LMH), the ratio was 100% for T < 20°C and 140% for T
> 25°C. At the average flux for the GAC-fluidized AnMBR (7.9 LMH) and without supplemental
COD (COD =210 mg/L), the ratio was 55% for T <20°C and 90% for T > 25°C. If the influent
COD was greater (390 mg/L), the ratio at an average flux would be 77% for T <20°C and 130%
for T > 25°C. Therefore, the performance objective of energy neutrality was met by both systems
under certain conditions.

While energy neutrality may not be possible under all conditions, decreasing the net energy
consumption relative to conventional activated sludge can more likely be achieved. Gas-sparged
AnMBR operating conditions at high flux and low sparge rates were more likely to result in net
energy consumption less than 0.3 to 0.6 kWh/m® (Figure 5.82), which is typical for conventional
wastewater treatment plants (McCarty et al. 2011, Seib et al. 2016, Smith et al. 2012b). All
GAC-fluidized AnMBR operating conditions resulted in net energy consumption less than that for
conventional wastewater treatment plants (Figure 5.84 and Figure 5.85). These results suggest the
prospect of energy reduction using AnMBR processes in place of conventional activated sludge
technologies is promising.

6.1.3 Implementability
Organic Loading Rate

The average organic loading rate in the gas-sparged AnMBR was 1.3+0.5 kg-COD m™ d!
(Figure 5.11), which is greater than the performance objective of 0.6 kg-COD m d™!' (p < 0.0001).
The average organic loading rate in the GAC-fluidized AnMBR without COD supplementation
was 1.4+0.5 kg-COD m™ d! (Figure 5.14), which is greater than the performance objective
(p <0.0001) and similar to the rate for the gas-sparged AnMBR. The organic loading rates of both
AnMBRs were similar because both the hydraulic residence time and the influent COD for the
gas-sparged AnMBR were greater than for the GAC-fluidized AnMBR. Supplemental COD was
fed to the GAC-fluidized AnMBR after day 475 to increase the COD concentration. During this
time (day 476 to day 535) the organic loading rate increased incrementally but averaged
2.240.5 kg-COD m™ d'!. BODs, and COD removals decreased during this time, suggesting the
organic loading rate with supplemental COD may have been too high.

Hydraulic Residence Time

The average hydraulic residence time for the gas-sparged AnMBR was 1143 h (Figure 5.11),
which is less than the performance objective of 20 h (p <0.0001). The level sensor in the bioreactor
tank became fouled with sludge and overestimated the liquid volume through day 283. Thus, the
average hydraulic residence time was likely overestimated. The average hydraulic residence time
for the GAC-fluidized AnMBR was 3.9+1.0 h (Figure 5.14), which is less than the performance
objective of 20 h (p < 0.0001) and 65% less than the average hydraulic residence time for the
gas-sparged AnMBR.
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Biosolids Production

The volatile solids generation per unit mass loaded COD for each AnMBR system was calculated
and compared to the performance objective of 0.2 g-VS/g-COD. The results were 0.074 and
0.13 g-VS/g-COD for the gas-sparged and GAC-fluidized AnMBR, respectively (Table 5.12).
Both of these values met the performance objective. On the one hand, the value for the gas-sparged
AnMBR may be low in part because of solids settling in the bioreactor and incomplete recovery.
On the other hand, the greater solids residence time (60+27 d versus 7.7+4.2 d calculated for
suspended/non-biofilm solids only [Figure 5.12 and Figure 5.15]) in the gas-sparged AnMBR
could have led to a lower value via greater hydrolysis. The fixed solids recovery was low for both
systems. Part of the low recovery for both systems was low precision of the solids analyses. When
values for both systems are corrected based on the fixed solids recovery, the values (0.17 and
0.24 g-VS/g-COD) are similar to the performance objective (Table 5.12).

Membrane Flux

Operation of the gas-sparged AnMBR over the duration of the demonstration involved variation
of several variables, including the HRT, wasting rate, associated bioreactor VSS concentration,
UF permeation flux, and biogas blower flow rate and duty (i.e., percent of time the biogas blower
was on when cycling). Operation of the GAC-fluidized AnMBR over the duration of the
demonstration involved variation of several variables, including the HRT, wasting rate, bioreactor
VSS concentration, and UF permeation flux. The purpose of the above variations was to optimize
the AnMBR and meet all of the performance objectives.

The average net flux of the gas-sparged AnMBR for the entire demonstration, excluding periods
of mechanical shutdown, was 7.6+1.6 LMH (Figure 5.35). This flux was significantly greater than
the goal of 6 LMH (p < 0.0001). The maximum net flux was 14 LMH. The average net flux of the
GAC-fluidized AnMBR for the entire demonstration, excluding periods of mechanical shutdown
and COD supplementation, was 7.9+2.2 LMH (Figure 5.48). This flux was significantly greater
than the goal of 6 LMH (p < 0.0001). The maximum net flux was 12 LMH.

While not a performance objective, an operational objective was to maintain the transmembrane
pressure at less than 30 kPa to prevent irreversible fouling of the UF membranes. This operational
objective was met most of but not all of the time in the gas-sparged AnMBR (Figure 5.35). The
transmembrane pressure in the GAC-fluidized AnMBR was less than 30 kPa for the first 170 days
and varied inconsistent thereafter (Figure 5.48).

Permeabilities in both AnMBR systems decreased over the duration of the demonstration. The
initial permeabilities (corrected to 20°C) from days 1 to 60 were 280+110 and 200+60 LMH/bar
in the gas-sparged and GAC-fluidized AnMBR, respectively (Figure 5.56). The final
permeabilities were 49425 and 24+13 LMH/bar, respectively (Figure 5.56).

Overall, the gas-sparged AnMBR ultrafiltration process demonstrated similar or greater
permeability in the presence of elevated concentrations of solids and colloidal organics
(Figure 5.55). However, both systems demonstrated instability (i.e., variable permeability over
time), which was attributable not only to varying operational conditions and mechanical upsets but
also to differences in membrane performance caused by the different methods of fouling
management (i.e., variable biogas sparging versus constant GAC fluidization). Inconsistent
maintenance cleaning also likely contributed to these instabilities.
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Maintenance and Recovery Cleaning Frequency

Maintenance cleaning was initially conducted on an as-needed basis in response to TMP
excursions rather than on a schedule. Maintenance cleaning frequencies for the gas-sparged and
GAC-fluidized AnMBRs were 0.31 and 0.45 cleans/week, which is much less than the
performance objective of < 3 cleans/week (Figures 5.36 to 5.45 and 5.49 to 5.52). While this met
the performance objective, inconsistent and insufficiently frequent maintenance cleaning likely
contributed to decreased permeability over time in both systems. Recovery cleaning frequencies
for the gas-sparged and GAC-fluidized AnMBRs were 1.5 and 2.0 cleans/year, which is also
less than the performance objective (Figures 5.36 to 5.45 and 5.49 to 5.52). Therefore, an
opportunity exists to increase ultrafiltration performance by increasing the cleaning frequency.

Wastewater Temperature

The intent of this performance objective is to demonstrate attainment of effectiveness at
temperatures > 10°C. The COD and BODs removals in the gas-sparged AnMBR did not decrease
with decreasing temperatures between 15 and 30°C (Figure 5.17c¢ and Figure 5.20). The
performance with respect to COD and BODs removal below 15°C could not be evaluated because
ambient wastewater temperatures did not go that low. COD and BODs permeate concentrations
did not increase as temperatures decreased between 15 and 30°C (Figures 5.18a, b and 5.22). In
the GAC-fluidized AnMBR, COD and BODs removals did not decrease (Figure 5.19¢ and
Figure 5.20) and the permeate concentrations did not increase (Figures 5.19a, b, 5.22 and 5.23,
and Table 5.11) as temperatures decreased between 15 and 30°C. The period of time when
temperatures were between 10 and 15°C was concurrent with a process upset resulting from an
inadvertent pump reversal. When non-upset data are evaluated, only three data points between
14.0 to 14.8°C exist, and they do not indicate a trend of changing performance with temperature
(Figures 5.21 and 5.22, and Table 5.11). Therefore, insufficient data exist to evaluate performance
of the GAC-fluidized AnMBR at temperatures <15°C.

Dissolved Methane Removal Rate

This performance objective is important with respect to the capital cost and replacement cost of
gas-liquid membrane contactors for dissolved methane removal. The performance objective for
methane flux was 0.5 ¢ m? d!, and the observed flux was 6.5£1.8 g m? d! (p < 0.0001)
(Figure 5.34). If two contactors were installed in series, thereby doubling the membrane area to
achieve the 90% removal objective, the performance objective for flux would still be met.

Clinoptilolite Robustness

Robustness was quantified with respect to the variation on ammonia loading over multiple
regeneration cycles. No decrease in the ammonia loading (i.e., per unit mass of clinoptilolite) over
multiple sorption/regeneration cycles would indicate good robustness. Two regeneration cycles were
conducted, and the loading decreased by 21 to 50% compared to the performance objective of 10%
(Figure 5.65). The second regeneration did not result in further decreases in ammonia loading
suggesting robustness after the initial sorption/regeneration cycle, but additional loading/regeneration
cycles would be required to validate this hypothesis. Therefore, the conclusion was that the
performance objective for robustness has not been met, but this conclusion is based on limited testing.
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Total Phosphorus Removal Rate

The phosphorus removal rate by coagulation-flocculation was 53+12 mg L' d! (Section 5.7.15),
which was less than the performance objective of 60 mg L' d! (p=0.052). This rate is based on
the combined volume of the coagulation, flocculation, and sedimentation vessels. Further
optimization may have resulted in the performance objective being met.

Ammonia Removal Rate

The ammonia removal rate prior to breakthrough was 4.4+0.9 g L' d”!' (Section 5.7.17) which is
greater than the performance objective of 2 g L' d! (p=0.00063). A full-scale system would
conceivable be designed in a lead-lag configuration to maximize loading (i.e., the lead bed would
be run past breakthrough). In this case the overall removal rate would be less than the reported
value.

Electrolysis

Electrolysis of the ammonia-laded regenerant solutions was conducted with GreenBox™
technology. Electrolysis was not observed with any of the six solutions (Section 5.7.17). It is
believed that iron from upstream coagulation processes interfered negatively with the electrodes
(Figure 5.62 and Table 5.18). Further studies on the linkage of clinoptilolite ion exchange with
ammonia electrolysis will require non-iron based coagulants and/or a change in process order.

Safety

No OSHA-reportable safety events were incurred at Ft. Riley, substantiating the ability to safely
design and operate an AnMBR system despite potentially hazardous concentrations of methane
and hydrogen sulfide.

Ease of Use

The operator certification requirement for a full-scale AnMBR plant will depend on the specific
requirements of the treatment plant permitting agency. During the upgrade of the Loch Sheldrake
wastewater treatment plant in New York to add aerobic membrane bioreactors, the requirement
increased from a Grade 3 to a Grade 4A operator license. This plant had conventional activated
sludge and anaerobic digestors prior to the upgrade. This is just one example, and it cannot be
extrapolated to other facilities.

6.2 QUALITATIVE PERFORMANCE OBJECTIVES
6.2.1 Compare Gas-Sparged and GAC-Fluidized AnMBRs

Direct comparisons between the gas-sparged and GAC-fluidized AnMBR systems were made
throughout the demonstration and are described in detail in throughout Section 5.7 and in
Section 6.1. The following general conclusions are based on the results of these comparisons:
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Effectiveness

Both systems were capable of meeting quantitative performance objectives for BODs and
COD; however, the GAC-fluidized AnMBR could attain lower effluent concentrations
(Figure 5.22). This difference was attributable in part to lower influent concentrations for
the GAC-fluidized AnMBR (Figure 5.21) but may have also been associated with
differences in performance of fixed-film and suspended biological systems. The percent
removals of BODs and COD were greater in the gas-sparged AnMBR (Figure 5.20), but
again, this was in part attributable to the greater influent concentrations. Neither system
was capable of meeting the 10-mg/L BODs metric for reuse. Primary sedimentation in
addition to screening may have resulted in attainment of this metric on the basis of previous
research (Dagnew et al. 2011, Dong et al. 2016, Shin et al. 2014).

Other effectiveness criteria were either met or would likely be met with additional
optimization (Table 3.1).

Net Energy Production Efficiency

The GAC-fluidized AnMBR required less energy to operate than the gas-sparged AnMBR
(Figure 5.80 and Figure 5.83). The energy consumption of the pilot-scale GAC-fluidized
AnMBR was low because significant work had gone into minimizing head loss in the
system over several years of research. Such was not the case with the gas-sparged AnMBR
nor is it the case with full-scale fluidized bed reactors that are commercially available
(Table 5.25). Energy-saving features in the GAC-fluidized AnMBR are recommended for
use in future full-scale applications if energy efficiency is a project goal.

Both systems demonstrated lower methane yields per unit COD removed at lower
temperatures. The gas-sparged AnMBR and GAC-fluidized AnMBR systems had similar
methane yields (Figure 5.30 and Figure 5.31) even though they had different SRTs (Figure
5.12 and Figure 5.15) had a greater methane yield than the GAC-fluidized AnMBR,
especially at lower temperatures. These differences in yield with respect to temperature
and process are likely associated with differences in hydrolysis at lower temperatures. In
addition, differences in solids residence times contributed to differences in methane yield.

While data available from this study was somewhat limited for low temperature operation,
the data indicated that the methane yield per unit of COD removed was significantly lower
at 15 to 20°C than at 25 to 30°C. Such lower yields have previously been demonstrated in
a detailed completely-mixed anaerobic reactor study on digestion of primary municipal
sludge (O’Rourke 1968). Experiments involved steady-state reactor operation over
temperature ranges from 15 to 35°C and SRTs from 2.5 to 60 days. The methane yield at
60-d SRT was essentially the same for all reactors, except at 15°C, where the yield was
only about 35% of the other reactor. Yields for all lower temperature reactors at lower
SRTs were lower than at 35°C. For example, at 30-d SRT, methane yields at 25, 20, and
15°C were 95, 82, and 25%, respectively of those at 35°C. At 15-d SRT yields were 86, 45
and 18%, respectively, of those at 35°C. Neither methane formation by methanogens nor
hydrolysis of cellulose and protein were the major factors reducing methane yields; the
major factors was lipids and long-chain fatty acid decomposition — materials largely
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associated with wastewater suspended material that if not biologically decomposed would
be filtered out from the permeate by the membranes, leading to lower yields per unit mass
of COD removed. This means that the yield of VS per unit of COD removed should in turn
increase. Such lower yields may not be as serious if primary treatment is used because most
fatty suspended materials are removed prior to AnMBR treatment.

Considering the factors above, both systems were capable of being operated under
energy-positive conditions and/or with net energy consumption less than that for
conventional treatment (Figures 5.82, 5.84 and 5.85). Increased UF membrane flux
promoted the likelihood of energy-positive operation.

Implementability

6.2.2

Both AnMBR systems operated at similar organic loading rates (Figure 5.11 and
Figure 5.14). The GAC-fluidized AnMBR was capable of performing at shorter hydraulic
residence times than the gas-sparged AnMBR (Figure 5.11 and Figure 5.14). On the one
hand, this result can be attributed to the advantages of fixed-film biological systems. On
the other hand, the membrane performance of the gas-sparged AnMBr system was better
and less likely to be subject to membrane failure in response to membrane abrasion by the
GAC (Table 5.16, and Figures 5.57 and 5.58). Considering these relative attributes, a
combined process involving a GAC-fluidized bioreactor and a gas-sparged UF membrane
may be an ideal process configuration and warrants investigation (see Section 7).

UF membrane permeability trends were similar in the two AnMBR systems with the
GAC-fluidized AnMBR permeability being half that of the gas-fluidized AnMBR at the
end of the demonstration (Figure 5.55 and Figure 5.56). The gas-sparged AnMBR had
greater ability to decrease TMP and increase permeability via variation of biogas sparge
flow rate (Figure 5.46 and Figure 5.55a).

Biosolids production was less in the gas-sparged AnMBR (Table 5.12), but this could have
resulted from either greater SRT and associated hydrolysis or an underestimated value
resulting from inadequate bioreactor mixing. Therefore, further evaluation is required.

Assess System Performance with Respect to Temperature

The effect of temperature on biological performance in both systems was evaluated in
detail in Section 5.7.5, 5.7.9, and 5.7.10.

- Both systems were capable of similar COD and BODs removal (90+4% and
86+3% COD removal in the gas-sparged and GAC-fluidized AnMBRs, respectively;
89+5% BODS5 removal in both systems) between 15 and 30°C (Figure 5.20) over
similar organic loading rates (1.3£0.5 and 1.4+0.5 kg-COD m™ d! for the gas-sparged
and GAC-fluidized AnMBRs, respectively). Performance evaluation at temperatures
less than 15°C was not possible because of insufficiently low wastewater temperatures
in the gas-sparged AnMBR and a process upset attributable to a pump reversal in the
GAC-fluidized AnMBR.
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- Total methane yield (i.e., gaseous plus dissolved) per unit removed COD was affected
by temperature in both systems, with lower yields observed at lower temperatures
(Figure 5.30 and Figure 5.31). The decreased yield at lower temperatures was likely
associated with decreased hydrolysis and accumulation of organics in the bioreactor.
At lower temperatures, the yield of the GAC-fluidized AnMBR was less than that of
the gas-sparged AnMBR, possibly due to a shorter solids residence time for suspended
solids (Figure 5.12 and Figure 5.15).

e UF membrane performance in both systems is evaluated in detail in Section 5.7.12, 5.7.13,
and 5.7.14.

- UF membrane permeability was normalized to 20°C to allow for comparison of
membrane permeability independent of temperature changes. Typically, membrane
permeability decreases with lower temperature because of water density and viscosity
increases.

6.2.3 Characterize Gas Composition

Gas-sparged AnMBR biogas composition was analyzed and found to contain hydrogen sulfide
and siloxanes in addition to methane, carbon dioxide, and nitrogen (Table 5.24). The hydrogen
sulfide concentrations were particularly high because of the relatively high sulfate
concentrations in Ft. Riley wastewater. Siloxanes were generally undetected or at low
concentrations. Such may not be the case with other wastewater sources. Treatment of the
biogas to remove hydrogen sulfide is necessary prior to conversion to combined heat and power
(Evans et al. 2016, Jayaraman et al. 2015, Vandenburgh and Evans 2016). While iron sponge
technology is often used, large-scale biofilters have been successfully demonstrated to be
capable of removing hydrogen sulfide in a safer and more cost-effective manner
(Polo et al. 2017, Woo et al. 2017).

6.2.4 Characterize Process Residuals

Biosolids and coagulation-flocculation-sedimentation sludge from the gas-sparged AnMBR
process were characterized (Table 5.21 and Table 5.22) and compared to regulatory requirements
for land application of biosolids (U.S. Government 2018). The biosolids met criteria for class B
biosolids with respect to fecal coliforms and class A biosolids with respect to metals. It did not
meet class A criteria with respect to concentrations of enteric viruses and Salmonella. Therefore,
the biosolids meet class B requirements with respect to pathogens. Class A could be met if primary
sedimentation and anaerobic digestion was added to the process. Such a process modification is
discussed in Section 7.

Coagulation sludge contained phosphorus that has potential use as a fertilizer and contained
appreciable phosphorus, sulfur, iron and aluminum (Table 5.22). Further studies would be
necessary to determine whether the phosphorus and sulfur are agriculturally available, considering
it was coagulated with iron and aluminum coagulants.

Dewatering of both residuals was evaluated (Table 5.23). The biosolids required more polymer for
dewatering than the chemical sludge but was still capable of attaining a solids content of 16%.
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6.2.5 Characterize Ammonia Sorbent Performance

Section 5.7.17 presented results on clinoptilolite performance and regeneration. While the sorbent
was capable of removing ammonia, its loading over time varied possibly because of dissolved iron
carryover from the coagulation process. Electrolysis of the regenerations solution was not
successful, potentially for the same reason. Therefore, this process requires additional
development and is not further evaluated with respect to cost in Section 7.

6.2.6 Characterize Membrane Performance

Sections 5.7.12 to 5.7.14 presented results on ultrafiltration membrane performance. Primary
conclusions based on these results are:

e Permeability of both sets of membranes started high and then decreased by about ten-fold
over the period of over one year of operation. However, permeability of the gas-sparged
membranes was similar or greater than of the GAC-fluidized membranes even though
concentrations of suspended solids and colloidal organics were much greater in the
gas-sparged AnMBR.

e Maintenance cleaning in both systems was insufficient and contributed to the decreases in
permeability.

e In the gas-sparged AnMBR, the pilot-scale sparging system design was not optimal and
contributed to fouling.

e Increasing the biogas sparge rate in the gas-sparged AnMBR resulted in increased
permeability, though at an increased energy cost. Such modification of permeability is not
possible in the GAC-fluidized AnMBR system.

e Membrane foulants on the membranes included both organics (e.g., biofilm) and inorganics
(clay-like materials likely associated with the wastewater influent). Primary sedimentation
could reduce the amount of inorganic fouling of the membranes. In addition. the
GAC-fluidized AnMBR membranes were coated with elemental carbon. The carbon may
have deposited through the demonstration or following the upset condition, when GAC
was ground in the recirculation pumps.

e Membrane abrasion was much greater in the GAC-fluidized AnMBR compared to
gas-sparged AnMBR. The membrane lifetime in the gas-sparged AnMBR is estimated to
be on the order of ten years or more based on historical operation of aerobic membrane
bioreactors with the same membranes (Cote et al. 2012, Kubota Membrane Europe 2008).
The GAC-fluidized AnMBR membranes are likely to have a much shorter lifetime based
on observed abrasion in this and previous studies (Shin et al. 2016a, Shin et al. 2016b).

e These results suggest membrane performance in the gas-sparged AnMBR was more robust

and flexible than in the GAC-fluidized AnMBR, though energy requirements for
gas-sparging are greater than those for GAC-fluidization.
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6.2.7 Conduct a Broad Lifecycle Assessment (LCA)
Refer to Section 7.4 for the LCA methods and results.
6.2.8 Characterize Treated Water with Respect to Various Water Reuse Alternatives

Treated water quality is summarized in Table 5.20. The data suggest the water is potentially
suitable for surface water discharge, depending on local regulatory requirements and a variety
of re-use opportunities, including toilet flushing, irrigation, dust suppression, etc. The treated
water would require additional treatment for indirect potable reuse, such as ozone-biofiltration
or full-advanced treatment using reverse osmosis (Sun et al. 2018, U.S. EPA and CDM Smith
2017, U.S. EPA et al. 2012).

6.2.9 Characterize Chlorine Demand

The chlorine demand was estimated to be 12 mg/L (Table 5.20). Though not a major cost driver
(see Section 7), this demand is associated with the reducing nature of the AnMBR effluent. This
demand could be reduced by post-treatment in various processes including aerobic biofilters and
cascade aeration. Such processes would also be beneficial with respect to treatment of residual
sulfide so as to reduce chemical coagulation costs and environmental impact (see Section 7).

6.2.10 Characterize Microbial Ecology

Sections 5.7.21 and 5.7.22 present detailed results on the microbial ecology of both AnMBR
systems.
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7.0 COST AND LIFECYCLE ASSESSMENT

An assessment of capital, operating and lifecycle costs for various AnMBR process configurations
compared to a conventional treatment process is presented in Sections 7.1 through 7.3. A
simplified LCA of these processes is presented in Section 7.4.

7.1 COST MODEL

The cost model can be broadly divided into capital costs and operating costs. Capital cost elements
are further sub-divided into direct and indirect costs. Direct cost elements include preliminary
(screening, grit removal, and equalization where necessary), primary treatment
(sedimentation/clarification), conventional secondary treatment (activated sludge), AnMBR
secondary treatment (gas-sparged, GAC-fluidized and hybrid AnMBR configurations),
phosphorus and sulfide removal by chemical coagulation and sedimentation, sludge and biogas
management, dissolved methane removal, disinfection, yard piping, electrical, and instrumentation
and controls (I&C). Indirect costs include taxes and fees, contractor overhead and profit,
construction contingency, and engineering design services. Elements of the capital cost analysis
are presented in Table 7.1. The primary source of information for costs was bid tabs from prior
CDM Smith projects, which represent real construction costs for similar types facilities. This
approach is different from previous approaches (Cashman et al. 2018, Cashman and Mosley 2016,
Smith et al. 2014) that have relied on cost estimating software.

Table 7.1 Cost Model for Direct and Indirect Capital Costs.

Cost Element Cost Type Basis

Preliminary and primary treatment Direct Previous projects

Conventional secondary treatment Direct Previous projects

AnMBR secondary treatment Direct Demonstration results, previous projects, vendor quotes

Phosphorus and sulfide removal Direct Demonstration results, previous projects

Sludge and biogas management Direct Demonstration results, previous projects

Dissolved methane removal Direct Demonstration results, previous projects, vendor quotes

Disinfection Direct Demonstration results, previous projects

Electrical Direct 20% of direct cost subtotal

Instrumentation and controls Direct 5% of direct cost subtotal

Yard piping Direct Previous projects

Taxes and fees Indirect 15% of total direct costs

Contractor overhead and profit Indirect 15% of total direct costs, taxes and fees

Construction contingency Indirect 25% of total direct costs, taxes and fees, and contractor

overhead and profit

Engineering design services Indirect 10% total direct costs, taxes and fees, contractor

overhead and profit, and construction contingency
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Operational costs include waste disposal, chemical purchases, membrane replacement, and power
consumption. Labor and maintenance costs are expected to be similar for each scenario and are
not included in this comparison. Operational cost elements are summarized in Table 7.2.

Table 7.2 Cost Model for Operating Costs Exclusive of Labor.

Cost Element Basis

Waste disposal Demonstration results, previous projects and engineering design calculations

Chemical use Demonstration results, previous projects, engineering design calculations, and
vendor supplied chemical costs

Membrane replacement Demonstration results, vendor supplied data

Power use Demonstration results, previous projects and engineering design calculations

Capital and annual operating costs for each scenario were combined for comparison into an overall
lifecycle cost using a net present value analysis with a 20-year evaluation period and a 7% discount
rate.

7.2 COST DRIVERS

Several important cost drivers must be considered for comparison between full-scale
implementations of the AnMBR demonstration technologies and the conventional technology.
These include the quantity of membranes required, chosen sulfide and phosphorus removal
technology, dissolved methane removal technology, net energy production or consumption, and
waste generation and disposition.

The quantity of membrane modules is a function of the design flux. For this alternatives analysis,
three flux values were compared. Low flux (7.5 LMH) represents performance observed in the
demonstration and results in more required membrane modules, which impacts costs associated
with construction, membrane replacement, and membrane cleaning. Moderate flux (15 LMH)
represents maximum performance that was observed in the demonstration and is hypothesized to
have been sustainable if regular maintenance cleaning was conducted. High flux (30 LMH) is
considered unrealistic today but may be achievable in the future with additional development. The
conventional treatment alternative does not use membranes and, therefore, it does not carry these
costs.

Incorporating coagulation and sedimentation for sulfide and phosphorus removal from treated
AnMBR effluent adds capital costs that are not necessarily required for a conventional process,
where coagulation with alum for phosphorus removal is assumed to occur within the primary
clarifiers and secondary process. For the AnMBR alternatives, coagulation-flocculation-
sedimentation technology was chosen and is based on demonstration results. This method utilized
ferric chloride, ACH, and cationic polymer which were demonstrated in the gas-sparged AnMBR
demonstration. As will be demonstrated, these chemicals — especially ACH — have a high cost and
lifecycle impact. Therefore, alum which was tested briefly in the GAC-fluidized AnMBR
demonstration was also evaluated.
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Hollow-fiber membranes were evaluated for dissolved methane removal based on results from
the-gas sparged AnMBR demonstration and based on the vendor’s recommended full-scale design
criteria. While the pressure drop across the membranes in the demonstration was low, full-scale
designs will involve greater pressure drops and high energy requirements for pumping. Therefore,
an alternative approach using vacuum degassing tanks was also evaluated. The two technologies
carry different capital costs and energy requirements.

Net energy consumption was calculated based on the energy demands for each unit process, and
energy produced from biogas combustion in cogeneration units. Energy costs from purchase of
energy from the grid, or profit from sale of energy back to grid, were calculated based on a typical
unit energy cost. The major differentiation in energy consumption between gas-sparged AnMBR
and GAC-fluidized AnMBR is the energy required for gas sparging. Liquid pumping costs for the
gas-sparged AnMBR were assumed to be equal to those for the GAC-fluidized AnMBR system.
Two different temperature scenarios were also considered because methane yield
(gaseous plus dissolved) in the demonstration was affected by temperature as a result of varying
degrees of hydrolysis. Conventional activated sludge treatment requires significant energy for
aeration of the secondary treatment bioreactors, which is not required for either anaerobic
technology. Energy production is largely a function of temperature and COD removal.

Residual streams from each unit process include screenings and grit, biosolids, and solids
associated with phosphorus and sulfide removal. Quantities of each unit were calculated and costs
for processing and disposal of each residual stream were calculated based on processing
equipment, chemical costs, transportation, and disposal fees. Screening and grit were assumed to
be disposed in a landfill and biosolids and chemical coagulation solids beneficially reused via land
application because their organic and nutrient content.

Several potential cost-drivers were not considered as part of this evaluation. This cost model
assumes that the proposed full-scale treatment facilities are greenfield sites, and no consideration
was given to costs or savings associated with upgrading existing facilities. Land cost and site work
(i.e., grading) are highly site specific and were not considered. An influent pump station, effluent
pump station, administration building, and laboratory spaces that are often associated with
full-scale treatment plants were not included in this analysis. Site-specific phosphorus discharge
limits may vary from what was assumed, which could result in additional required treatment
equipment. Nitrogen removal was not considered for reasons discussed below.

7.3 COST ANALYSIS

This section presents a comparison of conventional aerobic treatment with various AnMBR
process scenarios for a 5-million gallon per day (MGD). A 5-MGD plant was chosen because this
is the minimum size for which cogeneration units are considered to be economically viable
(Naik-Dhungel 2010). Seven AnMBR scenarios were considered and each scenario represents a
different configuration of a full-scale treatment plant. In addition, each AnMBR scenario was
evaluated at three different flux conditions and two temperature conditions. An eighth scenario
represents conventional activated sludge treatment with anaerobic digestion and is used as a
baseline for comparison against the AnMBR scenarios. Supporting information is included in
Appendix G.
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7.3.1 Basis of Design

The characteristics of medium strength wastewater are summarized in Table 7.3 (Tchobanoglous
et al. 2014). The target effluent quality parameters used to develop the design are based on typical
secondary treatment requirements for domestic wastewater and are provided in Table 7.4. Nitrogen
removal using the clinoptilolite nitrogen removal system was not included in this analysis because
the electrolysis system did not work, apparently because of iron fouling. This process will be
evaluated further as part of Environmental Security Technology Certification Program (ESTCP)
project ER-201728. Nitrification will likely occur in the conventional activated sludge scenario;
however, the relative impacts of discharged nitrogen species in the conventional and AnMBR
alternatives were not evaluated.

Table 7.3 Average Characteristics for Medium Strength Municipal Wastewater.
Parameter Value
Average Daily Flow 5 MGD = 18,950 m*/day
Peak Wet Weather Flow 15 MGD = 56,800 m*/day
High Wastewater Temperature 25-30°C
Low Wastewater Temperature 15-20°C
Average Average Day Max Month
Influent Constituents Concentration Loading Loading
(mg/L) (Ib/d) (Ib/d)
COD 430 17,930 23,130
BOD:s 190 7,920 10,220
TSS 210 8,760 11,480
TKN 40 1,670 1,890
NH3-N 25 1,040 1,280
Total Phosphorus 7 290 330
Sulfate (as SO4) 30 1,250 1,250

Table 7.4 Effluent Quality Requirements.
Parameter Value
COD 60 mg/L
Carbonaceous BODs 30 mg/L
TSS 30 mg/L
NH;-N Not applicable
NO;-N + NO»-N Not applicable
Total Phosphorus 1 mg/L
Sulfide 0.1 mg/L
Dissolved Methane 90% removal
E. coli 200 CFU/100 mL
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Seven AnMBR process scenarios and one conventional process scenario were evaluated. Scenarios
1 and 2 represent what was evaluated in this demonstration. Scenario 3 is a hybrid of Scenarios 1
and 2 based on recommendations of this study. Scenarios 4 through 6 are equivalent to Scenarios
1 through 3 but include primary sedimentation and anaerobic digestion of the sedimentation
sludge. Scenario 7 is identical to Scenario 6 but includes an alternative method of dissolved
methane removal, as discussed below. Scenario 8 is conventional treatment. These scenarios are
summarized below. The main process units included in each treatment scenario are shown in
Table 7.5. Process flow diagrams for each of these scenarios are included in Appendix G.

173



Table 7.5 Main Process Units Included in Each Scenario.
Scenario
Included Technology 1-Gas- 2-GAC . = 5= 6- U . 8-
Sparged Fluidized 3-Hybrid PtGas- P+.GI.‘C- P+Hybrid P+Hybrid+ Conventional
Sparged | Fluidized AltCH4

Coarse Screens with Washer/Compactor X X X X X X X X
Grit Removal X X X X X X X X

Fine Screening with Washer/Compactor X X X X X X X

Equalization X X X X X X X
Primary Sedimentation X X X X X
Suspended Growth Aerobic Bioreactor X
Secondary Clarification X

Suspended Growth Anaerobic Reactor X X
GAC-Fluidized Bed Bioreactor X X X X X
Gas-Sparged UF Membranes X X X X X
GAC-Fluidized UF Membranes X X
Anaerobic Digester X X X X X
Coagulation and F loccula‘uog g); ri:éﬁ X % X X X X X X
Sludge Thickening and Dewatering X X X X X X X X
Sludge Lime Stabilization X X X
Dissolved Methanc;/[l{eer;l;(gizs X % X X X X
Dissolved Methane Removal - Vacuum X
Flash Tank
External Biogas Storage X X X X X X X X
Biogas Conditioning, H>S and Moisture X X X X X X X X
Removal

Combined Heat and Powgre E:riltl(l; X % X X X X X X
Disinfection - Sodium Hypochlorite X X X X X X
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e Scenario 1 - Gas-sparged AnMBR demonstration configuration including
vacuum-operated, hollow-fiber, gas-liquid contactor for dissolved methane removal and
coagulation-flocculation-sedimentation ~ for  sulfidle and phosphorus removal,
(abbreviated as gas-sparged).

e Scenario 2 - GAC-fluidized AnMBR demonstration configuration including
vacuum- operated, hollow-fiber, gas-liquid contactor for dissolved methane removal and
coagulation-flocculation-sedimentation ~ for  sulfidle and phosphorus removal,
(GAC-fluidized).

e Scenario 3 - Hybrid, GAC-fluidized bed bioreactor with gas-sparged UF membranes
including vacuum-operated, hollow-fiber, gas-liquid contactor for dissolved methane
removal and coagulation-flocculation-sedimentation for sulfide and phosphorus removal,
(Hybrid).

e Scenario 4 — Scenario 1 plus primary sedimentation and anaerobic digestion, (P + Gas-
sparged).

e Scenario 5 — Scenario 2 plus primary sedimentation and anaerobic digestion, (P + GAC-
fluidized).

e Scenario 6 — Scenario 3 plus primary sedimentation and anaerobic digestion, (P + Hybrid).

e Scenario 7 — Scenario 6 with a vacuum degasser for dissolved methane removal instead of
a hollow-fiber contactor, (P + Hybrid + AItCH4).

e Scenario 8 - Conventional activated sludge treatment with anaerobic digestion of biosolids,
(Conventional).

Scenarios one through seven were each evaluated at low, medium, and high flux (7.5, 15, and
30 LMH, respectively) and at low and high temperatures (<20°C and >25°C, respectively). The
temperatures affected methane yield and used observed yields presented in Section 5. A basis of
design and cost analysis was performed for each scenario at each flux and temperature. The
following subsections present the basis of design for the main process units.

Preliminary Treatment

Preliminary treatment consists of screening and grit removal. Coarse screens and grit removal are
common to all scenarios and are intended to remove large debris and grit that could damage
downstream equipment. Fine screening was chosen for membrane scenarios to protect the
membranes and prevent fouling. Equalization is provided to account for peak flows to the AnMBR.
A summary of preliminary treatment design criteria is provided in Table 7.6.
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Table 7.6

Preliminary Treatment Basis of Design.

Anaerobic .MBR Anaerobic MBR Conv?ntional
Parameter Unit .Alternatgves Alternatives with Activated
w1th(.)ut Prm.lary Primary Sedimentation Sludg?
Sedimentation Alternative
Coarse Screening
Screen Type - Multiple-Rake Mechanical Bar Screen
Number of Screens - 2
Screen Opening Size mm 6
Screenings Handling - Washer/Compactor Screw Auger, Screenings to Landfill
Motor HP, Each Train HP 10
Grit Removal
Type - Stacked Tray Vortex System
Number of Trains - 2
Removal Efficiency % > 95% Removal of Grit Larger than 75 microns
Grit Handling - Inclined Screw Grit Washer/Classifier, Grit to Landfill
Motor HP, Each Train HP 20 HP
Fine Screening
Screen Type - Center Flow Perforated Plate
Number of Screens - 2 2
Screen Opening Size mm 1 2 None

Screenings Handling

Washer/Compactor Screw Auger, Screenings to Landfill

Motor HP, Each Train HP 10
Peak Flow Equalization
Type - One Open Concrete Tank
Total Volume gal 1,000,000
Tank Dimensions, Each - 70-ft Diameter by 18-ft Side Water Depth None
Mixing Power HP 15
EQ Return Pump Capacity | gpm 700
EQ Return Pump Motor HP 15

Primary Clarification

Primary clarification removes suspended solids from the raw wastewater influent by gravity
sedimentation. The resulting sludge is sent to anaerobic digesters for co-digestion with residuals
generated in the secondary process. The design criteria used for primary clarifiers incorporated in
Scenarios 4 through 8 are included in Table 7.7. Effluent from the primary clarifiers is then sent
to biological treatment. Table 7.8 provides a summary of primary effluent loads and sludge

quantities.
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Table 7.7 Primary Clarification Design Criteria.
Parameter Unit Criteria
Primary Clarifiers
Type - Circular Center Feed Type, Concrete Tanks
Design Peak Flow MGD 10
Surface Overflow Rate at Peak Flow gpd/sf 1,800
Number Tanks - 2
Diameter, each Tank ft 60
Side Water Depth ft 14
Sludge Collection Motor Size HP 1.0
Primary Sludge Pumping
Number Sludge Pumps - Two
Pump Flow Capacity gpm 200
Pump Motor Size HP 15

Table 7.8 Primary Effluent Loads and Primary Sludge Quantities.
Average Average Day | Max Month
Constituents % Removal Concentration Loading Loading
(mg/L) (Ib/d) (Ib/d)
Primary Effluent
Chemical Oxygen Demand 35% 280 11,655 15,030
(COD)
Biochemical Oxygen Demand, 35% 120 5,150 6,645
5-day (BOD:s)
TSS 60% 85 3,500 4,590
TKN 0% 40 1,670 1,890
NH3-N 0% 25 1,040 1,280
Total Phosphorus 40% 4.2 175 200
Sulfate 0% 30 1,250 1,250
Primary Sludge
Sludge Quantity dry Ib/day 5,250 6,890
Typical Solids Content % 3%
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Anaerobic Membrane Bioreactors

Full scale design for each of the demonstration technologies includes an anaerobic bioreactor and
a membrane bioreactor. General process design parameters for the anaerobic bioreactor are
provided in Table 7.9. The design criteria used for the suspended growth (Scenarios 1 and 4) and
GAC-fluidized bioreactors (Scenarios 2, 3, 5, 6, and 7) are provided in Table 7.10. The membrane
bioreactors associated with each chosen flux were sized to accommodate the required number of
membrane modules for each flux condition. The design basis used for the membrane bioreactors
is provided in Table 7.11.

Conventional Activated Sludge Process

The conventional activated sludge system (Scenario 8) was designed with primary sedimentation,
an aerated bioreactor, secondary clarifiers, and chemical phosphorus removal within the secondary
treatment process. The design basis for the conventional activated sludge system is provided in
Table 7.12.

Table 7.9 Anaerobic Treatment Overall Basis of Design.
. Gas-Sparged GAC-Fluidized
Parameter Units AnMBR AnMBR
Combined Liquid HRT at Average Flow h 11 3.9
Organic Loadmg Rate, W1thout Primary ke-COD/mY/d 0.94 27
Sedimentation
Organic Loadlpg Rate,‘ with Primary ke-COD/mY/d 0.52 17
Sedimentation
SRT d 60 sSRT =11
MLSS mg/L 9,100 2,700
MLVSS mg/L 7,100 1,800
Volatile Solids Production ke-VS /ke-COD 0.13 0.13
loaded

2 Actual solids production was 0.074 kg/kg but it is believed this is underestimated due to solids deposition in the reactor, so the
yield from the GAC-fluidized pilot was used for full-scale design.
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Table 7.10  Anaerobic Bioreactor Basis of Design.
Parameter Units Suspended Growth Bioreactor GAC-Fluidized Bioreactor
Design Net Flux LMH 7.5 15 30 7.5 15 30
m’ 7,700 8,200 8,400 1,700 2,400 2,700
Reactor Active Volume
gal 2,040,000 2,170,000 2,230,000 450,000 630,000 720,000
Type of Tanks - Two circular concrete tanks with fixed steel covers Two circular concrete tanks with fixed steel covers
Total Volume including al 1,274,400 1,353,400 1,392,800 280,800 392,200 447,900
Freeboard, each Tank &
. . 79-ft dia x 81-ft dia x 82-ft dia x 37-ft dia x 44-ft dia x .
Tank Dimensions, Each - 47-ft dia x 35-ft tall
35-ft tall 35-ft tall 35-ft tall 35-ft tall 35-ft tall
Side Water Depth ft 30 30
HRT at Average Flow h 9.8 10.4 10.7 2.7 3.8 43
GAC Type NA Calgon Filtrasorb 300 sieved to remove < 0.8 mm
GAC Quantity kg NA 240,000 470,000 580,000
GAC Fluidization Velocity m/h NA 27
Mixing Power, Each Tank HP 10 10?

@ Mixing requirement of 0.1 HP per 1,000 cubic feet was assumed for a typical digester based on engineering judgement. For a fluidized bed reactor, the tank volume is smaller than a gas-

sparged system, but additional energy will likely be required for fluidization.
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Table 7.11  Membrane Bioreactor Basis of Design.

Parameter Units Gas-Sparged AnMBR GAC-Fluidized AnMBR
Design Net Flux? LMH 7.5 15 30 7.5 15 30
Membrane Make - Suez
Membrane Mode* - ZeeWeed 500d
Membrane Type - 0.04 um PVDF on woven polyester
Instantaneous Flux® LMH 9.4 18.8 37.5 9.4 18.8 37.5
Number of Trains - 8 4 2 16° 8v 4°
Number of Cassettes - 75 40 20 150 80 40
Number of Modules - 3,060 1,530 770 6,120 3,060 1,540
Membrane Area m? 105,264 52,632 26,488 105,264 52,632 26,488
Active MBR gzlgme including gallons 253,000 126,000 63,000 356,000 178,000 89,000
MBR Liquid HRT (empty bed) h 1.2 0.6 0.3 0.27 0.13 0.07
MBR Power Requirement kWh/d 6,600 3,700 2,200 3,600 2,200 1,400
GAC Type - NA Calgon Filtrasorb 300 sieved to remove < 0.8 mm
GAC Quantity kg NA 460,000 230,000 120,000
GAC Fluidization Velocity m/h NA 90 (empty bed)
Membrane Cleaning Chemicals ) 500 mg/L NaOCl ar.ld.2000 mg/L citric. acid;
Citric acid may be acidified to pH ~ 2 with HCI

2 Based on use of membrane relaxation where the net flux = 80% of the instantaneous flux (8 minutes on, 2 minutes relax)
> GAC-fluidized bed reactors use the same membrane area as the gas-sparged AnMBR. However, twice the number of modules is required to accommodate the GAC.
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Table 7.12

Conventional activated sludge basis of design.

Parameter Unit Criteria
BOD Removal Process Design
Aerobic Solids Residence Time d 10
Biological MLSS mg/L 2,900
Net Biological Sludge Yield Ib TS /1b BODr 0.66

Chemical Phosphorus Removal

Coagulant Dosing Point - Mixed liquor upstream of secondary clarifiers
Coagulant Type - 48% aluminum sulfate
Coagulant Dose mg/L as Al 3.5

Coagulant Volume gal/d 600
No. Mixers - 1
Mixer HP, Each HP 15
Chemical MLSS mg/L 700
Aerobic Bioreactor
Number Tanks - 2 plug flow basins with fine bubble diffuser grids
Total Aerobic Volume gallons 1,500,000
Dimensions, Each Tank - 140-ft x 40-ft
Side Water Depth ft 18 ft
Aeration System
Dissolved Oxygen Concentration mg/L 1.5
Average Airflow Required scfm 3,780
Peak Airflow Required scfm 6,310
Number Blowers - 3
Blower Capacity, Each scfim 3,155
Motor Size, each Blower HP 250 HP
Secondary Clarifiers
Number Tanks - Four circular center feed type clarifiers
Diameter, Each Tank ft 75-ft
Surface Overflow Rate at Peak Flow gpd/sf 900
Side Water Depth ft 15
Sludge Collection Motor, Each HP 1.0
RAS Pumping
Number Pumps - 2
Flow Capacity, Each Pump gpm 3,500
Pump Motor Size HP 40
WAS Pumping
Number Pumps - 2
Pump Flow Capacity gpm 700
Pump Motor Size HP 10

181




Dissolved Methane Removal

Dissolved methane is removed from anaerobic effluents with vacuum-assisted, hollow-fiber
membranes in Scenarios 1 through 6. The basis of design for membrane contactors for dissolved
methane removal is provided in Table 7.13. For Scenario 7, vacuum flash tanks were considered
as an alternative gas removal technology. The reason for this evaluation was because of the high
head loss associated with full-scale membrane contactors, as discussed in Sections 7.3.2 and 7.3.3.

The basis of design for the vacuum flash tanks is summarized in Table 7.14.

Table 7.13  Membrane Contactors for Dissolved Methane Removal Basis of Design.
: Dissolved Methane Removal from AnMBR
Parameter Unit
Effluent
Membrane Contactor
Make - 3M Liqui-Cel
Model - 14x28
Number Contactors - 14 trains; 2 in series per train (28 total)
Flux ¢ CHy/m*d 36°
Membrane Area m? 6,610
Pressure Loss psi 26

Contactor Feed Pumps (MBR Permeate Pumps)

Number Pumps

3

Pump Motor Size

HP

75

Vacuum-Assisted Gas Sweep

Sweep Gas Type Nitrogen gas (N»)
Total Sweep Flow Rate scfm 21
Sweep Gas Generator Type - Pressure swing adsorption
Sweep Gas Generator Motor Size HP 20 hp for air compressor
Vacuum Pump Type - Liquid ring
Number Vacuum Pumps - Three
Total Vacuum Volume Flow acfm 280
Vacuum Pump Pressure mm Hg (abs) 100
Vacuum Pump Motor Size, Each HP 15

2 Based on modeling by 3M.

Table 7.14  Vacuum Flash Tank for Dissolved Methane Removal Basis of Design.
. Dissolved Methane Removal from AnMBR
Parameter Unit
Effluent
Vacuum Degasser
Make - Elgin vacuum degasser
Model - ESDG 1200
Number of Units - 3
Vacuum Pump Horsepower hp 5
Tank Headspace Vacuum psi 12.3
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Phosphorus and Sulfide Removal for AnMBR Scenarios

For the demonstration technologies, phosphorus and sulfide removal from the treated effluent was
achieved with chemical precipitation and sedimentation. ACH, ferric chloride, and cationic
polymer were evaluated on the basis of the results of the pilot study performed at Ft. Riley. A
summary of the full-scale design criteria for the phosphorus and sulfide removal system is
provided in Table 7.15 below. An alternative scenario was also considered for comparison
purposes in which aluminum sulfate (alum) and cationic polymer were used. For this alternative it
was assumed that the flocculation and sedimentation equipment would remain the same, but with
an alum dose of 10 mg/L, and a polymer dose of 1 mg/L. would be used.

Table 7.15  Phosphorus and Sulfide Removal Basis of Design.

Parameter Unit Criteria
Number of Trains - 2
Design Flow, Per Train MGD 5
40% Ferric Chloride, 58 mg/L as Fe;
Coagulant Type - Aluminum Chlorohydrate, 16 mg/L as Al;
Cationic Polymer, 0.6 mg/L
Rapid Mix
Detention Time sec 30
Volume, Per Train gal 3,500
No. of Mixers, Each Train - 1
Mixer Motor Size, Each HP 15
Flocculation
No. of Stages - 3
Detention Time, Per Stage min 10
Volume, per Stage, Each Train gal 35,000 gallons
No. of Mixers, Each Train - 3
Mixer Motor Size, Each HP 2.0
Sedimentation
Sedimentation Type - Inclined Plate Settlers
Tank Volume gal 224,000
Loading Rate (Effective) gpm/ft? 0.3
Detention Time min 65
Sludge Removal Mechanism - Chain-and-flight, 0.5 HP Drive

Disinfection

Final effluent disinfection for all full-scale design scenarios is achieved with sodium hypochlorite.
The required dose for the anaerobic alternatives is based on chlorine demand data collected in the
Ft. Riley pilot study. For the conventional activated sludge alternative, a chlorine demand and dose
were chosen based on typical design values. A summary of the basis of design for the disinfection
system is provided in Table 7.16. Note the higher chlorine demand measured at the Ft. Riley
demonstration compared to a typical nitrifying conventional activated sludge process.
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Table 7.16

Disinfection System Basis of Design.

Parameter Unit Anacrobic .MBR Acctz)\:la‘;?(lltlsolll:?llge
UGS Alternatives
i 12.5% Sodium 12.5% Sodium
Disinfectant Type Hypochlorite Hypochlorite
Chlorine Demand mg/L as Cl, 12 8
Chlorine Dose mg/L as Cl, 15 12
Disinfectant Volume gpd 600 480
Number of Chlorine Contact Tanks - 2 2
Contact Time at Average Flow minutes 40 60
Contact Time at Peak Flow minutes 20 20
Design Peak Flow MGD 10 15
Total Contact Tank Volume gallons 138,000 208,000
Mixer HP HP 5 5

Sludge Management

In Scenarios 1 through 3, secondary sludge is thickened on a gravity belt thickener and then is
combined with the primary sludge and then stabilized with lime prior to dewatering. In Scenarios
4 through 8, primary and secondary biological sludge is anaerobically digested and does not
require lime stabilization. Some degree of sludge thickening was assumed to be achieved in the
primary clarifiers, while it was assumed that secondary sludge would be pumped to gravity belt
thickeners for thickening to 6-7% solids. The resulting blend of primary sludge and thickened
secondary sludge was assumed to reach a 5.5% thickness, which is a typical thickness for digester
feed sludge because it has a reasonable viscosity for pumping to the digester and mixing within
the digester.

Biological sludge from all scenarios is ultimately disposed of through land application as Class A
biosolids. The design criteria for primary and secondary sludge management and stabilization are
provided in Table 7.17.

Tertiary sludge (i.e., sludge generated from chemical precipitation of phosphorus and sulfide) is
assumed to be suitable for land application. The dewatering characteristics of sludge from
chemical precipitation during the Ft. Riley pilot study was used to develop the basis of design for
the management of tertiary sludge and is presented in Table 7.18.
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Table 7.17 Primary and Secondary Sludge Thickening, Dewatering, and Stabilization Design Criteria.
Parameter Unit Anaerobic MBR Alternatives Anaerobic MBR Alternatives | Conventional Activated
without Primary Sedimentation | with Primary Sedimentation Sludge Alternative
Sludge Production
Primary Sludge dry Ib/d TS 0 5,300 5,300
Secondary Sludge dry Ib/d TS 2,300 1,500 4,200
Total Sludge dry Ib/d TS 2,300 6,800 9,500
Secondary Sludge Thickening
Type - One gravity belt thickener
Belt Width m 2 meters
Motor Size HP 10.0
Thickened Secondary Sludge % 6-7%
Polymer Dose Rate Ib active / dry ton 8
Polymer Required Ib active / d 9.3 6.1 17
Primary and Secondary Sludge Stabilization
Type - Lime Addition Mesophilic Digestion (20-day SRT)
Lime Dose tons/d 0.35 - -
Lime Equipment Power HP 30 - -
Average Blended Sludge Feed % 5.5 55 5.5
Digester Feed Volume gal/d - 14,760 20,583
Digester Volume gallons - 295,000 412,000
Number Digesters - - 1 1
Digester Dimensions - - 41-ft diameter x 35-ft high 48-ft diameter x 35-ft high
Digester Mixing Power, Each HP - 10 10
Volatile Solids Reduction % - 55% 55%
Stabilized Sludge dry Ib/d 3,030 3,050 5,090
Primary and Secondary Sludge Dewatering
One belt filter press
Type
Motor Size HP 10 10 10
Polymer Required 1b active / d 21 27.5 46
Dewatered Cake Solids % 20% 20% 20%
Dewatered Cake Quantity wet tons/d 7.6 7.6 12.7
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Table 7.18

Tertiary Sludge Management Design Criteria.

Parameter Unit Anaerobic MBR Alternatives Anaerobic MBR Alternatives | Conventional Activated
without Primary Sedimentation | with Primary Sedimentation Sludge Alternative
Sludge Production
Tertiary Sludge dry Ib/d TS 8,890 NA
Tertiary Sludge Content % 3.0 NA
Sludge Thickening and Dewatering
Type - Two 3-belt belt filter presses
Total Connected Horsepower HP 10 NA - chemical sludge is
Polymer Dose Rate Ib active / dry ton 18 removed with the secondary
Polymer Required Ib active / d 80 sludge
Dewatered Sludge Content % 20%
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Biogas Treatment and Cogeneration

For all scenarios, biogas will be treated to remove sulfide prior to being used for heat and power
generation in an engine generator. A packed media biotower will be used for sulfide removal
(Polo et al. 2017, Woo et al. 2017). The characteristics of biogas from anaerobic bioreactors were
determined based on biogas characteristics observed in the Ft. Riley pilot study. However, the
influent sulfate concentration of the Fort Riley wastewater was observed to be approximately twice
that of typical medium strength wastewater. Therefore, the biogas sulfide concentration for this
evaluation was assumed to be half of what was observed in the pilot (i.e. 2500 mg/L instead of
5,000 mg/L). Anaerobic digester biogas characteristics were assumed based on typical design
values. The biogas characteristics used in the full-scale design alternatives is presented in

Table 7.19. The basis of design for biogas storage, treatment, and cogeneration is provided in Table
7.20.

Table 7.19  Biogas Characteristics.

Parameter Value

Anaerobic Bioreactor Biogas

Methane 68%

Nitrogen Gas 24%

Carbon Dioxide 6%

Hydrogen Sulfide 2,500 mg/m’
Anaerobic Digester Biogas

Methane 65%

Nitrogen Gas <1%

Carbon Dioxide 25%

Water Vapor at 40°C 6%

Hydrogen Sulfide 2,500 mg/m’
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Table 7.20

Biogas treatment and Cogeneration for Scenarios 1 Through 8.

Parameter Unit | 1 — Gas-Sparged | 2 — GAC-Fluidized | 3 — Hybrid | 4 — P + Gas-Sparged | 5 — P + GAC-Fluidized | 6 — P + Hybrid | 7 — P + Hybrid+ AItCH4 | 8 - Conventional
Biogas Production
AnMBR Biogas Flow at >25°C scfm 32 34 33 21 22 22 22 0
AnMBR Methane Flow at > 25°C scfm 22 23 23 14 15 15 15 0
AnMBR Biogas Flow at <20°C scfm 12 8 8 7 5 31 31 0
AnMBR Methane Flow at <20°C scfm 8 5 5 5 3 3 3 0
Dissolved Methane Recovery Total Gas Flow > 25°C | scfm 39 39 39 39 39 39 18 0
Dissolved Methane Recovery Methane Flow > 25°C | scfm 10 10 10 6 6 6 6 0
Dissolved Methane Recovery Total Gas Flow <20°C | scfm 39 39 39 39 39 39 18 0
Dissolved Methane Recovery Methane Flow <20°C | scfm 11 11 11 7 7 7 7 0
AnAD Biogas Flow scfm 0 0 0 39 39 39 39 46
AnAD Methane Flow scfm 0 0 0 25 25 25 25 30
Total Methane at > 25C scfm 31 33 33 46 47 47 47 30
Total Methane at <20C scfm 19 16 16 38 36 36 36 30
Biological Desulfurization
Type - One single-stage FRP tower with plastic media
H,S Removal Efficiency % >95%
Air Supply Blower HP 5.0
Recirculation Pump HP 5.0
Combined Heat and Power
Type - Engine-generator with heat recovery jacket
Size kW 400
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7.3.2 Cost Estimate

Capital costs were developed for each scenario and at each design membrane flux (Table 7.21). A
summary of direct costs is shown graphically in Figure 7.1. The capital cost of conventional
treatment was less than all AnMBR scenarios except at 15 and 30 LMH, where the hybrid
(Scenario 3) was similar or less. At a moderate flux of 15 LMH, the capital costs for the
gas-sparged, GAC-fluidized, and hybrid AnMBR Scenarios (1 through 3) were 28, 31, and 21%
greater, respectively, than that for the conventional scenario. The GAC-fluidized AnMBR
(scenarios 2 and 5) costs are based on an assumption that the membrane costs are the same as for
the gas-sparged AnMBR. If the costs were greater, which is likely, then the cost for the
GAC-fluidized AnMBR system would be greater than shown. Secondary treatment was the
greatest cost component regardless of scenario or flux. When primary treatment is included
(Scenarios 4 through 6), the costs are 34, 36, and 26% higher than conventional treatment,
respectively. Scenario 7, which include primary sedimentation plus the hybrid AnMBR with
alternative dissolved methane removal, is 24% high capital cost than conventional treatment.
These results suggest that, with optimization, the hybrid AnMBR has the potential to be
cost-competitive with conventional treatment. Consider also that conventional treatment has been
in existence and optimized for many decades, whereas the AnMBR system for municipal treatment
has never been built. Costs generally decrease with optimization.
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Table 7.21

Direct Capital Costs.

Process Scenarios

Cost Component 1 - Gas- 2 _ GAC- . 4 — P+ Gas- O=1p 6-P+ 7_P.+ 8-
Sparged Fluidized J=lEbibat Sparged EaiLr Hybrid Hybrid+ Conventional
parg parg Fluidized y AltCH4

Preliminary and Primary $4,247,000 $4,247,000 $4,247,000 $5,697,000 $5,697,000 $5,697,000 | $5,697,000 $3,040,000
Treatment

Conventional Secondary $0 $0 $0 $0 $0 $0 $0 $7,705,000
Treatment

AnMBR Secondary $12,540,000 | $15,380,000 | $10,840,000 | $12,540,000 | $15,380,000 | $10,840,000 | $10,840,000 $0
Treatment (7.5 LMH)

AnMBR Secondary $8,420,000 $9,300,000 $6,900,000 $8,420,000 $9,300,000 $6,900,000 | $6,900,000 $0
Treatment (15 LMH)

AnMBR Secondary $6,600,000 $6,600,000 $5,170,000 $6,600,000 $6,600,000 $5,170,000 | $5,170,000 $0
Treatment (30 LMH)

Phosphorus and Sulfide $4,654,000 $4,654,000 $4,654,000 $4,654,000 $4,654,000 $4,654,000 | $4,654,000 $200,000
Removal with Tertiary
Sludge Dewatering

Primary & Biological $5,750,000 $5,750,000 $5,750,000 $5,640,000 $5,640,000 $5,640,000 $5,640,000 $5,780,000
Sludge Handling &
Stabilization

Biogas Conditioning and $4,050,000 $4,050,000 $4,050,000 $4,050,000 $4,050,000 $4,050,000 | $4,050,000 $4,050,000
CHP

Dissolved Methane $1,190,000 $1,190,000 $1,190,000 $1,190,000 $1,190,000 $1,190,000 $270,000 $0
Removal

Disinfection $1,550,000 $1,550,000 $1,550,000 $1,550,000 $1,550,000 $1,550,000 | $1,550,000 $1,950,000

Yard Piping $2,000,000 $2,000,000 $2,000,000 $2,000,000 $2,000,000 $2,000,000 | $2,000,000 $2,000,000

Note: Direct costs do not include associated costs for electrical (20% allowance) and instrumentation and control (5% allowance).
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Conventional
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P + Hybrid
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Direct Capital Cost (Smillions)

B Preliminary and Primary Treatment
= Phosphorous and Sulfide Removal
M Biogas Handling, Treatment, and CoGen

H Disinfection

Figure 7.1

H Secondary Treatment
® Sludge Management
m Dissolved Methane Removal

M Yard Piping

S50 M

Direct Capital Costs for Conventional Treatment and Different AnMBR

Process Configurations at Net Fluxes of 7.5 LMH (a), 15 LMH (b) and 30 LMH (¢). P
Denotes Primary Treatment.

AltCH4 denotes vacuum degassing process for dissolved methane removal. Indirect costs are a constant

percentage of total direct cost as described in Table 7.1 and are not shown.
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The operating costs for each scenario include waste disposal (i.e., landfilling of screening and grit
and beneficial reuse of biosolids and chemical coagulation sludge), power, membrane
replacement, and chemicals. Labor and maintenance costs are assumed to be constant across each
scenario and, therefore, are not included in this analysis. Figure 7.2 shows operating costs for the
high temperature scenarios (i.e., > 25°C) and Figure 7.3 shows operating costs for the low
temperature scenarios (< 20°C). The primary difference between these alternative cost analyses is
the amount of energy produced from biogas, which is represented as an energy cost. The energy
shown in these graphs indicates net energy bought from the grid (a positive value) or sold back to
the grid (a negative value). Use of the alternative dissolved methane removal process
(scenarios 6) resulted in net energy-positive operation at fluxes of 15 and 30 LMH. However,
energy efficiency was not the major driver with respect to overall operating costs of the AnMBR
scenarios. Chemicals used for phosphorus and dissolved sulfide removal were the greatest
operating cost by a significant margin. Sulfide removal is required from AnMBR permeate is
required regardless of whether the effluent is discharge to a surface water (because it exerts an
oxygen demand and upon oxidation and conversion to elemental sulfur will generate turbidity) or
if it is further process for water reuse applications (because of the toxic and noxious
odor-generating potential and corrosivity). Sulfide removal with coagulation was a major chemical
cost driver and resulted in operating costs for all AnMBR scenarios being much greater than
operating costs for conventional treatment. Membrane replacement costs were greater for the
GAC-fluidized AnMBR scenarios (2 and 5) because of an assumed 5-year replacement frequency,
which is conservative based on demonstration results and previous studies (Shin et al. 2016a, Shin
et al. 2016b). The GAC-fluidized demonstration indicated it is possible the membranes would need
to be replaced more frequently than every 5 years, which would further increase the cost. The
membrane replacement frequency for the gas-sparged and hybrid systems was assumed to be
10 years based on previous studies with aerobic MBRs using the same or similar membranes
(Cote et al. 2012, Kubota Membrane Europe 2008). The unit membrane cost for the gas-sparged
and GAC-fluidized AnMBR systems was assumed to be equal, which may not be the case because
of the lower membrane density in the GAC-fluidized AnMBR. If the unit membrane cost for the
GAC-fluidized AnMBR system was greater than that for the gas-sparged AnMBR system, then
the operating costs for the GAC-fluidized AnMBR would be greater.

192



Conventional
P + Hybrid + AltCH4
P + Hybrid

P + GAC-fluidized (]

Scenario

P + Gas-sparged
Hybrid
GACluidized [

Gas-sparged

-505M SO0.OM SO5M  S10M  S15M  $2.0M  $25M  $3.0M  S35M  S40M

Cost (millions)

Conventional

P + Hybrid + AltCH4
P + Hybrid

P + GAC-fluidized

Scenario
f i I j i
i |

P + Gas-sparged
Hybrid
GACfluidized
Gas-sparged

-$0.5M  S$0.0M $05M S1LOM S15M S2.0M $25M  S$3.0M  S$35M  S4.0M
Cost (millions)

Conventional

P + Hybrid + AltCH4
P + Hybrid

P + GAC-fluidized

P + Gas-sparged
Hybrid
GAC-fluidized

Scenario

Gas-sparged

-$0.5M  S$0.0M $05M S1LOM S15M S2.0M $25M  S$3.0M  S$35M  S4.0M
Cost (millions)

m Sulfide and Phosphorus Chemicals m UF Cleaning Chemicals m Sludge Management Chemicals
M Disinfection Chemicals B GAC Replacement Membrane Replacement
W Power Consumed B Waste Disposal

Figure 7.2 Annual Operating Costs Excluding Labor Maintenance at Temperatures >
25°C for Conventional Treatment and Different AnMBR Process Configurations at Net
Fluxes of 7.5 LMH (a), 15 LMH (b), and 30 LMH (c).
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Figure 7.3  Annual Operating Costs Excluding Labor and Maintenance at Temperatures
<20°C for Conventional Treatment and Different AnMBR Process Configurations at Net
Fluxes of 7.5 LMH (a), 15 LMH (b), and 30 LMH (c).
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Total lifecycle cost was calculated assuming a 20-year lifecycle and a 7% discount rate for annual
operating costs and combining with the capital cost. The lifecycle cost analysis results for high
and low temperature conditions are presented in Figure 7.4 and Figure 7.5, respectively. Lifecycle
costs were lowest for conventional treatment primarily because of the differences in operating
costs. Comparison among the demonstration technologies shows that the GAC-fluidized bed
AnMBR (Scenarios 2 and 5) is the most expensive, which is driven by more frequent membrane
replacement. The overall lifecycle costs for gas-sparged AnMBR (Scenarios 1 and 4) and hybrid
AnMBR (Scenarios 3 and 6) configurations are similar to the hybrid configuration resulting in a
slightly lower lifecycle cost. Adding primary clarification ahead of the anaerobic treatment
technologies (Scenarios 4, 5, and 6) results in slightly higher capital cost compared with Scenarios
1 through 3. However, the primary clarifier capital costs are partially offset by savings associated
with higher energy production. The overall net present value analysis indicates that the lifecycle
cost is lowest when primary clarification is not used.
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Figure 7.4  20-Year Lifecycle Costs Excluding Labor and Maintenance at Temperatures
> 25°C for Conventional Treatment and Different AnMBR Process Configurations at Net
Fluxes of 7.5 LMH (a), 15 LMH (b) and 30 LMH (c¢).

OPCC = opinion of probable construction cost.
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Figure 7.5  20-Year Lifecycle Costs Excluding Labor and Maintenance at Temperatures
<20°C for Conventional Treatment and Different AnMBR Process Configurations at Net
Fluxes of 7.5 LMH (a), 15 LMH (b) and 30 LMH (c).

OPCC = opinion of probable construction cost.
7.3.3 Cost Estimate Discussion

The capital, operating, and lifecycle cost analysis leads to several conclusions. First and foremost,
design flux for membrane systems has a strong effect on the overall cost of the system. The design
flux directly correlates to the number of membrane modules required for the full-scale design and
the cost of the membrane systems is the single largest contributor to overall capital cost.
Furthermore, the operating costs associated with membrane replacement and membrane cleaning
are directly related to the number of membrane modules.
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Secondly, system temperature has minimal impact on overall cost of the system. Temperature
impacts the quantity of methane generated, and therefore, the quantity of power produced. At
higher temperatures, the operating costs of the system are slightly lower when compared with the
low temperature alternatives. However, the overall role of power in the cost analysis is small
compared to chemical and membrane replacement costs. Nevertheless, energy-positive or negative
operation was dependent on the specific scenario, flux, and temperature (Figure 7.6).
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Gas-sparged GAC-fluidized Hybrid P + Gas- P + GAC- P + Hybrid P + Hybrid +
sparged fluidized AltCH4

7.5 LMH & < 20°C 7.5LMH & > 25°C 15LMH & < 20°C 15LMH & > 25°C

Net energy consumption (kWwh/m?)

30 LMH & < 20°C 30 LMH & > 25°C ——Conventional

Figure 7.6  Net Energy Consumption for Different AnMBR Scenarios Compared to
Conventional Treatment.

Use of a vacuum flash tank for dissolved methane removal (Scenario 7) results in lower capital
costs compared with hollow-fiber cartridge membranes. Furthermore, operating costs are lower
because the hollow-fiber cartridge membranes draw significant power to pump through the
membrane systems. However, in general, the choice of dissolved methane removal technology had
little impact on the overall economics of the system relative to other factors.

The AnMBR scenarios, in general, had greater operating costs when compared to conventional
activated sludge treatment. The chemical costs associated with phosphorus and sulfide removal
represent a significant portion of overall operating cost. The chemical mass used per unit volume
water treated for all AnMBR scenarios was greater than conventional treatment even when alum
was used instead of ferric chloride and ACH (Figure 7.7). The selection of coagulant and dose did,
however, affect the relative mass of residuals generated by the AnMBR and conventional
processes (Figure 7.8). The annual and lifecycle costs associated with chemical use is further
illustrated in Figure 7.9 and Figure 7.10. Substitution of alum for ferric chloride and ACH greatly
reduced the chemical cost. However, even when no coagulant was used, the chemical costs for the
AnMBR scenarios were greater than those for conventional treatment because of the chemicals
required to mitigate membrane fouling and the additional chlorine demand required for AnMBR
effluent (as demonstrated at the Ft. Riley pilot). For example, the lifecycle cost for Scenario 7 with
primary sedimentation, hybrid AnMBR, and alternative dissolved methane removal was 16%
greater than that for conventional treatment. The lifecycle cost difference between Scenario 7 and
Scenario 8 is primarily because of the costs for membrane replacement, membrane cleaning
chemicals, and disinfection. Based on the above analysis, research into alternative processes for
sulfide removal and more efficient membrane management is warranted.
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Figure 7.7  Total Chemical Use Per Unit Volume of Water Treatment for Different
AnMBR Scenarios at 15 LMH Using Ferric Chloride and ACH (a) or Alum (b) for
Phosphorus and Sulfide Removal in Comparison to Conventional Treatment.
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Figure 7.8  Total Solid Residuals Produced per Unit Volume of Water Treatment for
Different AnMBR Scenarios at 15 LMH Using Ferric Chloride and ACH (a) or Alum (b)
for Phosphorus and Sulfide Removal in Comparison to Conventional Treatment.
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Figure 7.9  Comparison of Total Annual Chemical Costs Associated with Different
Approaches for Phosphorus and Sulfide Removal at 15 LMH.

Total costs include chemicals for membrane cleaning and sludge management.
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Total costs include chemicals for membrane cleaning and sludge management.
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One commonly used method of capital cost comparison wastewater treatment is the facility
construction cost per gallon-per-day (gpd) of rated treatment capacity (on an annual average flow
basis). This analysis was performed for all scenarios, and a summary is provided in Figure 7.11.
Construction cost per gpd of treatment capacity for full-scale facilities is highly dependent on
site-specific variables, including climate, site excavation conditions, hydraulic profile constraints,
and the economic bidding climate. Based on CDM Smith’s experience, conventional activated
sludge treatment plants without tertiary treatment and without nutrient removal can range in
construction cost from $4/gallon to costs exceeding $12/gallon. The low end of that range is
possible for warm-weather plants with very few to no ventilated buildings and all pump stations
located at grade, limited redundancy, and no on-site sludge processing. On the other hand, costs at
the high end of the range are more typical for cold weather climates with ventilated and heated
buildings, deeper structures and pump stations, and plants with extensive on-site sludge processing
systems. Construction costs exceeding $12per gpd can be expected for plants requiring biological
nutrient removal, which was not included in this analysis. The conventional activated sludge
treatment capital cost of $10.50 per gpd presented in Figure 7.11 (which does not include
engineering design services) is in the middle of the range for a typical conventional activated
sludge plant. It is possible that the estimated costs for sludge handling, anaerobic digestion, and
energy recovery for all alternatives (AnMBR and conventional) are higher than those presented
here. However, these higher sludge handling costs would be similar for all alternatives and, thus,
would not differentiate the alternatives.
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Figure 7.11 Total Capital Cost Including Direct and Indirect Costs Per Gallon-per-day
Design Capacity.

The calculated operating cost per 1000-gallons as a function of flux and temperature for each scenario
is shown in Figure 7.12. It should be noted that this cost does not include maintenance or labor costs,
as described previously. While higher temperatures result in slightly lower operating costs due to
excess energy produced in the form of methane, this additional energy is not significant when
compared with the costs associated with chemical use. These results reinforce the conclusion that
chemical costs for sulfide removal are a major factor leading to greater costs for AnMBR processes.
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Previous studies (Cashman et al. 2018, Cashman and Mosley 2016, Khan et al. 2016, Pretel et al.
2016, Schoener et al. 2016, Smith et al. 2014) have not considered sulfide removal. As discussed
in Section 7.4, chemical use also leads to greater environmental impacts. Demonstration of
alternative sulfide removal technologies that are not as dependent on chemical use is needed. A
biological process has been evaluated previously (Cai et al. 2017) and warrants further evaluation
for treatment of AnMBR permeate because biological treatment has been used successfully to
remove hydrogen sulfide from biogas at the full-scale (Woo et al. 2017).
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Figure 7.12 Operating Cost Per 1000-gallons for AnMBR Scenarios at 7.5 LMH (a,d), 15
LMH (b,e), and 30 LMH (c,f) and Conventional Treatment at Different Temperatures
Compared to Chemical Cost (i.e., Membrane Cleaning, Sulfide and Phosphorus Removal,
Sludge Management, Disinfection, and GAC Replacement) Based on Use of Ferric
Chloride and ACH (a,b,c) or Alum (d,e,f). Maintenance and Labor Costs Are Not Included.

Summary

The AnMBR process has the potential to be cost-competitive with conventional treatment
considering the possibility of energy-positive operation. The application of a hybrid process
involving a GAC-fluidized bioreactor followed by a gas-sparged UF membrane process and a
low-cost process for dissolved methane removal appears to be promising. Alternative methods for
sulfide removal such as biological oxidation (Cai et al. 2017) should be evaluated because
chemical coagulation is likely to be cost-prohibitive. Membrane replacement costs and chemical
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costs for membrane cleaning also must be considered. The actual lifetime of UF membranes in an
AnMBR is unknown; however gas-sparged UF membrane lifetime is expected to be ten years or
more based on experience with aerobic membrane bioreactors using the same or similar
membranes (Cote et al. 2012, Kubota Membrane Europe 2008). Chemical use for membrane
maintenance and recovery cleaning should be considered and optimized. Implementation of the
AnMBR process in warmer climates and on relatively strong wastewater streams can increase the
potential for even more energy-positive operation and overall cost reduction. Finally, the AnMBR
is a new process that has not had years of operational experience like conventional treatment
processes. Therefore, it is not unexpected that AnMBR costs are greater than conventional
treatment costs. The potential for cost reduction exists and can be realized through process
implementation. Implementation on smaller distributed systems is a logical first step.

7.4 LIFECYCLE ASSESSMENT

The objective of the LCA is to identify components of each treatment technology process that
contribute the most towards environmental impacts and provide recommendations for developing
a sustainable treatment process. This section presents the LCA methodology, results, and findings.

7.4.1 Methodology

The functional unit is 5 MGD of treated wastewater on a daily operational basis (Cashman et al.
2018, Cashman and Mosley 2016, Smith et al. 2014). The water quality of the effluent was
assumed to be the same for all processes and, therefore, was not considered in the LCA boundary.
In addition, the construction and infrastructure of the treatment plant was not included in the LCA
boundary, as previous studies have shown the operation stage of the plant as the primary
environmental impact contributor (Smith et al. 2014). A process flow diagram showing the LCA
boundary is shown in Figure 7.13.
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Figure 7.13 LCA Boundary.
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The sustainability assessment considered consumption of raw materials and natural resources
during materials acquisition, production, use stages, and end-of-life processes during plant
operation. Appendix H presents the lifecycle inventory (LCI) and additional supporting
information for the LCA. Primary data regarding energy and material consumption during each
treatment process was compiled from engineering data and vendor specifications. Membrane
modules were composed of polyvinyl chloride (PVC), polyester, and polypropylene. The
membranes are composed of a thin coating of PVDF on a polyester matrix. PVDF is not available
in the LCA database and comprises a very small percentage of the total mass of the membrane
and, therefore, was not considered in the analysis. Polyester, PVC and polypropylene were
included in the analysis. The polymer used for phosphorus removal as well as for sludge thickening
was composed of polyacrylamide, kerosene (as surrogate for hydrotreated light petroleum
distillates, which are listed as a component of the polyacrylamide emulsion polymer), and ultrapure
water input parameters. Polyaluminum chloride (PACIl) was used in the analysis to represent ACH
(which is not listed in the ecoinvent LCA database).

Environmental impact offsets designated as “avoided products” were associated with energy
production from biogas and methane recovery, elemental sulfur produced as a byproduct during
biogas handling, and excess heat from biogas handling. An avoided product subtracts from the
lifecycle environmental impact of the designated product.

All membrane materials were assumed to be recycled at the end of their useful life. Gravel and grit
generated during primary treatment were assumed to be disposed of as inert material at a sanitary
landfill. Biological and chemical sludge generated were assumed to be beneficially land applied.
This scenario is similar to that conducted by others (Smith et al. 2014), which included electricity
and diesel consumption and offsets of nitrogen and phosphorus as fertilizers.

LCI data for treatment system operation (e.g., production of chemicals, membrane materials) were
based on average technology data from the ecoinvent lifecycle unit process database Version 3.
The lifecycle impact assessment method used was the Tool for the Reduction and Assessment of
Chemical and other Environmental Impacts (TRACI) Version 2.1 (Bare 2011, Bare et al. 2003),
to facilitate comparison to previous studies (Cashman et al. 2018, Cashman and Mosley 2016,
Smith et al. 2014). The TRACI environmental impact categories evaluated included: ozone
depletion, global warming, smog, acidification, eutrophication, carcinogenics, non-carcinogenics,
respiratory effects, ecotoxicity, and fossil fuel depletion.

Two normalization analyses were performed: 1) one set of normalization factors (NF) using the
EPA’s TRACI 2.1 LCIA method (Bare 2011, Bare et al. 2003) for the United States region, which
relate the impact scores to the average impact of a U.S. citizen per year; and 2) the second set of
NFs using the conventional treatment process LCA outputs as conducted in similar studies
(Smith et al. 2014).

Sensitivity analyses were performed to evaluate changes to environmental impact drivers from

eliminating the nutrient removal process and substituting of aluminum sulfate (i.e., alum) for ferric
chloride and PACI under the nutrient removal process.
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7.4.2 Results: Individual Treatment Process Comparisons

For each of the seven AnMBR treatment processes assessed, six flux-temperature
(7.5, 15, and 30 LMH; >25°C and <20°C) scenarios were evaluated. Figure 7.14 shows the
characterization environmental impact assessment results for the gas-sparged AnMBR process
without primary sedimentation (scenario 1) at each flux and temperature scenario. A
characterization graph shows each flux and temperature scenario’s relative contribution to
environmental impact categories in relation to the scenario with the greatest contribution (highest
score) per impact category set at 100%. Figures showing the characterization environmental
impact assessment of the other AnMBR scenarios (i.e., 2 through 7) across varying flux and
temperatures are provided in Appendix H. In general, as the flux increases (from 7.5 LMH to 30
LMH) and temperature increases (from <20°C to >25°C), overall contributions to environmental
impacts decrease. The treatment process with least contributions to environmental impacts has a
flux of 30 LMH and a temperature of >25°C.

Normalization offers reference situations of the pressure on the environment for each impact
category. The reference situations evaluated in this study are environmental impacts relative to: 1)
an average U.S. citizen per year (i.e., TRACI), and 2) the conventional treatment approach
(Scenario 8). Normalized impact assessments were performed for each flux and temperature
scenario, for each treatment process. The normalization impact assessment using the TRACI NFs
indicates how much a treatment process contributes to a specific environmental impact category
relative to the average impact of a US citizen per year. This assessment for the hybrid AnMBR
process without primary sedimentation (Scenario 3) identified that all treatment processes,
including conventional, had the greatest environmental impacts relative to an average US citizen
per year for carcinogenics, followed by ecotoxicity, non-carcinogenics, and eutrophication.
(Figure 7.15). The normalized impact assessment using NFs representative of the conventional
treatment approach (scenario 8) identified that the hybrid AnMBR treatment process without
primary sedimentation had 4 to 20 times the environmental impact as the conventional treatment
scenario (Figure 7.16). Fossil fuel depletion was the greatest impact category. Figures showing the
normalized environmental impact assessment of the other AnMBR treatment scenarios across
varying flux and temperatures are provided in Appendix H and indicate support similar
conclusions. As will be seen below, the main source of the environmental impacts is chemical
consumption for sulfide removal.
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Characterization Impact Assessment for
Scenario 1 — Gas-Sparged AnMBR Without Primary Treatment.
F1=7.5LMH, F2=15LMH, F3 =30 LMH; T1 =>25°C, T2 =<20°C
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Figure 7.14 Relative Impact Assessment for Scenario 1 — Gas-sparged AnMBR Without Primary Treatment.

F1=75LMH, F2=15LMH, F3 =30 LMH; T1 = >25°C, T2 = <20°C.
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TRACI-Normalized Environmeantal Impacts
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TRACI Normalized Impact Assesment for
Scenario 1 — Gas-Sparged AnMBR Without Primary Treatment.
F1=7.5LMH, F2 =15 LMH, F3 = 30 LMH; Tl = >25°C, T2 =<20°C
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Figure 7.15 TRACI Normalized Impact Assessment for Scenario 3 — hybrid AnMBR.

F1=75LMH, F2 =15 LMH, F3 =30 LMH; Tl = >25°C, T2 = <20°C.
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Environmental Impacts Normalized to Conventional Treatment Scenario
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Impact Assesment Normalized to Conventional Treatment Method for Scenario 1 — Gas-Sparged AnMBR Without Primary Treatment.
F1=7.5LMH, F2 =15 LMH, F3 =30 LMH; Tl =>25°C, T2 =<20°C
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Figure 7.16 Impact Assessment Normalized to Conventional Treatment Method for Scenario 3 — hybrid AnMBR.

F1=75LMH, F2 =15 LMH, F3 =30 LMH; Tl = >25°C, T2 = <20°C.
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To achieve a better understanding of the components of the treatment process that are major
contributors to environmental impacts and thus resulting in greater contributions to impact
categories in comparison to a conventional treatment approach, Sankey diagrams of the individual
treatment processes were reviewed for carcinogenics, ecotoxicity, and global warming. These
diagrams illustrate lifecycle outputs of a single impact category by using proportional arrow width
as flow quantity. Red arrows indicate a negative environmental impact and green arrows indicate
a positive environmental offset. Figure 7.17 through Figure 7.19 show the normalized
environmental impact Sankey diagrams for the hybrid AnMBR process without primary
sedimentation (Scenario 3) at 15 LMH and >25°C based on conventional treatment NFs presented
in Figure 7.16.

The Sankey diagrams indicate that sulfur and phosphorus removal is the primary treatment process
component contributing to greater carcinogenics, ecotoxicity, and global warming environmental
impacts compared to a conventional treatment approach, followed by secondary treatment,
dissolved methane, and disinfection for all treatment processes evaluated.

Environmental impact drivers from the sulfide and phosphorus removal component are PACI and
ferric chloride, with a minor contribution from electricity consumption. Ferric chloride is a
byproduct of steel pickling, and therefore, results in a smaller environmental footprint than raw
material production of PACI. The environmental impact drivers from the secondary treatment
component are primarily electricity, citric acid (i.e., for all environmental impacts except
carcinogenics), and sodium hypochlorite. The primary environmental impact driver from the
dissolved methane component is electricity and the primary environmental driver from the
disinfection component is sodium hypochlorite. Additional environmental impact drivers were
identified in the global warming Sankey diagram, including: water consumption during sulfide and
phosphorus removal; GAC consumption during secondary treatment; and quicklime consumption
during sludge management (see Appendix H).

Figure 7.20 shows the ecotoxicity characterization environmental impact Sankey diagram for the
conventional treatment approach. The environmental impact drivers identified for the conventional
treatment process were aluminum sulfate (i.e., alum) consumption during phosphorus removal,
electricity consumption during secondary treatment, and sodium hypochlorite and water
consumption during disinfection. The ecological impact for the conventional treatment process
(3.55x10* CTUe) is much less than that for the hybrid AnMBR process (8.69x10° CTUe) because
of the chemical requirement for sulfide removal.
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Figure 7.17 Carcinogenics (CTUh) Impact Assessment Normalized to Conventional Treatment Method.

Sankey diagram for Scenario 3 - hybrid AnMBR at 15 LMH and >25°C.
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7.4.3 Results: Flux and Temperature Scenario Technology Comparisons

For all the flux and temperature scenarios evaluated, the conventional treatment process had a
significantly lower impact than the AnMBR treatment processes. This is primarily attributable to
the differences in chemical and electricity consumption requirements. Figure 7.21 shows the
characterization impact assessment for all AnMBR treatment scenarios at a flux 15 LMH and
temperature of >25°C alongside the conventional scenario.

In general, integration of primary treatment (Scenarios 4 through 6) to both gas-sparged and
GAC-fluidized AnMBR treatment processes reduces overall contributions to environmental
impact categories. The GAC-fluidized AnMBR process (Scenarios 2 and 5) had less impact than
the hybrid process (Scenarios 3 and 6) and the gas-sparged AnMBR process (Scenarios 1 and 4).
As shown in Appendix H, changes in the flux and temperature resulted in minor increases and
decreases in overall contributions to environmental impact categories for each treatment scenario.
Characterization impact assessments comparing treatment scenarios for the other five
flux/temperature conditions had similar results and are presented in Appendix H.

In summary,

e At a lower flux (7.5 LMH), for both temperature regimes (>20°C and >25°C), primary
treatment with GAC-fluidized AnMBR process (Scenario 5) had the lowest overall
environmental impact among the AnMBR treatment processes.

e At an intermediate flux (15 LMH), for both temperature regimes (>20°C and >25°C),
primary treatment plus hybrid AnMBR plus vacuum degassing tank process (Scenario 7)
had the lowest overall environmental impact among the AnMBR treatment processes.

e At a high flux (30 LMH), for both temperature regimes (>20°C and >25°C), primary
treatment plus gas-sparged (Scenario 4) has a comparable overall lower environmental
impact as the primary treatment plus hybrid AnMBR plus vacuum degassing tank process
(Scenario 7).

The changes in total environmental impact contributions observed by the varying flux and
temperature scenarios are primarily due to the differences in environmental impact offsets from
electricity and heat generated in comparison to the total environmental impacts due to consumption
of energy and materials (including chemicals) for a particular process operating at a specific flux
and temperature. For example, with increasing flux the electricity consumption for gas-sparging
decreases leading to a lower environmental impact.
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Figure 7.21

Characterization Impact Assessment of the AnMBR and Conventional Process Scenarios.

ANMBR processes are shown with 15 LMH (F1) and >25°C (T1).
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7.4.4 Sensitivity Analysis of Phosphorus and Sulfide Removal

Figure 7.22 supports the above conclusions that chemical use for sulfide and phosphorus removal
is the primary reason that all AnMBR scenarios, independent of flux and temperature, have greater
environmental impacts across all impact categories. Eliminating the sulfide and phosphorus
removal component from the treatment process resulted in more than a 70% reduction in all
environmental impact categories for the seven AnMBR scenarios evaluated and in more than 24%
reduction for the conventional process (Scenario 8). Furthermore, P + Hybrid + AltCH4 (Scenario
7) without nutrient removal had less impact across all categories than conventional treatment and
resulted in an offset to global warming and acidification environmental impact categories. Fossil
fuel depletion offsets were achieved by all processes that included primary treatment (Scenarios 4
through 7), GAC-fluidized (Scenario 2), and the conventional treatment process (Scenario §).
These offsets were achieved from biogas recovery and net energy consumption back to the grid.
Greater offsets, including primary treatment (Scenarios 4 through 7), were observed at 30 LMH
and > 25°C including the end points for global warming, smog (except Scenario 6), acidification,
eutrophication (except Scenarios 5 and 6), and carcinogenics (except Scenarios 5 and 6), as well
as a minor offset in non-carcinogenics for Scenario 7. Under this flux and temperature, all
treatment scenarios resulted in offsets for fossil fuel depletion. While 30 LMH may not be realistic,
the result indicates that greater flux leads to lesser environmental impact by the AnMBR process.

In general, replacing ferric chloride and PACI in the coagulation process with aluminum sulfate
(alum) and reducing the use of polymer in the sludge thickening process resulted in nearly a 20%
to 50% reduction across all environmental impact categories for the seven AnMBR scenarios
(Figure 7.23). Fossil fuel impact was nearly eliminated in P + hybrid + AItCH4 (scenario 7) when
alum was used because of offsets that were achieved from biogas recovery and net energy
consumption back to the grid. Fossil fuel impacts for scenarios 4 through 6 were less than or similar
to the conventional scenario impact when alum was used for sulfide and phosphorus removal.
Fossil fuel depletion offsets were achieved by all scenarios with primary treatment (Scenarios 4
through 7) at 30 LMH and > 25°C (see Appendix H). Impacts for other categories were greater for
AnMBR scenarios than for the conventional scenario but less than the impacts when ferric chloride
and PACI was used.
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Figure 7.22 Relative Impacts of Scenarios without Sulfide and Phosphorus Removal at 15 LMH (F2) and >25°C (T1).

For all impact categories, impacts are relative to those for Scenarios 1 and 3 with sulfide and phosphorus removal which had relative impacts ranging from 99 to 100%.
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Figure 7.23 Characterization Impact Sensitivity with Respect to Sulfide and Phosphorus Removal Using Alum for Treatment Processes with 15 LMH (F2) and >25°C (T1).

For all impact categories, Impacts are relative to those for Scenarios 1 and 3 with sulfide and phosphorus removal which had relative impacts ranging from 99 to 100%.
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7.4.5 Discussion: Comparison to Other Studies

Similar to previous studies (Cashman et al. 2018, Cashman and Mosley 2016, Smith et al. 2014),
membrane materials and waste disposal were not identified as major environmental impact
contributors. Smith et al. (2014) and this study’s approach to the LCI for the membranes were
slightly different, as PVDF is not included in the Ecoinvent V3.1 database. Neither approach
appears to influence the overall LCA findings.

This study identified chemical consumption during the phosphorus and sulfide removal component
as a major environmental impact contributor. The treatment process evaluated previously
(Cashman et al. 2018, Cashman and Mosley 2016) also identified sodium hypochlorite use during
chlorination as an environmental contributor. Smith et al. (2014) did not identify treatment
chemicals as major contributors. The LCI for chemical consumption only consisted of PACI and
citric acid, which was represented by a generic “organic chemical product” based on the available
database inventory at the time of that study. In the current study, the chemical LCI was expanded
to also include GAC (also considered by Cashman et al. [2018]), ferric chloride, aluminum sulfate
(also considered by Cashman et al. [2018]), hydrotreated light petroleum distillates, and
polyacrylamide.

This study attributed environmental impacts from treatment processes primarily to carcinogenics,
ecotoxicity, and global warming. Cashman et al. and Smith et al. focused the evaluation of
environmental impacts on contributions to global warming. This study identified chemical
consumption during phosphorus and sulfide removal and disinfection components, and electricity
consumption during secondary treatment and dissolved methane removal contributed the most
towards global warming impacts. Smith et al. identified dissolved methane was the primary driver
for global warming impacts, followed by electricity. Seventy-five percent of global warming
impacts from Smith et al. AnMBR treatment process was from unrecovered dissolved methane
released to the atmosphere. In this study, dissolved methane emitted to the atmosphere was not
identified as a primary environmental impact driver because 90% was recovered. Smith et al.
recommended dissolved methane management as a mitigation strategy. Cashman et al. identified
heating of wastewater as the primary driver for global warming impacts, followed by electricity
and chlorination. The current study did not consider heating of the wastewater.

To highlight the importance of evaluating contributions to global warming impacts, the costs borne
by society from the total COzeq footprint were quantified by integrating the social cost of carbon
(U.S. Government 2013). The costs borne by society represents financial implications to society
for mitigation of climate change impacts. Figure 7.24 presents the costs borne by society for all
treatment scenarios with a flux of 15 LMH and >25°C. Financial implications from the COaeq
footprint for 20-year operation period were greater for AnMBR scenarios than the conventional
scenario when ferric chloride and ACH was used for sulfide removal. When alum was used instead,
the social cost for Scenario 7 is less than that for conventional Scenario 8. When no sulfide removal
was conducted, all AnMBR scenarios that included primary sedimentation (i.e., Scenarios 4
through 7) have social costs less than the conventional scenario. These results support the
conclusion that AnMBR treatment can be less environmentally impactful than conventional
treatment.
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Figure 7.24 Costs Borne by Society (CO2eq) for Conventional Treatment and AnMBR
Scenarios at 15 LMH and >25°C.

7.4.6 Discussion: Study Conclusions

A treatment process that integrates primary treatment and is operated at a higher flux and higher
temperature resulted in a more sustainable outcome, in the context of environmental impact
categories evaluated. As flux increased, environmental impact reductions were primarily observed
for Scenario 4 — P + Gas-sparged AnMBR; primarily due to larger CO2¢q offsets from electricity
and heat generated. Coupled with a higher temperature, this process had comparably low
environmental impact contributions as Scenario 7 — P + Hybrid + AItCH4. In general, conventional
treatment (Scenario 8) had the lowest overall environmental impact, followed by scenario 7 — P +
Hybrid + AlItCH4, when sulfide and phosphorus removal was conducted using chemical
coagulation. The CO2¢q offsets from electricity and heat generated had a strong influence on
overall environmental impact contributions from an AnMBR process; however, the chemical use
associated with sulfide and phosphorus removal process resulted in greater environmental impact
compared to conventional treatment. The sensitivity analysis indicated that the sulfide and
phosphorous removal component of the AnMBR treatment processes contributes at least 70% to
overall environmental impact contributions, compared to at least 24% as a component of
conventional treatment. PACI and ferric chloride consumption during sulfide and phosphorous
removal are the primary environmental impact drivers. Substitution of these chemicals with alum
mitigated a portion but not all of overall the environmental impact contributions when compared
to conventional treatment.
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Optimization of an AnMBR treatment process should consider integration of primary treatment,
operation at a higher flux and temperature, biogas and heat recovery, use of a renewable energy
source for grid electricity, and minimized consumption of sustainable chemicals. The LCA
identified sulfide and phosphorus removal via chemical coagulation as an opportunity for
optimization. Considering that sulfide is probably more of a driver of chemical use than
phosphorus (and that phosphorus removal may not always be necessary), alternative methods such
as biological sulfide oxidation (Cai et al. 2017) should be explored. Integration of alternative
methods for sulfide removal alongside bioenergy recovery is necessary for developing an AnMBR
treatment process that is more sustainable than a conventional treatment approach.
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8.0 IMPLEMENTATION ISSUES

This section provides information that will aid in the future implementation of the AnMBR
technology for sustainable wastewater treatment and resource recovery.

8.1 PROCESS CONFIGURATION

The results of this demonstration and economic analysis support use of primary sedimentation or
domestic wastewater followed by a bioreactor and a gas-sparged UF membrane system. Inclusion
of primary sedimentation in the process is projected to provide a greater potential for
energy-neutral or energy-positive operation. In addition, the potential for membrane
fouling — particularly by fats, oil and grease (FOG) — will be reduced.

The bioreactor may be either a suspended-growth bioreactor or GAC-fluidized bioreactor with the
latter being preferable. The first-stage GAC-fluidized bioreactor was demonstrated to require a
shorter HRT than the first-stage suspended-growth bioreactor. The GAC-fluidized
bioreactor — being a fixed film system — will also be more resilient to process upsets.

The results of the demonstration indicate several reasons for using gas-sparged UF membranes,
rather than GAC-fluidized UF membranes, downstream of the bioreactor. First, the membrane
integrity was compromised by GAC-abrasion as has been observed previously
(Shin et al. 2016a, Shin et al. 2016b), and the lifetime of these membranes would likely be short
compared to greater than an estimated ten years for gas-sparged UF membranes
(Cote et al. 2012, Kubota Membrane Europe 2008). Additionally, the GAC-fluidized UF
membranes have half the membrane packing density per module compared to gas-sparged UF
membranes. According to Suez, the majority of the manufacturing cost is associated with module
fabrication and not membrane materials. Therefore, the capital cost of the GAC-fluidized UF
membrane system is expected to be greater than that for a gas-sparged UF membrane system.
Additionally, UF membrane modules for gas-sparged systems are commercially available whereas
modules for GAC-fluidized operation are not. The operating cost is also expected to be greater
because of membrane abrasion, shorter lifetime, and greater replacement frequency. Use of
ceramic membranes can overcome the membrane integrity/replacement frequency issue
(Aslam et al. 2017, Aslam et al. 2018) but currently have a high capital cost.

Dissolved methane removal using vacuum-operated membrane contactors was determined to have
potential of removing 90% of dissolved methane, but the pressure loss through the contactors will
result in high energy consumption. This energy consumption was not observed in the field
demonstration because the contactors were operated at a low liquid flow rate. Full-scale designs
would not practically use such a low flow rate. Therefore, alternative dissolved methane removal
technologies, such as vacuum degasser (e.g., http://www.elginseparationsolutions.com/vacuum-
degasser.html and www.degremont-technologies.com/Vacuum-Degassers), warrant evaluation.
They have the potential for low-cost and low-energy consumption. While such a technology was
not evaluated in this demonstration, Inha University has conducted laboratory batch studies with
a two-stage vacuum degasser that demonstrated 94% dissolved methane removal at an operation
condition of 0.06 bar and 4.2-min HRT with an energy requirement of 0.0068 kWh/m?
(Kwon et al. 2006, Shin and Bae 2015).
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Energy-neutral or -positive AnMBR operation was determined to be possible and control by
several factors. These factors should be evaluated during process selection and design and
include:

e Mechanical design and head loss — The pilot-scale GAC-fluidized AnMBR incorporated
many design details to minimize head loss and energy consumption (see Section 5.7.24).
These features are not commonly incorporated in mechanical design of today’s wastewater
treatment processes. Their incorporation will increase the potential for energy savings.

e UF membrane process configuration — The gas-sparged AnMBR required more energy
than the GAC-fluidized AnMBR in part because of the added energy costs associated with
compressible gas pumping. However, GAC-fluidization was concluded to have several
drawbacks including short membrane lifetime and inability to control the intensity of
membrane fouling control (i.e., by varying gas-sparge rate). Therefore, the gas-sparged UF
configuration is recommended, but it must be designed and operated to balance membrane
maintenance and energy consumption.

e UF flux — Greater UF flux resulted in lower energy consumption (in addition to lower
capital cost) but increasing gas-sparging to achieve a greater UF flux can be
counterproductive. Again, balancing membrane maintenance and energy consumption
requires process optimization.

e Temperature — Increased temperatures led to increased total methane yield, likely a result
of varying rates and extents of hydrolysis. The greater methane yield is desirable with
respect to attainment of energy-neutral or -positive operation; however, the wastewater
temperature is a function of geography and season and cannot be changed. Therefore,
planning an AnMBR installation and setting energy efficiency goals should consider site
location.

e Wastewater strength — Greater COD and BODs concentrations resulted in greater rates of
methane production. Local wastewater strength and variation through the day will control
the ability to achieve energy-neutrality. Unlike temperature, wastewater strength is
somewhat more controllable through supplementation with non-domestic wastewater
sources. East Bay Municipal Utility District in California practices this in its food waste
import program and operation of its anaerobic digesters. Such an approach with
high-strength liquid wastes such as those from the food and beverage industry could be
envisioned.

e Primary treatment — While not tested, engineering calculations indicated that primary
sedimentation in combination with anaerobic digestion would result in greater methane
production and more energy-efficient operation. Primary sedimentation may promote
better effluent quality and decrease UF membrane fouling.

Sulfide must be removed prior to discharge or reuse. If it is not removed, it can lead to several
problems including: 1) oxidization to sulfur ang fouling of process piping, 2) contribution to
oxygen demand and generation of turbidity (from the generated elemental sulfur) upon discharge
to surface water, and 3) toxicity and noxious odors precluding many reuse opportunities.
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Phosphorus may need to be removed in the case of surface water discharge depending on local
regulatory requirements. Coagulation-flocculation-sedimentation is a standard process and was
demonstrated to be capable of sulfide and total phosphorus removal. Use of the sedimentation
solids as a fertilizer is possible but requires further study to determine plant uptake. Chemical cost
and environmental impact associated with sulfide removal were determined to be high
(see Section 7). The coagulant doses were established based on limited optimization and likely
could be reduced. Previous research on use of coagulation for removal of sulfide and phosphorus
from AnMBR permeates indicate that lower doses of coagulants is possible (Lee et al. 2016, Yang
and Bae 2014). Dosing iron salts into the bioreactor can also sometimes, but not always, improve
performance with respect to UF permeability (Dong et al. 2015b, 2018, Lee et al. 2016) and may
decrease overall costs. Alternative sulfide removal technologies, such as biological sulfide
oxidation (Cai et al. 2017) and vacuum degassers, may also be effective and less expensive. Further
research into cost-effective and sustainable technologies for sulfide and phosphorus removal is
recommended.

Nitrogen removal requires further evaluation. Clinoptilolite was capable of removing ammonia in
this demonstration, but the brine was not capable of being regenerated by electrolysis likely due
to iron fouling. Placement of the ammonia removal process upstream of the coagulation process
may obviate this issue but would need to be tested. Heat treatment has also been evaluated and has
the potential to mitigate competition by other cations (Mun 2017). Use of regenerable clinoptilolite
downstream of an AnMBR is being evaluated further in ESTCP project ER-201728. Other options
for nitrogen removal have also been evaluated (McCarty 2018) and should be considered.

Water reuse is an option and may require additional treatment depending on the specific end use.
Detailed discussion of water reuse can be found elsewhere (U.S. EPA and CDM Smith 2017,
U.S. EPA et al. 2012).

8.2 END-USER CONSIDERATIONS
End-user considerations include cost, operability and potentially sustainability.
Cost

Capital and operating and maintenance costs, along with lifecycle cost and payback period, are of
paramount concern. Most installations have existing wastewater treatment infrastructure, and
justification is required for any capital expenditure. At an existing installation, installation of an
AnMBR would likely involve replacement or retrofitting of an existing aerobic secondary
treatment investment (i.e., oxidation ditch or activated sludge). For the purpose of comparability,
the cost evaluation assumed installation of a new treatment system at a greenfield site. The analysis
determined that capital costs for conventional treatment was lower than AnMBR scenarios
primarily because of the cost associated with membranes. At a reasonable flux of 15 LMH, the
capital costs for the gas-sparged and hybrid AnMBR scenarios (1 and 3) were 16 and 10% greater
than that for the conventional scenario. An AnMBR system will require a smaller footprint than a
conventional plant, and thus, land availability may justify increased capital expenditures. In
addition, membrane costs may decrease in the future, as they have in the past. Operating cost was
also lowest for conventional treatment primarily because of chemical costs associated with sulfide
removal and membrane cleaning. This study demonstrated for the first time that sulfide removal
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is an important cost driver and alternative methods of sulfide removal (e.g., biological sulfide
oxidation and vacuum degassing) should be considered. The lifecycle costs for AnMBR systems
were also greater than conventional treatment.

With respect to the DoD, the source of money must also be considered. For example, with the
Navy, working capital funding (e.g., MILCON) is difficult to obtain and competes with other
Navy activities. Another type of Navy funding is called Capital Improvements Projects. This is
the type of funds that was obtained by the Naval Station Everett in Washington State when they
required design and construction of a compensating ballast water (compwater) treatment system
for over $1 million by the Navy Engineering and Expeditionary Warfare Center (EXWC).

Privatization must also be considered. Privatized wastewater facilities at DoD facilities will
have little incentive to change the treatment process unless such an incentive is included in the
contract with the operating company.

Operability

Operability includes various aspects, including plant reliability, permit compliance, and operator
skill level and certification requirements. The plant must be reliable and capable of consistently
meeting discharge requirements to remain in compliance with permits. AnMBRs have clearly not
been in existence as long as oxidation ditch and activated sludge technologies. Therefore, a track
record is not available to assess reliability. This demonstration indicated that upset conditions can
occur, but such is the case at conventional treatment plants as well (Willmsen 2017). Further
demonstrations of AnMBRs is necessary to provide such a track record of reliability.

Operator skill level and certification requirements associated with a plant’s permit may be
increased compared to a conventional plant. Such has been the case when conventional plants have
been upgraded to aerobic MBRs or anaerobic digesters are installed at an existing facility. These
requirements are not necessarily impediments but must be considered.

Sustainability

A lifecycle assessment demonstrated for the first time that sulfide (and phosphorus) removal from
AnMBR permeate results in increased environmental impacts relative to conventional treatment.
Chemical use associated with sulfide removal has a greater effect on environmental impact than
other factors such as energy efficiency. If sulfide removal is not required, then the AnMBR systems
can have fewer environmental impacts compared to conventional treatment. However, end-uses
for AnMBR permeate where sulfide remains are anticipated to be limited because of toxicity, odor,
and oxygen demand. Alternative non-chemical requiring methods of sulfide removal, such as
biological oxidation and vacuum degassing, should be explored to reduce the environmental
impact and cost associated with sulfide removal.

8.3 PROCUREMENT CONSIDERATIONS
Gas-sparged AnMBR systems are commercially available from various companies including Suez

(www.suezwatertechnologies.com/products/anaerobic-mbr-technology). These companies typically
offer the membrane systems but not the bioreactor systems. A suspended growth bioreactor may be
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similar to an anaerobic digester, except it would not be heated. Many companies capable of designing
and fabricating anaerobic digesters are readily available. GAC-fluidized bioreactors are commercially
available from companies such as Envirogen (www.envirogen.com/pages/technologies/bioreactors/)
but these are typically aerobic or anoxic and are not currently suitable for flammable biogas generation
and collection. Anaerobic GAC-fluidized bioreactors have been installed for treatment of airport
deicing/anti-icing runoff (Airport Cooperative Research Program 2013, Gibson 2002, Nelson 2017,
Switzenbaum et al. 2001). In addition seven have been installed in Taiwan for treatment of industrial
effluents (Cheng et al. 2015). These can be smaller-scale systems that may not be applicable for high
flow rates, but can be used as a starting point for procurement of engineering and construction
services.

Liqui-Cel gas-liquid contactors for dissolved gas removal are available through 3M
(www.3m.com/3M/en_US/liquicel-us/). Vacuum degassers are commercially available for drilling
and high-purity water production operations (e.g., www.elginseparationsolutions.com/vacuum-
degasser.html and www.degremont-technologies.com/Vacuum-Degassers).

Use of vendor names is for informational purposes only and does not constitute SERDP-ESTCP
endorsement.

8.4 POTENTIAL REGULATIONS

Current regulations for wastewater treatment and discharge that are applicable to existing
wastewater treatment plants would also be applicable to AnMBR systems. The discharge from
these plants is regulated primarily under the Clean Water Act. In addition, the following existing
or future laws and regulations are applicable to federal agencies (Guy and Evans 2018).

Public Law 109-58 Energy Policy Act of 2005

e Title I: Energy efficiency.
- Improved national energy efficiency encouraged through:
= Statutory standards.
= Requirements for federal action.
= Incentives for voluntary improvements.
o Title II: Renewable energy.
- Increase production and use.
- Advance technology development.
- Promote commercial development of renewable energy.

Public Law 110-140 Energy Independence and Security Act of 2007

Greater energy independence / security for the United States (U.S.).
Increase and develop clean renewable fuel production.

Research and deploy greenhouse gas capture / storage options.
Improve Federal Government energy performance.

Increase U.S. energy security.

EO 13693 Planning for Federal Sustainability in the Next Decade (revoked by EO 13834)
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Federal agencies must:

- Replace 25% of total building electric and thermal energy with renewable
electric/alternative energy by 2025.

- Install “appropriate green infrastructure features on federally owned property to help
with stormwater and wastewater management”.

EO 13834 Efficient Federal Operations

Reduce waste.

Cut costs.

Enhance infrastructure and operations resilience.
Enable effective mission accomplishment.

Reduce potable / non-potable water consumption.
Comply with stormwater management requirements.
Implement waste prevention / recycling measures.

Army Directive 2014-02 Net Zero Installations Policy.

Reduce overall energy / water use.

Implement energy recovery / cogeneration opportunities.
Produce renewable energy onsite.

Use water-efficient technology.

Recycle and reuse water.

Convert solid waste streams to resource values.

Army Directive 2017-17 Installation Energy and Water Security Policy.

Secure critical missions.
- Energy and water for 14 days.
Sustain all missions.
- Assured Access to Resource Supply.
= Redundant / diverse sources.
= Renewable energy and alternative water.
- Reliable Infrastructure Condition.
= Provides onsite energy and water storage.
= Flexible and redundant distribution networks.
- Reliably meet mission requirements.

The Navy follows guidelines set forth in Executive Order 13693 and the Army's Net Zero
Challenge for water and energy conservation.

In addition to the above laws and regulations, codes must be considered as well, including the
National Electrical Code (part of the National Fire Prevention Act) sections on electrical
classification, which are applicable to the methane flammability in the AnMBR. Installations that
already have anaerobic digesters in place will be familiar with these codes.
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1.0 Introduction

This O&M Manual is to aid in operation and maintenance of the Gas Sparged Anaerobic Membrane
Bioreactor (AnMBR). This is a demonstration plant commissioned at Fort Riley, Kansas. The Gas
Sparged AnMBR plant will be treating municipal wastewater collected from Fort Riley. The purpose
of this demonstration plant is to study the effectiveness of Gas Sparged AnMBR at treating Municipal
Wastewater to reuse standards and to the potential to make the process energy-neutral. Proper
operation and maintenance of the plant is critical to the success of the study. This document is to be
referenced for all processes and equipment associated with the plant.

2.0 Project Background

The Gas Sparged AnMBR demonstration plant is located next to the Camp Forsyth Pump Station of
the Fort Riley Army Base in Kansas. The demonstration plant will pump 720 gallons per day out of
the pump station wet well. The sludge reject and demonstration plant effluent will both drain back
into the wet well. The various modification to the process operation will be made throughout the 15
month demonstration to determine what the optimum operating conditions are. Therefore,
documentation of operational modifications are critical.

Figure 1 — Picture of the site
Objectives of demonstration:

®= Demonstrate the effectiveness of AnMBR at treating screened domestic wastewater at
temperatures above 10° C to produce high quality, re-usable water.

®= Determine a lower applicable temperature limit for AnMBR technology that can be used to
identify appropriate implementation sites.



= Demonstrate that AnMBR technology for domestic wastewater treatment can be operated in
an energy-neutral manner.

= Demonstrate use of the technology in a treatment train that can effectively remove nitrogen
and phosphorus nutrients (when necessary) in tandem with carbonaceous BOD5 and TSS.

®= Demonstrate that hollow-fiber gas transfer membrane technology can effectively recover
dissolved methane from AnMBR permeate.

®= Demonstrate that the AnMBR minimizes sludge production and determine whether the sludge
that is produced can be used beneficially as biosolids.

= Demonstrate that the AnMBR is a safe technology that is implementable at DoD installations
and public utilities.

3.0 AnMBR Demonstration System Overview

The demonstration system that will be demonstrated consists of four main process unit, including:
Gas-sparged AnMBR for removal of chemical oxygen demand (COD) and total suspended solids (TSS);
= Hollow-fiber gas transfer membrane for removal of dissolved methane;
® Aflocculation & sedimentation system for removal of sulfide and phosphorus; and
= Jon exchange (IX) system for removal of ammonia.

Refer to process and instrumentation diagram in design drawings set and the Technology Demonstration
Plan for detailed system overview. Also, see Figures 2, 3 and 4 for pictures of the demonstration plant.

Figure 2 — Installation of trailer
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Figure 3 — Hazardous Area of trailer

Figure 4 — Non-Hazardous Area of trailer

3.1 Liquid Process Overview

The raw sewage will be screened at the pump station and then pumped to the bioreactor.

A waste activated sludge (WAS) and mix pump will keep the Bioreactor mixed and waste sludge from
the Bioreactor after a specified solids retention time. The recirculation pump will pump sludge from
the Bioreactor through Membrane Tank and bring the membrane reject back to the Bioreactor. The
Membrane Tank houses the ultra-filtration (UF) fiber membranes. A permeate pump will pull water
out of the sludge and pump it to the hollow-fiber gas transfer membrane. The hollow fiber gas
transfer membrane permeate will contain gas, and a vacuum pump will be attached to the gas side of
the membrane to aid in pulling the dissolved methane out of solution. The liquid reject of this pump
will then go to a rapid mix basin where coagulant and flocculant will be added to aid in coagulation
and flocculation of remaining solids in the effluent. There are three flocculation basins that can be
modified to operate in three different configurations. From the flocculation basins the effluent will
go to a sedimentation basin where the solids will settle out. The clarified effluent will be pumped
through an ion-exchange column before going back to the wet well.

ESTCP ER-201434
Operation and Maintenance Manual 3



3.2 Gas Process Overview

Biogas production occurs in two main locations within the process: the primary reactor and the
secondary membrane reactor. Some of the gas produced in the headspace of the primary bioreactor
will be used to sparge the membranes in the secondary bioreactor. The gas used for sparging will be
cycled back to the primary reactor. Dissolved gas in the bioreactor permeate from the secondary
reactor will be pulled out of solution in the hollow fiber gas contact membrane. A vacuum pump will
be connected on the permeate side of the membrane to achieve this. The gas from the primary reactor
headspace and the gas pulled out of the permeate will be combined together and then analyzed for
flow rate, methane and oxygen content. These two gas streams can be analyzed individually by
adjusting appropriate valve positions. Excess gas will be vented.

3.3 Solids Process Overview

Solids from the bioreactor will be recirculated through the Bioreactor and the Membrane Tank. When
the TSS gets above a certain set point in the Bioreactor, the WAS/Mix pumps will waste some of the
sludge in the Bioreactor back to the pump station wet well. Sludge will also be wasted after a specified
solids retention time has passed. The solids from clarification will drain back to the pump station wet
well.

4.0 Operation

The operation of the AnMBR trailer could be executed by the operator using the Human Machine
Interface (HMI) installed by Intuitech. The HMI is located in the non-hazardous section of the lab
trailer. The operation can be carried out either under automatic mode or under manual mode, when
a certain segment of the operation can be controlled by the user, at which the automatic sequence of
steps run by the HMI are not executed. The automatic sequence of operation executed by the HMI.
The operation of the strainer at the influent end of the process trailer is also controlled by the HMI.
The three major sequence matrices executed by the HMI are:

1. Membrane Sequence matrix - These steps constitute the normal operation of the AnMBR
which also includes membrane sparging with the biogas at a periodic pre-determined time
interval.

2. Recovery clean matrix - The steps here are executed to reverse fouling on the surfaces of the
secondary reactor membrane module. Probably not part of everyday operation of the
AnMBR, and will be executed on a need-basis.

3. Strainer sequence matrix - The intent of this sequence is to produce influent wastewater
input from the wet well at the pumping station on site to the primary reactor.

Any or all of these operations can be performed under auto-, semi-auto, or manual mode. The details
for operating under each mode is described in detail in the Intuitech 0&M manual.

5.0 Maintenance

Several components of the demonstration system require periodic maintenance. The components of
the system that require maintenance, the required maintenance, and the frequency that each activity
needs to be performed is summarized in Table 1. Photos of the demonstration trailer showing the
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location of these components are included in Section 3. The Maintenance Schedule chart shall be used
for the duration of operation of the AnMBR trailer. Maintenance Log forms are included in Appendix C.
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Table 1 — Demonstration System Components, Frequency and Maintenance

Activity Procedure

Equipment Name Monthly Quarterly Yearly
_ . Clean Exterior NA X
P(?fgﬁzs;\;emcsv\llf/\gz;l:ﬂqizs Coupling Inspection Intuitech O&M Manual, Maintenance.2.A X
Pump, IX Pump) Coupling Replacement Intuitech O&M Manual, Maintenance.2.A
Stator Replacement Intuitech O&M Manual, Maintenance.2.A
Check Pump for Leaks Diaphragm-Gas Sampling Pumps.8
Biogas Sparge Blower Check Connections for Leak Diaphragm-Gas Sampling Pumps.8
Clean Exterior Diaphragm-Gas Sampling Pumps.8 X
Check blower for leaks NA
Check connections for leaks NA
Gas Transfer Membrane Check inlet filter Airtech Blower Manual.5 X
Contactor Blower Clean inlet filter Airtech Blower Manual.5
Replace inlet filter Airtech Blower Manual.5
Clean Exterior Airtech Blower Manual.5 X
Maintenance Clean Demonstration Plan Appendix C
Recovery Clean Demonstration Plan Appendix C
Ultra Filtration Fiber
Membrane Check for leaks in Fibers NA
Take Sample Fiber NA X
Clean Exterior NA
Hollow Fiber Gas Contact Clean Exterior NA
Membrane Clear Condinstation from Membrane Refer to O0&M Appendix C
Cleaning Intuitech O&M Manual, Maintenance.2.F.1 X
Tubing Inspection NA X
Peristaltic Pumps Tubing Replacement Intuitech O&M Manual, Maintenance.2.F.2
Calibration Intuitech O&M Manual, Maintenance.2.F.2
Calibration Check NA X
Compressor Air Filter Inspection Intuitech O&M Manual, Maintenance.2.B.1 X
Oil Level Check Intuitech O&M Manual, Maintenance.2.B.2 X
Air Compressor 0il Replacement Intuitech O&M Manual, Maintenance.2.B.2 X
Air Prep Module Inspection Intuitech O&M Manual, Maintenance.2.C X
Air Prep Module Filter Replacement Intuitech O&M Manual, Maintenance.2.C X
Cleaning NA X
Turbidimeter Calibration Intuitech O&M Manual, Maintenance.2.E X
Calibration Check NA X
Cleaning NA X
oH Meter Sensor Buffer Replacement Intuitech O&M Manual, Maintenance.2.D X
Calibration Intuitech O&M Manual, Maintenance.2.D
Calibration Check NA
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Table 1 — Demonstration System Components, Frequency and Maintenance (Continued)

Equipment Name

Activity Procedure

Biogas Analyzer

Calibration

Biogas Analyzer O&M Manual

Monthly

Quarterly

Yearly

Analyzer Flow Check

Biogas Analyzer O&M Manual

Analyzer Condensate Drain

NA

Replacement of Oxygen Sensor

Biogas Analyzer O&M Manual

Analyzer Filter Inspection

Biogas Analyzer O&M Manual

Permeate Pump

Clean Exterior NA X
Feed Pump Coupling Inspection Moyno Compact C O&M Manual X
Coupling Replacement Moyno Compact C O&M Manual
Stator Replacement Moyno Compact C O&M Manual
Clean Exterior NA X
Coupling Inspection Intuitech O&M Manual, Maintenance.2.A X

Coupling Replacement

Intuitech O&M Manual, Maintenance.2.A

Stator Replacement

Intuitech O&M Manual, Maintenance.2.A

Strainer

Check Actuator Shaft Seal for Leaks

Eaton Model DCF400 O&M Manual

Check cleaning disc for excessive wear

Eaton Model DCF400 O&M Manual

Check inside of filter element for excessive wear

Eaton Model DCF400 O&M Manual

Inspect Actuator assembly

Eaton Model DCF400 O&M Manual

Water Level Check ”

Pressure Relief Vents ater Level Chec
Fill A
Heat Tracing Turn On/Off NA
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6.0 Sampling Plan

A comprehensive sampling and analysis plan will be implemented during the startup and continuous
optimization phases of the demonstration. The sampling locations, analytes, and sampling
frequencies, are provided in Tables 2 and 3 for the three-month startup phase and 12-month
continuous optimization phase, respectively. Sample collection and analysis will be performed in
accordance with attached table which specifies analytical methods, sample containers, preservatives,
hold times, and required sample volumes. Analyses will be conducted by Kansas State University or
contract laboratories to which Kansas State University will ship samples to, using standard methods
identified in the attached tables. Quality assurance (QA)/quality control (QC) plan will be in place.

Samples will be grab samples collected by field personnel, with the exception of the samples collected
during the baseline characterization described in Section 5.3 of the Technology Demonstration Plan,
which will be collected with an auto-sampler.

COD, BODs, and total organic carbon (TOC) are determined according to Standard Methods. To
eliminate the effect of hydrogen sulfide and dissolved methane on COD, BODs, and TOC
measurements, all samples except influents will be purged with air for 10 min. For soluble COD,
samples are filtered through 1.2-pm Whatman filter paper. Periodic samples will also be filtered with
0.2-pm and 0.45-pm filters to quantify presence of different colloidal fractions.

VFAs will be measured by Kansas State University (KSU) using a high performance liquid
chromatograph (HPLC) equipped with an Aminex HPX-87H column and photo diode array and
refractive index detectors as described previously by Dr. Parameswaran’s research group.

7.0 Field Observations

There are several field observations that need to be recorded on a regular basis by the same team
performing the sampling and maintenance described in Sections 5 and 6. These observations include
and may not be limited to:

1. Readings on pressure gauge, temperature gauges, flow meters, water quality indicators, etc.
2. Water level in various process units (e.g. pressure relief vents, condensate traps, etc.)

3. Temperature and weather conditions at sampling

4. Physical conditions of the trailer - any signs of damage or wear/tear

5. General cleanliness of the trailer — both hazardous and non-hazardous sides as well as the
analytical lab trailer.

6. Safety of the trailer - ensuring it is adequately locked with access limited only to approved
personnel.

7. Measurement of key analytical parameters, as identified in the demonstration plan, that
should be measured on site (in the field)

ESTCP ER-201434
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Recording of occurrences at the plant should be recorded on the forms contained in Appendix C. The
various forms and their purpose are as follows:

1. Field Observation Checklist: This form should be filled out every time someone goes to the
plant, the purpose is to identify where someone in the process is not operating as expected.

2. Event Log: This is a form to document events that happened at the plant that would not be
recorded in the field observation check list or on the maintenance log forms.

3. Maintenance Logs: There are six (6) maintenance forms based on frequency of the
maintenance actions. These forms should be filled in anytime the maintenance actions are
performed.

4. HMI Forms: These forms are to document changes that are made to the control processes
through the HMI.
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Operation and Maintenance Manual 11



Table 2 — 3 Month Start Up Sampling Schedule

Types Liquid Solids Membranes Gas
Description Raw Strained Mixed Membrane | De-gassed IX Column IX Column WAS Sed Tank IX Media UF TraG:ssfer BIO_::;eSS Permeate Conél;lsned
Influent Influent Liquor Permeate Permeate Influent Effluent Sludge Membrane Membrane Exhaust Off-Gas Exhaust
. . Gas . . . . . Gas
Feed Pump WAS/Mix Bioprocess Permeate Transfer Sedimentation IX Column WAS/Mix | Sedimentation IX Column UF Transfer Permeate Permeate Permeate
Pump Tank Pump Membrane Tank Pump Tank Membrane Membrane Pump Pump Pump
Sample Valve Number SV 1000 SV 1100 S\é2120031, SV 1311 SV 1521 SV 1650 SV 1722 SV 1455 SV 1640 N/A N/A N/A SV 1212 SV 1545 SV 1235
Aqueous Samples
pH S C S S S S
ORP w W W w
Total COD M S S M M
1.2 um filtered COD
0.45 um filtered COD
0.2 um filtered COD
Total BODs M S S M M
DOC
TOC
Volatile Fatty Acids (VFAs) S
Alkalinity S w
Hardness w w
Specific Conductivity w W
TDS W W
Total Nitrogen? M W W
TKN3 M w w
NHs-N M M S M S
NO3
NO:2
Sulfate M M W
Sulfide M M w w w
Total Phosphorus M M w W
Dissolved Fe W
TSS M S S S
VSS M S S S
FSS M S S S S S
Turbidity S S S
Dissolved CHa W W
Chlorine Demand M
E. coli and Total Coliforms?
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Table 2 — 3 Month Start Up Sampling Schedule (Continued)

Types Liquid Solids Membranes Gas
.. Raw Strained Mixed Membrane | De-gassed IX Column IX Column Sed Tank . UF Gas Bioprocess Permeate (Sl
Description . WAS IX Media Transfer Tank Gas
Influent Influent Liquor Permeate Permeate Influent Effluent Sludge Membrane Off-Gas
Membrane Exhaust Exhaust
. . Gas . . . . . Gas
WAS/Mix Bioprocess Permeate Sedimentation WAS/Mix | Sedimentation UF Permeate Permeate Permeate
Feed Pump Pum Tank Pum Transfer Tank IX Column Pum Tank IX Column Membrane Transfer Pum Pum Pum
P P Membrane P Membrane P P P
Sample Valve Number SV 1000 SV 1100 S\é2120031, SV 1311 SV 1521 SV 1650 SV 1722 SV 1455 SV 1640 N/A N/A N/A SV 1212 SV 1545 SV 1235
Sludge Samples
TS M M
'S M M
FS M M
TP M
Sulfide M
Fe (total) M
RCRA Metals (As, Ba, Cd, Cr, Pb, Hg,
Se, Ag)
Capillary Suction Time
Dewaterability
E. coli and Total Coliforms

Media Samples

NHs-N R

Gas Samples
CH4 C C C
CHa, CO2, N2, O2
Siloxanes?
H2S Q Q
Membrane Autopsy

EPS Q Q

DNA Sequencing and qPCR Q Q Q

Notes

S - Semiweekly (i.e., twice/week)
W - Weekly

B - Bimonthly (i.e., twice/month)
M - Monthly

Q - Quarterly

ESTCP ER-201434
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C - Continuously

X - Post membrane recovery clean
R - After each IX media replacement
E - End of demonstration

A - Samples collected in refrigerated ISCO sampler every 2 hours for 1 week to determine temporal variation.
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Table 3 — 12 Month Operation Sampling Schedule

Types Liquid Solids Membranes Gas
peseintion Raw Strained Mixed Membrane | De-gassed IX Column IX Column WAS Sed Tank IX Media UF Trac;r\ass;er Blo_:_)ar:ﬁess Permeate ConGmglsned
Influent Influent Liquor Permeate Permeate Influent Effluent Sludge Membrane Membrane Exhaust Off-Gas Exhaust
. . Gas . . . . . Gas
Feed Pump WAS/Mix Bioprocess Permeate Transfer Sedimentation IX Column WAS/Mix | Sedimentation IX Column UF Transfer Permeate Permeate Permeate
Pump Tank Pump Membrane Tank Pump Tank Membrane Membrane Pump Pump Pump
Sample Valve Number SV 1000 SV 1100 5\52120031' SV 1311 SV 1521 SV 1650 SV 1722 SV 1455 SV 1640 N/A N/A N/A SV 1212 SV 1545 SV 1235
Aqueous Samples
pH W C W W W W
ORP W W W W
Total COD M w w M M
1.2 um filtered COD Q Q Q
0.45 um filtered COD Q Q Q
0.2 um filtered COD Q Q Q
Total BODs M W W M M
DOC M
TOC M
Volatile Fatty Acids (VFAs) w
Alkalinity w w M
Hardness w w M
Specific Conductivity w w M
TDS W W M
Total Nitrogen? M W W M
TKN3 M w W M
NHs-N M M w M w
NOs M
NO:2 M
Sulfate M M w
Sulfide M M W W W M
Total Phosphorus M M w w M
Dissolved Fe w M
TSS M W W W W W
VSS M W W W W W
FSS M W W W W W
Turbidity w W w
Dissolved CH4 B B
Chlorine Demand M
E. coli and Total Coliforms? Q
ESTCP ER-201434
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Table 3 — 12 Month Operation Sampling Schedule (Continued)

Types Liquid Solids Membranes Gas
L. Raw Strained Mixed Membrane | De-gassed IX Column IX Column Sed Tank . UF Gas Bioprocess Permeate Semtined
Description . WAS IX Media Transfer Tank Gas
Influent Influent Liquor Permeate Permeate Influent Effluent Sludge Membrane Off-Gas
Membrane Exhaust Exhaust
. . Gas . . . . . Gas
WAS/Mix Bioprocess Permeate Sedimentation WAS/Mix | Sedimentation UF Permeate Permeate Permeate
Feed Pump Pum Tank Pum Transfer Tank IX Column Pum Tank IX Column Membrane Transfer Pum Pum Pum
P P Membrane P Membrane P P P
SV 1201,
Sample Valve Number SV 1000 SV 1100 02.03 SV 1311 SV 1521 SV 1650 SV 1722 SV 1455 SV 1640 N/A N/A N/A SV 1212 SV 1545 SV 1235
Sludge Samples
TS M M
VS M M
FS M M
TP M
Sulfide M
Fe (total) M
RCRA Metals (As, Ba, Cd, Cr, Pb, Hg, Se, Ag) Q Q
Capillary Suction Time Q Q
Dewaterability Q Q
Part 503 Biosolids Analyses Q Q

Media Samples

NHs-N R

CHa

Gas Samples

CHs, CO2, N2, O2

Siloxanes?

H.S

Membrane Autopsy

Membrane Analyses and Samples

o L |IL O

o |0 |L |0

DNA Sequencing and qPCR

Microbial Ecology

Notes

S - Semiweekly (i.e., twice/week) C - Continuously

W - Weekly X - Post membrane recovery clean

B - Bimonthly (i.e., twice/month) R - After each IX media replacement

M - Monthly E - End of demonstration

Q - Quarterly A - Samples collected in refrigerated ISCO sampler every 2 hours for 1 week to determine temporal variation.
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Table 4 below summarizes the filed observations that need to be made on a regular basis. For each
observation, the observation location and corresponding instrument number is listed along with the
typical range that the observation should fall within. As the observations are made, they should be
recorded on Table 4. The observed value should be compared to the typical value. If the observed
value is outside the typical range, the operator should troubleshoot to determine why the observed
value is out of range and make operational adjustments as needed.

8.0 Standard Operating Procedures

The subsequent sections describe operating procedures that will be performed frequently as
standard operation of the demonstration plant. More detailed procedures for operations that require
special consideration can be found in Appendix A.

8.1 Floor drains

The floor drains empty into a pipe that goes to the outside of the trailer. There is a valve on each of
these pipes. The valve should be normally closed because there is no barrier between the wet well
and the floor drains. The lack of barrier creates a potential of hazardous gases to enter the trailer
from the wet well. If there is water buildup in the trailer, the valves will need to be opened to drain
the water. After draining the water, the valve needs to be closed. Figure 5 shows where the floor
drain valves are located. There are two floor drains in the hazardous room on the trailer, and one in
the non-hazardous area.

Figure 5 — Floor Drain Valves
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8.2 Heat Tracing

Heat tracing cables are installed in three locations on the demonstration trailer:

1. The flame arrestors on top of the trailer,

2. The exterior/above ground portion of the raw influent pipe, and

3. The aboveground/exterior portion of the floor drain piping, potable water piping, and

process drain piping.

The purpose of the heat trace cables is to prevent the liquid inside these pipes from freezing. These

cables are powered powered either with the circuit breaker in distribution panel 1100 or with power

cables connected to outdoor outlets. During the summer time the heat tracing is not needed, so the
power cables will be unplugged. During the winter time, the circuit breaker should be on and the

power cables should be plugged in to activate the
heat tracing cables.

8.3 Filling Water Column Vents

In the event of pressure build up in the primary
reactor, secondary membrane reactor, or in the
permeate section of the process trailer, a
mechanism to relieve this pressure has been built
in through the water column vents. The biogas
from the primary reactor passes through the first
water column, after which it is used for membrane
sparging and proceeds through the process flow.
The second and third water column vents are
designed to release the high pressure build up in
the primary and secondary reactors, respectively.
The water displacement from these two vents is a
clear indication of a pressure buildup. The water
level in all these vents need to be maintained at the
marked level on the column, and can be filled
manually with the water hose conveniently located
within the hazardous section of the trailer. Figures
6 show the details of the water column vents.
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8.4 Automatically Draining Condensate Traps

There are actuated valves on the condensate traps
(collection tanks). If the water level in the trap is above the
normal max level, the automatic valve will open to drain the
trap. Valve 1549 on collection tank 1540 will need to be
opened manually to drain. If the tanks do not drain, then the
operator should troubleshoot to figure out why the trap did
not drain automatically (e.g. residue buildup on the level
instrument, faulty automated valve, etc.) and make
corrective actions. Figure 7 shows a picture of a condensate
trap.
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Table 4 - Field Observations Checklist

Field Observations Checklist

Area

Equipment No.

Observation

Observation
Location/
Instrument Number

Observed
Value

Notes

Floor of Hazardous

Room N/A Water on the floor? Source of leak?  Yes/No Hazardous Room
Headspace Pressure, PSI Pl1 1200
Bi Tank Tank 1200
loprocess fan an Sludge Color Normal?  Yes/No Ot.)serve Thru
Windows
Pump 1100 1y harge Flow, GPM FIT 1100
(Influent)
Recirculation & Pump 1430 .
WAS/Mix Pump Area (Recirc) Discharge Flow, GPM FIT 1430
Pump 1440 .
(WAS/Mix) Discharge Flow, GPM FIT 1440
Suction Pressure, PSI Pl 1413
Discharge Pressure, PSI P11423
Biogas Sparge Pump Pump 1410 Discharge Flow, LPM FIT 1410
Condensate Trap Water Level (Suction) Tank 1410
Condensate Trap Water Level (Discharge) Tank 1420
Effluent Gas Flow EIT 1230 Flow, LPM FIT 1230
Meter Condensate Trap Water Level Tank 1220
Pressure, PSI P1 1300
Membrane Tank Tank 1300 Sparge Gas Flow RH, CFM F1 1425
Sparge Gas Flow LH, CFM Fl 1426
Water Col Level Tank 1210
Pressure Relief Tank 1210, 1240, [l ~oUMmn “eve al
Water Column Level Tank 1240
Columns 1330
Water Column Level Tank 1330
Discharge Flow, GPM FIT 1310
Permeate Pump Pump 1310 Suction Pressure, PSI Pl 1310
Suction Pressure, in Hg Pl 1540
V P P 1540
actium Fump amp Condensate Trap Water Level Tank 1540
Liquid Inlet Pressure, PSI Pl 1511
Gas Transfer -
Contactor 1500 | Gas Inlet Pressure, in Hg Pl 1530
Membrane
Gas Flow, CFM FI 1530
CIP/Backpulse Tank Tank 1320 Water Level Tank 1320
Non-Hazardous Room N/A Water on the floor? Source of Leak? Yes/No Room, Chemical

Storage Area

Ambient Gas Monitor AIT 1010, HSIT Methane Concentration, %LEL AIT 1010
1010 H2S Concentration, PPM HSIT 1010
Mixer On/Off Mixer 1620
Mixer On/Off Mixer 1631
Mixer On/Off Mixer 1632
Rapid Basin 1620, 31, | Mixer On/Off Mixer 1633
Mix/Flocculation Basin 32,33 Water Level Basin 1620
Water Level Basin 1631
Water Level Basin 1632
Water Level Basin 1633
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Table 4 - Field Observations Checklist (Continued)

Observation

Strainer

. . . Ob d
Area Equipment No. Observation Location/ serve Notes
Value
Instrument Number
IX Column Vessel 1720 Media Height Vessel 1720
Discharge Pressure, PSI P11 1710
IX Col P P 171
olumn Fump ump 1710, GPM FI 1710
Water Level Basin 1650
Sedi tation Tank | Basin 1640, 1650 -
edimentation fan asin Sludge Level Basin 1640
Pumps 1810, 20, | On/Off? Pump 1810
30, 40, 50 On/Off? Pump 1820
On/Off? Pump 1830
On/Off? Pump 1840
r)
Chemical Storage & On/Off: Pump 1850
Metering Tanks 1810, 20, | Liquid Level Tank 1810
30, 40, 50 Liquid Level Tank 1820
Liquid Level Tank 1830
Liquid Level Tank 1840
Liquid Level Tank 1850
Chemical Storage & Mixer 1810, On/Off? Mixer 1810
Metering 1820 On/Off? Mixer 1820
Air P M |
Filter Element Pop-Up Indicator ir Prep Module
Air Compressor Compressor 1910
° 1910 Pressure Indicator, PSI Air Prep Module
! 1910
Thermostat N/A Room Temp N/A
% 02 AIT 1231
0,
AIT 1231, 32, % CH4 AIT 1232
Gas Analyzer N/A, N/A Gas Analyzer Pressure, PSI Inside Gas Analyzer
’ Condenstation in trap or stainless steel valve? .
Inside Gas Analyzer
Yes/No
Nitrogen Gas . Regulator on
Cylindar N/A Pressure in Tank, PSI Cylinder
. . Regulator on
Spec Gas Cylinder N/A Pressure in Tank, PSI Cylinder
. P 1100 . .
Pump Station u(rpsed) Check for water leaks on the assoicated piping Floor
. . Check for water leaks or air leaks on associated -
Pump Station Strainer lines Floor and Piping
Pressure Gauge by
Feed Pump N/A Pressure, PSI Feed Pump
Strainer N/A Pressure, PSI Pressure Gauge by
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9.0 Health and Safety Plan

In addition to the health and safety considerations in the subsequent sections, the CDM
Smith Health and Safety plan can be found in Appendix F.

9.1 Site Location

The Camp Forsyth pump station within Ft. Riley will be the site where the demonstration scale trailer
AnMBR unit will operate from. The site used to part of former wastewater treatment plant and is
situated within an enclosure with parking facilities available.

9.2 Transportation of personnel and test samples

Student researchers and investigators from Kansas State University, Drs. Hutchinson and
Parameswaran, will visit the demonstration site regularly. All members will need to obtain
appropriate security clearance to enter Ft. Riley and then drive to the site. Chris Otto with the
Directorate of Public Works - Environmental division in Ft. Riley will be the primary sponsor for all
members working on the onsite demonstration facility to obtain badge access. The researchers will
drive K-State owned vehicles from the university to the project site and back. The researchers will be
required to possess drivers insurance and adequate and current documentation (such as valid
driver’s license) at all times.

9.3 Required personnel protective equipment (PPE)

Researchers and all workers on the trailer unit are required to either possess, or have access to
Personnel Protective Equipment (PPE) - laboratory coats, eye goggles, and gloves that are chemical
resistant. All personnel on the trailer unit are required to wear long pants and closed toed
shoes/boots. Ear plugs will be available, should the researchers need to access noisy machinery
within the trailer. The PPE should be worn not just during sampling events alone, but every time that
a researcher/operator is in the pilot trailer unit. The PPE can be removed once off the facility and
need not be worn during transportation, unless moving a hazardous chemical from one point to
another.

9.4 Gas exposure hazard and mobile monitors

Exposure to flammable and harmful gases, namely, Methane and Hydrogen Sulfide, can occur in a
portion of the trailer unit that houses the primary and secondary anaerobic membrane bioreactors.

Methane:

A key ingredient of the produced biogas is Methane (CH4). By itself, it is an odorless gas with a lower
explosion level (LEL) of 4%. Ambient air monitoring meters for CH4 are mounted in the hazardous
section of the trailer. Should the level of methane within the trailer reach 10% of the LEL, the the
system will automatically shut down and the alarm beacon will illuminate. All personnel should
immediately evacuate the trailer and call 911.

Hydrogen Sulfide (H:S):

Although not a major constituent of biogas from the AnMBR, H2S is both an explosive and toxic gas.
At concentrations as low as 0.5 ppb, it is detected by the human nose and above 100 ppm, it paralyzes
the olfactory nerve and impairs the ability to respond to the impending health hazard. Eye damage
occurs at 50 ppm and concentrations higher than this can cause pulmonary edema. Apart from the
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crippling health impacts, H,S also has explosive potential with an LEL of 4% as well. OSHA
(Occupational Safety and Health Administration) identifies a PEL of 10 ppm for H>S and the TLV for
H>S as identified by ACGIH (American Conference of Governmental Industrial Hygienists) is 1 ppm.
The ambient monitors for CH4 and H»S are located at a visible distance from the entry door for the
hazardous section of the trailer to clearly indicate a hazardous situation prior to entry into the trailer.
Moreover, personal H2S monitors must be worn by the personnel and should enable early detection
and alarm activation for evacuation procedures. All personnel intending to work on the trailer will
be required to participate in H,S awareness training courses online on a regular basis. The ambient
H2S monitor will shut down the trailer if the H,S concentration reaches 5 ppm. If this occurs all
personnel should evacuate the trailer and call 911.

9.5 Exposure to pathogens

Contact with wastewater and anaerobic sludge has a greater probability of occurrence during trailer
operation by operators. Extreme care should be given to wearing PPE (gloves that are chemical
resistant) and immediate steps should be taken to clean up accidental spills of wastewater or sludge
by washing hands thoroughly with antibacterial soap. All KSU operators will have obtained adequate
safety training, including Blood Borne Pathogens training from Environmental Health & Safety
division at the University.

9.6 Severe Weather preparedness
In case of a tornado:

1. All occupants in the trailer unit should know where to go in case of a tornado or severe
weather. In the event of a tornado, the sirens will sound a steady three-minute blast when
there is need to take cover. Sirens are intended to alert personnel outside the building. For
those inside buildings, an alert will be sent to personnel in every building via the telephone.
Each department head should prepare a plan on how personnel will be advised of the weather
emergency.

2. In general, you should:
a. Getand stay indoors during the storm.
b. Go to the interior hallways on the lowest level of the building.
c. Stay away from windows, doors, outside walls and protect your head.
d. Listen for improved weather conditions on a local radio or television station.

3. After the severe weather emergency has passed, faculty or staff should notify the proper
emergency personnel of any damages or injuries by calling 911. All university related injuries
or illnesses must be reported through Accidental Injury Forms, located in the departmental
office, as per the Policy and Procedures Manual.

Heat Stress:

The possibility of a heat-related injury at the trailer site exists, especially during the summer months.
All demonstration participants are encouraged to be attentive and responsive to signs of heat-
induced illness. Heat stress symptoms include heat cramps, heat exhaustion, and heat stroke. Heat

ESTCP ER-201434
Operation and Maintenance Manual 29



stroke is the most serious condition and can be life-threatening. Some symptoms of heat-related
injuries are pale clammy skin, sweating, headache, weakness, dizziness, and nausea. Signs of heat
stroke include dry, hot, red skin, chills, and confusion. In the case of a suspected heat-related injury,
try to cool the person down and contact medical help. Also, plan to take frequent breaks when there
is extreme heat involved.

Insect and other animal stings/bites:

A potential for insect (honeybees, wasps) and nuisance from mosquitoes might occur in the vicinity
of the trailer, during warm weather months especially. It is recommended that the participants have
access to an approved brand of bug spray so they can keep these hazards at bay, along with adequate
cleanliness in the work area to minimize vector attraction.

9.7 Chemical Hazards:

Prior to the start of demonstration, all participants will need to familiarize with the Material Safety
Data Sheets (MSDS) for all the chemicals that will be used on trailer. This includes preservatives such
as Sulfuric acid, Nitric acid, and chemical reagents such as Potassium Dichromate, Hydrochloric acid,
Sodium Hypochlorite, Ferric Chloride, and Citric acid. Portable eye wash stations are located in each
room of the trailer unit. All chemicals should be labeled.

9.8 Physical Hazards:

Physical hazards associated with field activities should be considered with utmost care. Dangers are
posed by unseen obstacles, noise, heat, and poor illumination. Injuries may result from the following:

®  Accidents due to slipping, tripping, or falling.
® Improper lifting techniques

®  Moving or rotary parts of machines

® Improper maintenance of machinery

9.9 Mechanical, electrical and noise hazards:

Electrical cables present a potential tripping hazard. Cables should be placed in areas of low
pedestrian travel. Hazard signals for low hanging electrical cables should be clearly posted so that
possible direct contact could be avoided.

9.10 Fire:

The following steps should be taken to reduce the potential for fire during site activities:
®  No smoking within 100 feet of any operating technology or the trailer
= Fire extinguishers will be maintained on-site.
= All personnel will be trained on the location of the portable fire extinguishers.

=  The contact phone number for the fire department will be posted.
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9.11 Radiological Hazards:

No radiation hazards should exist on the trailer demonstration site and should there be a need to
include equipment/machinery that might emit radiation, detailed training and permits will be
obtained, with the appropriate level of stringent precautions to avert any shortcomings to the
participants or to the site itself.

9.12 Emergency Support:

The list of nearby hospital(s) with a roadmap of how to get there, will be posted on the trailer unit
and will also be made available to the participants, and has already been disseminated through the
demonstration plan document.

9.13 Hazardous Waste Disposal:

All hazardous waste generated at the demonstration scale trailer unit will be properly disposed
according to the stipulations of the Environmental Health and Safety Officer. The participants will
assist in this process by maintaining a record of the waste content concentration, and the usage of
appropriate storage containers.

9.14 Site Control:

Access will be restricted to the primary participants identified by the project manager as necessary
personnel to be on the trailer. The participants should take steps to ensure the equipment is secure
before leaving the site on any given day or time.

9.15 Safe Work Practices:

Each company shall provide the required training and equipment for the participants to meet safe
operating practices and procedures.

= Eating, drinking, chewing tobacco, and smoking will be permitted only in designated areas.

= No personnel will be allowed to do tasks alone in the hazardous or the non-hazardous sections
of the trailer, other than sampling and work in the analytical lab trailer.

®  PPE should always be enforced.

The Ft. Riley Fire Department has been given a tour of the facility and a copy of this Operations and
Maintenance Manual. In the event of an emergency 911 should be called. If possible personnel should
not work alone on-site. If personnel do need to work alone - they should notify a co-worker that they
will be working at the site and notify them once again once they leave the site.

ESTCP ER-201434
Operation and Maintenance Manual 31



Appendices

ESTCP ER-201434
Operation and Maintenance Manual

32



Appendix A

Standard Operating Procedures




THIS PAGE INTENTIONALLY LEFT BLANK



Standard Operating Procedure for Draining Condensate from Hollow Fiber Membrane Contactor 1500
Authored by: Meagan Malloy 7/11/2016

Approved by:

Scope and Applicability

This SOP details procedures and safety considerations for recovering performance of the hollow fiber
gas contact membrane at the US Army base Ft. Riley AnMBR Demonstration Plant. The procedure
involves first positioning the valves so that the air will have to pass through the condensate trap. Next,
position the valves to allow ambient air to flow through the inside of the hollow fibers. The ambient air
will be sucked by the vacuum pump through the membrane and vaporize condensate that forms on the
inside of the hollow fibers. When the condensate trap reaches its high level the drain valve will open
allowing the collected water to flow back to the pump station wet well. The procedure is intended to
outline how to recover performance of the membrane if there is condensate clogging the fibers.

Equipment

1. H2S gas meter
2. PPE described in HASP

Procedure for Recovering Performance of the Hollow Fiber Gas Contact Membrane

Put H2S monitor on the collar of your shirt.
Put PPE on.

3. One the HMI, manually turn the ventilation fan to full speed and ensure there are not high gas
alarms going off.

4. Once process area is safe, ensure gas-line valves are positioned according to the table below
(and sketches at end of document).

Valve Position
DV-1541 Open
DV-1542 Open
DV-1543 Closed
DV-1530 Open
PV-1530 Open

5. Adjust the vacuum pump setting as well as DV and PV 1530 valve positioning to maintain the
flow rate through the membrane of 7 scfm.

6. Allow ambient air to flow through the hollow fibers for 30 secs.

7. Return valves to normal operating position.

Valve Position
DV-1541 Open




Valve Position
DV-1542 Open
DV-1543 Closed
DV-1530 Closed
PV-1530 Closed

8. Check performance of the membrane contactor.

9. If performance hasn’t been recovered, repeat steps 1 through 4 while incrementally increasing
the amount of time ambient air flows through the membrane in step 3 until the membrane has
reached a satisfactory amount of performance.

10. When finished return valves to normal operating position as described in step 7.

Figure 1 — The air filter that the ambient air will pass through before entering the membrane.

Figure 2 — Pressure gauge of the intake of ambient air next to the hollow fiber membrane.



Figure 3 — Hollow fiber membrane with respect to the vacuum pump and the condensate trap.
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Standard Operating Procedure for Bioreactor Seeding
Authored by: Meagan Malloy 7/13/2016

Approved by:

Scope and Applicability

This SOP details procedures and safety considerations for seeding digested sludge to the pilot-scale
Digester at the US Army base Ft. Riley AnMBR Demonstration Plant. The procedure involves first
replacing the top sight plate on the Bioreactor with a valve and 4in camlock fitting. Then, position the
valves to isolate the Bioreactor and the Membrane Tank from the rest of system. Next, fill the Bioreactor
and Membrane Tank to the top with water. Then, allow the Bioreactor and Membrane Tank to drain
while simultaneously filling the two tanks with Nitrogen gas. Digested sludge can then be fed into the
Bioreactor through the camlock fitting. When the Bioreactor has 370 gallons of sludge, the digested
sludge feed pump can be turned off. The recirculation pump can be used to fill the bioreactor with
digested sludge to the elevation of the Mixed Liquor pipe. When sludge level equilibrium has been
reached between Bioreactor and the Membrane tank, the recirculation pump can be turned off and the
sight glass replaced. The procedure is intended to address safety considerations associated with liquid
containing hydrogen sulfide, dissolved methane, and bacteria; and gas containing hydrogen sulfide and
flammable concentrations of methane.

Safety/Hazards

Digested sludge contains hydrogen sulfide, dissolved methane, and potentially pathogenic bacteria. The
dissolved gases can be released as vapors during mixing. Precautions must be taken to avoid dermal
contact or ingestion of digester liquid; and inhalation of released vapors. The amount of dissolved
methane (about 10 mg/L at 37 °C in equilibrium with 60% methane in the digester headspace) is not
high enough to create vapor concentrations in the mix tank above the LEL of 5% for methane. The
digester is also located in a class 1, division 1 process room which is explosion proof. Personal protective
equipment to be used shall include but is not limited to safety glasses, close toed shoes, nitrile gloves,
and an H2S gas meter. These items are discussed further in the Health and Safety Plan (HASP). Specific
use of these items is discussed in the procedures below.

Equipment
1. H2S gas meter
2. PPE described in HASP
3. Portable centrifugal pump
4. Digested sludge
5. Two 275 Gallon totes
6. Fittings and hose to connect totes to pump
7. Hoses with cam-lock fittings to connect pump to Bioreactor
8. 6” flange connected to a ball valve and 4” cam lock



9.

10.
11.
12.
13.
14.

Bucket to catch excess sludge when switching hoses, and replacing sight glass
Explosion proof flashlight

Potable water and hose

Bucket

Floor squeegee

Operational control system for the process

Procedure for Digester Seeding

vk wN e

10.

11.
12.
13.
14.
15.
16.

17.

Put H2S monitor on the collar of your shirt.

Put PPE on.

On the HMI, turn the Ventilation Fan to manual mode and set the speed to 100%

On the HMI, turn the process to offline.

Drain the Bioreactor to be below the top sight glass (below a tank volume of 350 gallons).
Replace the top sight glass with a 6” flange connected to a ball valve, and a 4” cam lock
connection. Tighten flange bolts in a star pattern. Make sure the ball valve is closed.

Fill tanks 1210, 1240, and 1330 to their fill lines with Potable water.

Check position of hand valves to ensure that the Bioreactor and Membrane tank are isolated.
Open DV-1308, DV-1921, and DV-1924 to begin filling the Bioreactor and Membrane tank with
potable water. The potable water is pressurized to 100psi so the valves do not need to be fully
opened. The Bioreactor has a full volume of 470 gallons. The Membrane tank has a full volume
of approximately 30 gallons. The levels can be monitored on the HMI screen.

Monitor the pressure relief in Columns 1210, 1240, and 1330 to ensure the tanks are not being
over pressurized.

The HMI will alarm when the Bioreactor is above 380 gallons, and the Membrane tank will alarm
when the volume is 28 gallons. This is expected and should not be cause for stopping the
process. High pressure alarms are also a possibility, monitor the pressure so that the high
pressure is not sustained. Adjust potable water valves as necessary.

When the Bioreactor and Membrane tank are filled with water, close DV-1921 and DV-1924.
Refill pressure relief columns if needed.

Check that Nitrogen Regulator is set to a discharge pressure of approximately 10psi.

Open DV-1251

Open DV-1209 and DV-1409

Monitor level of the Bioreactor and the Membrane Tank until empty. The HMI will not say when
the level has reacted Zero. The lowest level that the HMI will say for the Bioreactor is 15 gallons,
and the Membrane tank is 2 gallons. The Bioreactor level can be seen through the lowest sight
glass using a flashlight. The pressure relief columns will indicate a slightly negative pressure in
the tanks. This is okay, so long as it doesn’t suck all the water into the tanks and allow ambient
air in the system. Increase Nitrogen gas pressure if there seems to be an issue.

When the tanks are drained close their associated drain valves. When both tanks have been
drained the nitrogen gas valve can be closed (DV-1251).



18.

19.

20.
21.

22.

23.
24.

25.
26.
27.

28.

29.
30.
31.
32.

Figures

Connect tote with sludge to the portable centrifugal pump, connect the pump to the digester.
Open the lid of the tote slightly so there are no pressure issues that could cause damage to the
totes.

Open the ball valve and allow the hose to fill with sludge. When the hose is filled, turn the pump
on.

Monitor the level of the Bioreactor on the HMI.

The level of the tank will level off when the pump can no longer overcome the head differential.
At that point, turn the portable pump off and switch to the other tote. Then continue filling the
Bioreactor to 370 gallons.

If the tank level becomes stagnant prior to the tank level reaching 370 gallons, then turn the
portable pump off. Collect Samples. Fill the bioreactor to 370 with sewage using the feed pump.
Turn the feed pump off when the tank level has reached 370 gallons.

Open Valves DV-1435 and DV-1436.

Turn the recirculation pump on and fill the Membrane tank with sludge until the level equalizes.
The Mixed liquor pipe between the Membrane Tank and the Bioreactor will allow the levels to
equalize.

Unlock the sludge hose from the cam lock fitting. Drain hose line back to the totes.

Check that the drain valves are open.

Check that the level of the bioreactor is slightly between 345 and 350 gallons. Then remove the
temporary 6” flange and fittings and replace the sight glass. Use a container to catch excess
sludge that spills when the flanges are exchanged. Tighten the bolts in a star pattern.

Open Floor drain valves. Hose down any spills. Use the squeegee to get excess water on the
floor to the drains. After the cleaning is complete, close the floor drain valves.

Drain excess sludge from totes to the wetwell.

Open Feed Flow valve DV-1209

Check hand valves are set as they should be for production.

Return process to Auto-Production mode on the HMI.



Figure 1 - 6inch flange with valve and Cam Lock connection

Figure 2 - Top sight glass



DV-1209

/

Figure 3 - Feed Flow Pipe and Valves



THIS PAGE INTENTIONALLY LEFT BLANK



-

3/14"

3/4"

%EE

1 2 3 4 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
AMBIENT
BIOGAS AR METHANE AMBIENT H2S BIOGAS
A | Peeecsccccccccccccccccscans ------.---.(BJSO;;AXSWPOZQ TRANSMITTER TRANSMITTER
l ;Y 5 172" ’ (1539- -02.9) '
T | : {0.100.0 0..25.0 | - FLAME
1o 0, | N
ARRESTOR || o | %CH4 %02 | s ARRESTOR
1230 ! | 1240
: | F@ i @ - pe— — 3 o300 0..100 PPM 0..100 PPM ;
1] [ e | SLPM .3.
e | | BIOGAS ANALYZER j ' S
- N AR ' U2"PVC _ -
- ] ] cococces CX N R ' -+ 3/4"PVC
' ' ' ' ] 172" ] ' fee-ccccccccccccccccccccccccccccccciccieccccccccccccccccccccccccccccccccaa,
|.----.=-.L--------@-- ---------I------: ! °IN::":_|° ! M . . H
' 12" N N LT ' ' . @% - : ]
' . ' 1220 ' ] [ K & 8 PRESSURE ; '
' g . ' - RELL LT RELIEF H '
. @ H ' vy ' | TANK 1240 o ]
' L ' ' ' . y (SET TO ; s
[ | .--------@------J----L- o= od o 0 ] 69.2"H20) P ]
o Aee 1,2.. Y z ..------ @ .'.- - @-- cemeee g- PRESSURE
' \ " : oe
5, RN PRESSURE - ' 0..12.0 1 ' v o5 .20 ' : i R AhK 1330
B RELIEF N ] INCH PSIG ] BIOGAS ' PSIG INCH ] H “y
(0.5 GAL) ' LT PUMP 1410 (SET TO
TANK 1210 or o ' 1410 ! ' H ' 69.2"H20)
M& (SETTO 20 : : : : ] -
= 41.5"H2 L0 50 uwe
COMPRESSED . ' . ' ' ' ' : o
N.TROGEN,-@-------------. e TR W5 [ i D s =<t ey o
(%”MPT) 172" o 0 V5 172" 172" 172" 172" 172" ' &
o 0 L2 COLLECTION COLLECTION ' 2
o 0oud TANK 1410 TANK 1420 ' e
[ Y g: (0.5 GAL) SETAT (0.5 GAL) (seccccccccssaal et
¢ =20 o R = 0
P& Gy W = :
: : (2: 8! II: - T XX XX X %1 oooa N
H o'
O P 2 [ ' 3/a" " o
WET WELL f(x) 10.15...2.00 ' 9: &y u.l: oS % MMreccccccceetlsaoBlOCASEQUALIZATION | @ eceeetTtiTiecedd iVl aaal " o
PID| GPM ¢ o o, = & ] ]
. 7 N . (] ] 0 34 ' : ]
H [ ]
FEED W s /v - -
PUMP 1100 0..84.0 o \1308 0...84.0 .
INCH ieesss=- INCH A
T\ o) MIXED LIQUOR FN2EVC Mo |
WET WELL ——_——Ned 077 e W el D el Ny _.
< : A o
> . "
PLC » BIOPROCESS 172" ' 03(1:21\20 172
COMPRESSED AIR TANK 1200 '
(1539-X1PP-04.5) =~~~ T T T T T T T T T 7T (48"DIA X 60"SS) (— A 6 VALVES
(470 GAL) o beO=eccca joncaa 1= >
PLC » — M 112" 172"
POTABLE WATER ~ 3/4"PVC /N/NEQTABLE 41 et ’ P, N P E i j
(1539-X1PP-04.12) » - '—) 172" : oé.ég.'ao B
~ 314"PVC APNLXING A\ ' MEMBRANE
te Jceccaajoccae T-> TANK 1300
172" 12" v
1.00...10.00 0..150.0 1.00...10.00 PERMEATE
GPM Top GPM (1539-X1PP-02.1)
@ f(x) f(X B R
3 3/a" LPID| ANTI-FOAM &}
& (1539-X1PP-04.4) I

oy §e

L@

3/4"PVC E

3/4"PVC

PHT N :.: . AW g ) E%i £\ \WAS/MlX E%i RECIRC ¢ N Vg S g / T 1
3/4"PVC 3/4" 1450 3/4" 3/4" 3/4" 3/4" 3/4" U 3/4" 3/4" |
: A, 01400 WAS/MIX RECIRC
© = @ PUMP 1440 = PUMP 1430 @ g
0...30.00 5' 0...30.00 £
PSIG (=] PSIG &
Ea 32 ‘ p POTABLE WATER
232 PV PT (1539-X1PP-04.13)
=3 1440 )\ 1440 ” SET AT ”
(g o 25PSIG =
5% SET AT N /] ™~ I\ :i/4"PVC =
33 25PSIG _%_’ T g
e
Y 2"PVC \ 4 2"PVC WASTE
(1539-X1PP-02.2)
REV | DATE BY DESCRIPTION . DIMENSIONAL TITLE: ANAEROBIC MBR PILOT PLANT
TOLERANCES ARE AS
1 | 01-04416 | EJH | MADE NUMEROUS CHANGES & ADDITIONS AFTER 12-29-15 TELECONFERENCE. Intu[teCh® FOLLOWS, UNLESS PROCESS & INSTRUMENTATION DIAGRAM (1 OF 4)
2 | 011316 | cpDp | COMBINED LINES INTO MEMBRANE TANK 1300, ADDED RV PRESSURE LIMIT, www.intuitech.com OTHERWISE SPECIFIED | CLIENT: CDM SMITH PROJECT: 1539
CHANGED LIT TAGS TO LT, CHANGED FLOW METER RANGES FRAC. 2176 oxx 2007 | DRAWN BY- EJH DRAWN DATE: 121715
3 | 040116 | CLR | ADD DV-1238, DV-1414, DV-1415, DV-1437, DV-1538, SV-1212, AND
AMBIENT GAS TRANSMITTERS. MOVED $V-1455, DV-1431. THIS DRAWING IS THE INTELLECTUAL PROPERTY OF INTUITECH AND | ANGLES: £1°  0.XXX: £0.005 | DRAWING NAME: 1539-X1PP-01.VSD P.O.:
MAY NOT BE REPRODUCED IN FULL OR IN PART FOR ANY PURPOSE
4 ASIDE FROM THE PROJECT AS SPECIFIED ON THIS DOCUMENT SCALE: NONE REVISION: 3
1 2 3 4 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24

o



MalloyML
Rectangle

MalloyML
Rectangle

MalloyML
Rectangle

MalloyML
Rectangle

MalloyML
Rectangle

MalloyML
Rectangle

MalloyML
Rectangle

MalloyML
Rectangle

MalloyML
Rectangle





Standard Operating Procedure for Exchanging Zeolite
Authored by: Meagan Malloy 7/20/2016

Approved by:

Scope and Applicability

This SOP details procedures and safety considerations for removing zeolite from the ion exchange
column and replacing with new and/or regenerated Zeolite at the pilot-scale Digester at the US Army
base Ft. Riley AnMBR Demonstration Plant. Two people are necessary to complete this procedure. The
procedure involves first bypassing and draining the column, and removing the short pieces of pipe and
the top and bottom of the reactor. Next the top flange is removed. Then, while one person supports the
column to keep it from tipping over, another loosens the straps that hold the column upright. When the
straps have been removed, the column can be lowered, and the spent Zeolite dumped into a secondary
container. Wash water will be necessary to extract all the spent Zeolite from the column. After the
column has been washed out, it will be placed back onto the rack. The top flange and top and bottom
piping pieces should be put in place to check the alignment of the column. When the column is aligned
the bottom pipe can be tightened into place. Then remove the top pipe piece and flange, and fill the
column with new/regenerated Zeolite. When the column is full replace the top flange and piece of pipe
and tighten the unions. When the column is back in place and all the piping pieces tightened the effluent
can be directed back to the column.

Safety/Hazards

The effluent that will pass through the Zeolite column will have sulfide in it so precautions against
hydrogen sulfide gas should be taken. The column will be very heavy when it is full of the wet Zeolite, so
take care when moving the column to dump out the spent Zeolite. Additionally, when filling the column
up with new/regenerated Zeolite, there is the potential for a lot of dust which can impair vision and
breathing ability. Personal protective equipment to be used shall include but is not limited to safety
glasses, close toed shoes, and an H2S gas meter. These items are discussed further in the Health and
Safety Plan (HASP). Specific use of these items is discussed in the procedures below.

Equipment

H2S gas meter

PPE described in HASP
Safety glasses or goggles
Dust mask

Two adjustable wrenches

ok wNPRE

One strap wrench
Procedure for Digester Seeding

1. Put H2S monitor on the collar of your shirt.
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10.

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

Put PPE on.
Turn the process off on the HMI.
Drain the column by opening valves DV-1721 and DV-1729

When the column is drained unscrew the union at DV-1721 and the union on the bottom side of

the column. Remove the section of pipe on the bottom side of the column. There is pipe strap
that will need to be removed when removing the piece of pipe.

Unscrew the union at DV-1722 and the union at the top of the column. Remove the top piece of

pipe and the sample valve.
Unscrew the bolts on the top flange of the column.
Bring the column down.
a. Undo bolts of the column straps.
b. Second person to hold the column in place, the column will be very heavy.
c. Carefully lower the column, be mindful of how heavy the column is. Do not set down
directly on the bottom pipe.
Dump the spent Zeolite into a container. Use potable water to clean-out excess material from
the column.
Place column back in place. Put the column straps back in place and tighten the bolts. Ensure
that the straps are level, and flush with the column.
Attach bottom pipe for alignment.
Place top flange in place and top pipe to check alignment. Make necessary adjustments.
When aligned, remove the top pipe and the top flange.
Carefully fill the column with the new/regenerated Zeolite.
When the column is full replace the top flange. Tighten the bolts in a star pattern.
Replace the top pipe and sample port. Tighten the unions.
Open floor drain valve for the non-hazardous room.
Clean the floor.
Return operation to production.
Send spent Zeolite to be regenerated.
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Figure 1 — Zeolite Column; circled in red are the pieces that sit into the equipment skid, which made
alignment and support of the column possible.
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Standard Operating Procedure for cleaning the strainer
Authored by: Barrett Schmidt 7/22/2016

Approved by:

Scope and Applicability

This SOP details procedures and safety considerations for cleaning the strainer prior to feeding the pilot
scale AnMBR at the US Army base in Ft. Riley. The strainer is located in the wet well building and is
located immediately downstream of the feed pump. The procedure involves the manual dismantling of
the strainer screen, after shutting down electric power to the strainer as well as compressed air supply
that operates the actuator, and then dismantling the casing that houses the screens. This is followed by
a thorough cleaning with wire brushes and water to remove fine debris that could be clogging the
strainer pores.

Safety/Hazards

Raw wastewater can contain hydrogen sulfide, dissolved methane, and potentially pathogenic bacteria.
The dissolved gases can be released as vapors during mixing. Precautions must be taken to avoid dermal
contact or ingestion of the raw wastewater and inhalation of released vapors. Personal protective
equipment to be used shall include but is not limited to safety glasses, close toed shoes, nitrile gloves,
and an H2S gas meter. Rubber boots and an apron could be other essential items to prevent spills and
splashes on clothing and skin. These items are discussed further in the Health and Safety Plan (HASP).
Specific use of these items is discussed in the procedures below.

PPE

Rubber boots
Rubber apron
Lab coat
Rubber gloves
H2S monitor
Goggles

oOwukwNRE

Equipment

1. Wire Brush
2. Bucket to catch strainer debris
3. Potable water and hose

Procedure for Cleaning the Strainer

1. PutonPPE
2. Manually turn the strainer off by turning the red knob on the power supply to the “off” position.
(Figure 1)

3. Shut the air supply to the strainer off by turning the airline valves to the vertical positions.
4. Relieve any residual pressure in the system by applying pressure to the solenoid valves on either
side of the power supply box until air flow stops.



Figures

Slowly loosen the three black knobs on top of the plunger casing. **Be sure to remove slowly as
there may still be residual water pressure.

Take plunger out of casing and remove any debris with a wire brush

Inspect the plunger casing’s rubber gasket for damage before putting the plunger back and
closing the black knobs on top of the plunger casing. Hand tight so that no water will leak.
Return air supply valves to the open, horizontal, position. (Figure 2)

Turn the red knob back to the “on” position.

Figure 1 — Strainer power supply box



Figure 2 — Air supply valves in the “open” position
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Standard Operating Procedure for Checking Foam in the Primary Reactor/Membrane Tank
Authored by: Barrett Schmidt 7/26/2016

Approved by:

Scope and Applicability

This SOP details procedures and safety considerations for checking the pilot scale AnMBR at the US
Army base in Ft. Riley for foam formation in the inspection valve installed on the biogas overflow line
between the membrane tank and primary bioreactor. The procedure involves slowly opening a sample
valve to visually observe foam in a long clear piece of tubing which is connected to the sampling valve
and runs out of the trailer. If foam is present, it will become necessary to add a defoaming agent at the
designated dosing rate, which will be determined each time depending upon the foaming intensity and
jar testing.

Safety/Hazards

Raw wastewater can contain hydrogen sulfide, dissolved methane, and potentially pathogenic bacteria.
The dissolved gases can be released as vapors during mixing. Precautions must be taken to avoid dermal
contact or ingestion of the raw wastewater and inhalation of released vapors. Personal protective
equipment to be used shall include but is not limited to safety glasses, close toed shoes, nitrile gloves,
and an H2S gas meter. These items are discussed further in the Health and Safety Plan (HASP). Specific
use of these items is discussed in the procedures below.

It is also important to note that the ventilation fan must be changed to 100% operational speed on the
HMI, and the door to the hazardous location must be propped open before proceeding with this check.

PPE

1. Rubber gloves
2. H2S monitor

3. Goggles

4. Protective mask

Equipment

1. 10foot long clear tubing

2. Step ladder to reach sample valve
3. Flashlight

Procedure for Checking for Foam

1. Puton H2S monitor

2. Putonremainder of PPE

3. At the HMI turn the air vent fan to 100% operational speed.

4. Prop open the door to the hazardous room.

5. Using the stepladder, attach 10 foot tube to the sample valve on the biogas recirculation pipe
and run tubing outside of trailer.

6. Slowly open SV and watch the tubing for any signs of foam.

7. Return SV to the closed position and remove tubing.



8. Using the flashlight, attempt to locate any foam on the sludge surface in the bioreactor using
the stepladder to see inside the uppermost viewport of the reactor.



Appendix B
Intuitech O&M Manual
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SPECIFICATIONS

1. Anaerobic membrane Bioreactor Pilot Plant

A. Specifications

1. General
Raw Water Flow Rate:
WAS/Mixing Flow Rate:
Recirculation Flow Rate:
Permeate Flow Rate:
Biogas Sparge Flow:
Ion Exchange Flow Rate :

2. Instrumentation
Biogas Methane*
Biogas Oxygen*
Biogas Sparge Flow*
Feed Flow Rate*
WAS/Mixing Flow*
WAS/Mixing Pressure*
WAS/Mixing pH*
Recirculation Flow*
Recirculation Pressure*
Membrane Vacuum*
Backpulse/CIP Tank Level*
Ion Exchange Flow Rate*

*Data logged

3. Physical
Assembled Dimensions:
Dry Weight:

4. Electrical
Phase:
Frequency:
Voltage:
Current:

0.15...2.0 gpm (0.57...7.57 L/min)
1.0...8.0 gpm (3.8...30.3 L/min)
1.0...8.0 gpm (3.8...30.3 L/min)
0.15...2.0 gpm (0.57...7.57 L/min)
50...125 SLPM

0.15...1.4 gpm (0.57...5.3 L/min)

Bioprocess Tank Level*
Bioprocess Tank Temperature™
Bioprocess Tank Pressure™
Membrane Tank Pressure*
Membrane Tank Level*
Condensation Tank Levels (per tank)*
Ambient Methane*

Ambient Hydrogen Sulphide*
Permeate Flow Rate*

Permeate Pressure™

Permeate Temperature™®
Permeate Turbidity*

114”H X 102”W X 496”L
Approx. 32,500 Ibs.

3

60 Hz

480 VAC
150 A Max



INSTALLATION

1. Un-packaging

The AnMBR pilot was designed within an integrated shipping container. The membranes
were removed and shipped in a box to prevent damage. The plywood pieces mounted to
the top of the container are to be removed to allow installation of the flame arrestors and
odor control media. A crane will be required to lift the container off of the shipping truck
and for final positioning of the pilot module. Ensure the crane is rated to safely carry the
weight of the equipment (approx. 32,500 1bs.).

2. Mechanical Inspection

A. Initial Visual Inspection
Carefully inspect the skid for mechanical damage to the container, vessels, piping,
motors, and instruments that may have occurred during the shipping or positioning of
the equipment.

B. Leveling
Verify that the equipment is level. Proper operation of the flocculation and
sedimentation module is dependent on the system being fairly level. However, to
facilitate draining, it may be desirable to drop the cargo door end approximately 1
inch. Level each corner to with one inch.

C. Component Mounting

Verify that all components and instruments are secure. These include pipe straps and
instrument mounts.

D. Piping Connections
Verify that all PVC piping connections are secure. These include pipe straps, threaded
unions, check valves, process valves, and sample valves. Confirm that the process
piping connections are installed and tightened. Further confirm that the connections
are in accurate alignment and free from any undue stress imposed by connecting

piping.

WARNING: Stress imposed by improperly aligned field piping may damage
equipment. Ensure all connecting piping is free of undue stress.

ATTENTION: When installing, take care that all o-rings are installed with their
corresponding connections or the assembly will leak. O-rings within PVC unions are
frequently missed.

3. Electrical Inspection

A. Initial Visual Inspection

Carefully inspect for mechanical damage to the control panels that may have occurred
during shipping or installation of the equipment. Excessive vibration from shipping
can cause electrical components within the control enclosures to snap off of the din
rail and cause damage to other components.



B. Electrical Connections

e Control Panel Wiring
Verify that all wires within the control panel are terminated. Vibration from
shipping can cause conductors to come loose. Un-terminated wires can short to
other components, conductors, or the enclosure wall and cause damage.

e Customer Feeder Circuit Breaker
Identify the location of the customer feeder circuit breaker so it can be easily
identified and locked-out when servicing of the pilot electrical system.

OPERATIONAL OVERVIEW

1. Equipment Information

The pilot module consists of a customer supplied feed pump and strainer, bioprocess
tank, membrane tank, permeate pump, flocculation/ sedimentation system and ion
exchange. Biogas sparging is accomplished using an electric diaphragm pump. All
membrane cleaning is automated and can be operated manually by an operator, or
automatically based on runtime. All pumps contain automatic PID flow control, while the
membrane contactor vacuum pump is PID controlled based on pressure. The backwash
and air scour flow rates are also automatically controlled using PID loops. The chemical
pumps are automatically paced to their associated flow rates, while the pH adjustment
pump can also be controlled to pH using PID loop. Other features include automatic data
logging of key parameters, remote monitoring and control using a standard web browser,
and email alarm notification (when web enabled).

With the exception of the manually actuated valves, the equipment is monitored and
controlled by an HMI (Human Machine Interface). The HMI communicates with the on-
board PLC (Programmable Logic Controller) which monitors and controls various
instruments and components. In short, the operator monitors the equipment through the
HMI, which interacts with the PLC, which in turn activates the various equipment
components.

2. Operation Sequence

The equipment follows a sequence of operation as summarized in the Sequence Matrix.
The sequence matrix depicts the portion of the control logic that energizes pumps, valves,
and other components required for each step of the operation. The PLC advances from
step to step based on either an elapsed time or a specific event. A thorough understanding
of the sequence matrix is essential to properly understand the equipment’s operation.

The sequence matrix defines step advance criteria for both the auto and manual modes of
operation. Each step in the operation sequence has a number and description. The “field
devices” section of the table shows which equipment components are activated in any
given step. The “condition” columns define the events or time requirements for
advancing from step to step. The “go to step” columns indicate which step the equipment
will be advancing to after the conditions or time requirements have been met in the given
step. The “flow” columns define which flow setpoint the PLC will attempt to maintain as
it applies to each step. Finally, the legend defines terminology used in the matrix.



For example, when the equipment is running in “auto” mode it follows the “auto step
advance”. The first step in the operation sequence is “0”. Step “0” is described as
OFFLINE. The “field devices” section of the matrix indicates that during the OFFLINE
step none of the equipment’s components are activated (all valves are closed, all pumps
are off). The “auto step advance” column informs that the equipment will stay in step “0”
until the conditions of EVENT 1 are met. The legend defines EVENT 1 as “system mode
is in “auto” or in other words the equipment is switched to “auto” mode. When the
equipment is switched to “auto” mode the conditions of EVENT 1 are met, the “auto step
advance” criteria states that the equipment will advance to step “1”. Step “1” is described
as PREPRODUCTION - SPARGE (i.e. the initial start-up step). The “field devices”
section defines which components are activated during the step. The equipment will
continue in step “1” until the user defined step time has elapsed. Once the step time has
expired, the “go to step” column states that the equipment will advance to step “2”. Step
“2” 1s described as “PRE PRODUCTION - FLOW?”. This is the final step before
production.

During maintenance and recovery clean sequences the equipment will advance from step
to step based on the elapsing of time limits as well as events. Once a clean sequence is
started the equipment will continue through the entire sequence. In Semi-Auto mode an
operator can start, stop or interrupt the sequence in any step. Be aware that
interrupting a cleaning sequence may foul the membrane or otherwise allow
undesirable process or chemicals to bypass the membranes. The operator is
responsible for all equipment operation when not in Auto mode.

Sequence Matrix



MEMBRANE SEQUENCE MATRIX

AUTO STEP MANUAL STEP ADVANCE FLOW DEVICES
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0 OFFLINE EVENT 1 1 EVENT2 | 4567916
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5 DEFOAM TIME 3 TIME 3 FLOW 1 FLOW?2 | FLOW1 FLow?2 | FLow1 |PRESSURE| FLow1 | X | X X| x| x| x|x|E|X]E E E|X|E E|E|E]|E x| x X X
6 W.A.S. TO WASTE EVENT 4 3 EVENT 4 3 FLOW 1 FLOW?2 | FLOW1 FLOW 1 FLOW?2 [PRESSURE| FLow1 [ X [ X x| x| x| x| x]|E E E E|X|E E|E|E|E]|X x| x X
7 BACKPULSE TIME 8 TIME 8 FLOW 1 FLOW3 | FLOW1 FLOW 1 X X x| x| x|x E E E X E E(E|E|E]X X X X
8 BACKPULSE - RELAX TIME 3 TIME 3 FLOW 1 FLOW 1 FLOW 1 FLOW 1 X X| x| x]x E E E E|E|E]|E]|X X X X
9 MAINTENANCE CLEAN - PERMEATE OFF 1 TIME 10 TIME 10 FLOW 1 FLOW 1 FLOW 1 |PRESSURE x| x| x| x E E E|E|E|E]|X X X X
10 MAINTENANCE CLEAN - CHEM BACKPULSE 1 TIME* 1 TIME 1 FLOW 4 FLOW 1 |PRESSURE X x| x E E|E E|E|E]|X E E E X X X
1 MAINTENANCE CLEAN - RELAX 1 TIME 12 TIME 12 FLOW 1 |PRESSURE x| x E E E E X X X
12 MAINTENANCE CLEAN - CHEM BACKPULSE 2 TIME* 13 TIME 13 FLOW 5 FLOW 1 |PRESSURE X x| x E E|E E|E|E]|X E E E X X X
13 MAINTENANCE CLEAN - RELAX 2 TIME 12,14 TIME 12,14 FLOW 1 |PRESSURE x| x E E E E X X X
14 MAINTENANCE CLEAN - CLEAN BACKPULSE TIME* 15 TIME 15 FLOW 6 FLOW 1 |PRESSURE X x| x E E X E E E X X X
15 MAINTENANCE CLEAN - PERMEATE OFF 2 TIME 3,9 TIME 0,9 FLOW 1 FLOW 1 |PRESSURE X x| x E E E|E|E]|E X X X
16
17
18
19
20
21
22
23
24
25
26
27
LEGEND
X OPEN OR RUNNING
E ENABLED
TIME TIME SETPOINT
FLOW FLOW SETPOINT
EVENT1 [SYSTEM MODE IS AUTO
EVENT2 |SYSTEM MODE IS SEMI, AND OPERATOR PRESSES THE PRODUCTION, DEFOAM, WAS TO WASTE, RELAX/BACKPULSE, MAINTENANCE CLEAN OR RECOVERY CLEAN BUTTON.
EVENT3 [SYSTEM MODE IN AUTO AND THE RELAX, BACKPULSE, DEFOAM, WAS TO WASTE OR MAINTENANCE CLEAN IS CONFIGURED AND RUNTIME HAS EXCEEDED THE DEFINED LIMIT.
EVENT4 |PRE-DEFINED VOLUME HAS BEEN PUMPED TO WASTE.
EVENT5 |MEMBRANE TANK LEVEL IS LESS THAN CONFIGURED STEP LIMIT
EVENT6 |CONTINUE BACKPULSE-FILL / RELAX CYCLE BASED ON CONFIGURED TIME LIMIT UNTIL MEMBRANE TANK LEVEL IS GREATER THAN CONFIGURED STEP LIMIT
EVENT7 |MEMBRANE TANK LEVEL IS GREATER THAN CONFIGURED STEP LIMIT

* HIGH TANK LEVEL WILL ALSO ADVANCE STEP




RECOVERY CLEAN SEQUENCE MATRIX

FIELD DEVICES

15

32

MIXED LIQUOR VALVE DV-1308

31

MEMBRANE TO WASTE VALVE DV
1442

30

WAS/MIXING PUMP INLET VALVE
DV-1441

29

BIOPROCESS TO WASTE VALVE
DV-1455

28

BIOPROCESS MIXING VALVE DV-
1454

27

DEFOAM RECIRCULATION VALVE
DV-1435

26

RECIRCULATION VALVE DV-1436

25

COLLECTION TANK 1420 DRAIN
VALVE DV-1429

MEMBRANE GAS-SPARGE LOWER]
INLET VALVE DV-1426

23

MEMBRANE GAS-SPARGE UPPER
INLET VALVE DV-1425

22

COLLECTION TANK 1410 DRAIN
VALVE DV-1419

21

MEMBRANE TANK 1300 DRAIN
VALVE DV-1409

20

BACKPULSE/CIP TANK POTABLE
WATER INLET VALVE DV-1321

19

MEMBRANE CONTACTOR INLET
VALVE DV-1317

18

BACKPULSE/CIP TANK INLET
VALVE DV-1316

17

CITRIC ACID INJECTION VALVE D
1312

16

SODIUM HYPOCHLORITE
INJECTION VALVE DV-1311

COLLECTION TANK 1220 DRAIN
VALVE DV-1229

14

13

CITRIC ACID PUMP 1850

12

SODIUM HYPOCHLORITE PUMP
1840

COAGULANT FEED PUMP 1830

10

ANTI-FOAM PUMP 1820

PH ADJUSTMENT PUMP 1810

w w w w w w

ION EXCHANGE PUMP 1710

MEMBRANE VACUUM PUMP 1540

WAS/MIXING PUMP 1440

X X X X

x

X X X X X X

RECIRCULATION PUMP 1430

BIOGAS SPARGE PUMP 1410

PERMEATE/BACKPULSE PUMP
1310 (REVERSE COMMAND)

PERMEATE/BACKPULSE PUMP
1310 (FORWARD COMMAND)

FEED PUMP 1100

FLOW

ION EXCHANGE

MEMBRANE VACUUM

WAS / MIXING

FLOW 1

FLOW 1

FLOW 1

FLOW 1

FLOW 1

FLOW 1

FLOW 1

FLOW 1

FLOW 1

FLOW 1

FLOW 1

FLOW 1

FLOW 1

FLOW 1

FLOW 1

RECIRCULATION

FLOW 1

BIOGAS

FLOW 1

FLOW 2

PERMEATE / BACKPULSE

FLOW 7

FLOW 7

FLOW 7

FLOW 7

FLOW 7

FLOW 7

FEED

MANUAL STEP ADVANCE

GO TO STEP

10

11

12
13
14
15
16

CONDITION

EVENT 1

TIME
EVENT 2

EVENT 3

TIME
EVENT 2

EVENT 4

EVENT 5

TIME
EVENT 6

EVENT 4

EVENT 5

TIME
EVENT 6

EVENT 7

TIME
EVENT 2

AUTO STEP

ADVANCE

GO TO STEP

1
2
3
4
5
6
7
8
9
10

11

12
13
14
15
16
0

CONDITION

EVENT 1

TIME
EVENT 2

EVENT 3

TIME
EVENT 2

EVENT 4

EVENT 5

TIME
EVENT 6

EVENT 4

EVENT 5

TIME
EVENT 6

EVENT 3

TIME
EVENT 2

STEP DESCRIPTION

OFFLINE
R.C. - PERMEATE OFF

R.C.- MEMBRANE DRAIN 1

R.C.- MEMBRANE FILL
R.C.- BIOGAS SPARGE
R.C.- MEMBRANE DRAIN TO WASTE 1

R.C.- CHEM BACKPULSE FILL 1
R.C.- CLEAN BACKPULSE FILL 1

R.C.- SOAK 1
R.C.- MEMBRANE DRAIN TO WASTE 2

R.C.- CHEM BACKPULSE FILL 2
R.C.- CLEAN BACKPULSE FILL 2

R.C.- SOAK 2
R.C.- MEMBRANE DRAIN TO WASTE 3

R.C.- PERMEATE FILL

R.C.- SOAK
R.C.- MEMBRANE DRAIN TO WASTE 4

LEGEND

OPEN OR RUNNING

ENABLED

TIME SETPOINT
FLOW SETPOINT

SYSTEM MODE IS SEMI, AND OPERATOR PRESSES THE RECOVERY CLEAN BUTTON.

STEP NUMBER

10

12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27

X

E
TIME
FLOW

EVENT 1

MEMBRANE TANK LEVEL IS LESS THAN CONFIGURED STEP LIMIT

EVENT 2

MEMBRANE TANK LEVEL IS GREATER THAN CONFIGURED STEP LIMIT

EVENT 3

MEMBRANE TANK LEVEL IS REACHES 90%

EVENT 4

MEMBRANE TANK LEVEL IS REACHES 100%

EVENT 5

MEMBRANE TANK LEVEL IS LESS THAN CONFIGURED STEP LIMIT

EVENT 6




STRAINER SEQUENCE MATRIX

AUTO STEP MANUAL STEP FLOW FIELD DEVICES
ADVANCE ADVANCE 1 3 4 5 6 7 10
ul o v}
al 182
o o |l o
T 4| 4
c X Py
= > |2
] (] o Z |z
STEP NUMBER STEP DESCRIPTION 8 o 8 o = g ]
= = z = mn =)
[S] [e) [S) o m o =0
=] 9] d 9] o 12 I
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z B z o T |m
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gl<
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0 NORMAL OPERATION EVENT 1 1 EVENT 2 1 FLOW 1 X
1 STRAINER - PRE FLOW TIME 2 TIME 2 FLOW 2 X
2 STRAINER - PLUNGER EXTEND TIME 3 TIME 3 FLOW 2 X X
3 STRAINER - VALVE OPEN TIME 4 TIME 4 FLOW 2 X X
4 STRAINER - PLUNGER RETRACT TIME 0 TIME 0 FLOW 2 X
5
6
7
8
9
10
1
12
13
LEGEND
X OPEN OR RUNNING
TIME TIME SETPOINT
FLOW FLOW SETPOINT
EVENT 1 FEED PUMP RUNTIME HAS EXCEEDED THE DEFINED LIMIT
EVENT 2 SYSTEM IS IN OPERATION AND AN OPERATOR PRESSES THE FILTER STRAIN BUTTON




4. Operation Interface

With the exception of the manually actuated valves, the equipment is operated from the
touch-screen HMI located on the front of the main control panel. The HMI monitors and
controls the process by communicating with a PLC that in turn monitors and controls the
automated components of the equipment. The HMI gathers data, annunciates alarms,
displays historical and real-time trends and can be used to enter set points and adjust
alarm limits.

A. General
The system is operated from the front of the control panel. The operating controls consist
of:
e HMI
e Two indicator lights
e Emergency stop button
e Main disconnect switch

B. Manual Control Panel Operators

1. Indicator Lights
e RUNNING (Green) - indicates that the equipment is operating.
e ALARM (Red) - indicates that an alarm is present.
2. Push Buttons
e EMERGENCY STOP- will stop all equipment operations. NOTE: Rotate
clockwise to disengage or reset.
3. Main Disconnect
e DISCONNECT SWITCH - will disconnect main power to equipment.

C. Remote Indication Relay

Incorporated into the control panel are a few relays designed to provide alarm indication

and control abilities to a remote SCADA system.

1. Remote Start Relay
The remote start relay is R3. This is a 24VDC
relay. To attach a remote start command,
connect 24VDC to terminals A1l and A2. When
this circuit is powered, the equipment will begin
service. Unlatching the coil will cause the
system to shutdown. (See the HMI “Remote
Start Command Screen” for information about
the start delay.)

If remote start operation is desired, set the

remote start delay to “AUTO”. You can define a

delay time between the start command and the actual sequence start. If no delay is
needed, set the delay to 0 seconds and the sequencer will begin immediately upon a
start command. The REMOTE START DELAY screen can be selected from the
process menu and a similar screen will appear.
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2. Remote Alarm Relay
The remote alarm indication relay is labeled R2. This relay will open a set of dry
contacts based on alarm conditions. The remote alarm relay coil will deactivate any
time an alarm in annunciated. The coil is activated when there is not an alarm
present (failsafe). On this relay, terminals 11 and 12 are the normally closed
contacts. (The dry contacts are rated for up to 15A at 250 VAC.)
3. Remote Start Relay Override
If you aren’t going to be using a
remote start signal from Relay R3,
you will need to manually override
the relay for normal system operation.
Failure to manually override this relay
will prevent the system from being
able to run in AUTO. To override the
relay, simply take your fingernail or a
small screwdriver, slide it under the
toggle for manual override, and flip it
upwards as shown in picture.

D. Human Machine Interface (HMI)

When the equipment is powered up, the HMI will display the following screen. It is
necessary to log in with a username and password before system operation is possible.
1. Log In/Out Screen

By selecting the Login icon, the login screen is

displayed.

Select the desired level of access (Administrator,

Engineer, Operator, Guest, or View) from the

drop-down box. Then, select the PASSWORD

box and type the appropriate password. Select

LOGIN when done. If your login is successful,

the new login level will be displayed in the upper

left corner of the screen. For security purposes, the passwords for each user level
will not be printed in this manual. (Password information will be sent with the
manual in a sealed envelope.) Select the LOGOUT button to return to the Guest
level of access. Below are the five user levels and what functions each user has
access to. Some activities may not be relevant for all HMI applications.

12



SECURITY LEVEL USERNAME PASSWORD
VIEW VIEW 1234
OPERATOR OPER 2953
ENGINEER ENGIN 5212
ADMINISTRATOR ADMIN 7398

HMI Security Level Access Permissions

View Login Screen

View Process Screens

View Trends

View Alarms

Reset Alarms

Control Pumps, Valves, Blowers, etc.
Modify Email Alarms Email Settings
Disable/Enable Email Alarms
Change Auto and Manual Setpoints
Initiate Sequencer Steps

Change Sequencer Step Times
Change PID Setpoints

Change PID Running Parameters
Change Alarm Limit Setpoints
Change Data Logging

Set Date and Time

Close Program

X|>xpseng

XXX [ |MSIA

x| x| ||| oresedo
||| >[><]>|1esuibug

XXX

XXX XXX <<

XL} XX XX XX X[ X< | XX | XX | X | X[ X | X | < pojeqjsiuiupy

Alarm Status. Xl Current User . | 14:40:39 © 2014
Data Logging Overview 08/10/2016  Intuitech -
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E. HMI Navigation Icons

The following navigation icon buttons displayed along the bottom of the screen
throughout the HMI application provide the following functions:

1. Overview Button

O

Owverview

The overview screen displays the entire pilot process.

2. Process Menu Button

The monitoring and control of all automated system components is accessed
through the process menu. Some of the process screens are monitoring only, some
are control only, and some are for both monitoring and control of system
components. For operational ease, the display of some instrument values may
appear redundantly on two or more screens.

3. Trend Menu Button

Trend

The trend menu allows the operator access to trending screens to analyze and
view in a graphical format, the data coming from the system instruments.

4. Alarms Button

The alarm button is used to view the currently active alarms (Alarm Summary).
The historical alarms screen (Alarm History) can be accessed from within the
alarm summary.

5. Settings Menu Button

14



The system menu includes buttons to access data logging, e-mail alarms, and the
miscellaneous screen. The miscellaneous screen is for setting and configuring
various operational features.

6. Web Browser Button

Browser

The web browser button provides access to a built in web browser embedded into
some instruments. Calibration and configuration can be performed through these
screens.

7. Log In Button

This icon displays a screen that allows the user to log in and out of different user
levels. A password is required. Operators are required to log in with a username
and password before system operation is possible.

This icon displays a screen that allows the user to log in and out of different user
levels. A password is required. Operators are required to log in with a username
and password before system operation is possible.

8. Keypads
There are two different keypads which can be selected by an
operator. The simple keypad allows the operator to enter in
numerical control values and other information.
NOTE: If the component has an operating range, it will be

displayed at the bottom of the keypad - any value entered
must fall within that range.
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The full keypad is displayed anytime alpha-numeric characters are required. Each
keypad is displayed when required.

F. HMI Operation

1. Alarm Screens
The date, time, and description of alarms will be displayed on the alarm screens.

Once the conditions that triggered the alarm have been corrected, select the
ALARM RESET button to acknowledge and reset all current alarms. Scroll
through the alarms by selecting the PAGE UP and PAGE DOWN buttons on

either of the alarm screens.

2. Instrument Displays
Each analog instrument has its own display screen. Access this
screen by selecting the display button. Once selected, a similar

screen will appear.

16



This screen will allow the user to set any high or low alarm limits associated with
the instrument, as well as view a “quick-trend” of its recent activity. To add this
analog signal to the main trending screen, simply press “Load” on one of the open
Trend Pens.

3. Trending Screen and Pen Selection
The trend menu allows the operator access to the trending screens to analyze and
view, in graphical/numerical format, the data coming from the system’s
instruments. When selected, a similar screen will be displayed

17



The time period displayed on the trending screen can be adjusted by selecting the
desired time in hours and minutes on one of the TREND DURATION icons.

The AUTO selection allows users to view real time trends, while the MANUAL
selection is for historical trends. An automatically updated trending screen will
continually update itself. The manual update trending screens display a static
“snap-shot” of information and will not automatically update.

If an analog signal is already selected, it will be displayed and can be manipulated
from the upper-left corner of the trend screen. Each pen can either be viewed, or
hidden using the VIEW/HIDE buttons. Once a pen is selected, the size of the Y-
axis can be adjusted in the “Pen Details” section.

NOTE: In order to add a new analog signal to the trending screen, it must be
activated from within its own display screen (as previously described).

Tap the screen at any point within the trend graph to move the vertical cursor (or
select the < or > buttons to enact small moves). The color of the parameter at the
top left of the screen corresponds with the color of the trend lines within the
trending screen. The parameter value shown in the “Current Value” window,
corresponds to the value on the graph at the position of the cursor.

4. Settings Menu Screens

The settings menu includes buttons to access data logging, e-mail alarms, and the
date and time set screen.

18



5. Data Logging Screen
If the DATA LOGGING
button is selected the
following screen is
displayed.
To operate data logging in
automatic mode select the
AUTO button. To set the
interval at which the
process parameters are
recorded, activate the
keypad by pressing the
interval button and enter
the desired interval (in
seconds).

When in the automatic mode, the data-logging feature is only active when the
system is active (i.e. data are only logged for equipment in operation).

To operate data logging in manual mode select the ON button. In manual mode
data are collected whether the system is running or not.

Selecting the OFF button will disable all data logging.

Data is stored on a removable USB flash drive located on the front of the control
panel door underneath the enclosure shelf. It is NOT necessary to open the control
enclosure to access this drive. It is recommended that the HMI is shut down to
remove the USB data

drive. The data files can

then be copied or moved

from the USB flash drive

to another computer for

viewing. Data files are

stored on the USB drive as

.csv (comma separated

variable) files, which can

be opened with and saved

as Microsoft® Excel™

(.xIsx) files. The .csv files

contain data columns with

integrated column headers.

The first column in the .csv files correlates to the date and time the data were
collected.

A second USB drive, located on the back of the HMI is used as a backup to the
primary USB drive. This drive automatically logs data every five minutes. To
gain access to this drive, the enclosure door will have to be opened. Disconnect
power before opening the enclosure door to avoid potential electrical shock. There
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1)

2)

are two USB “drives” plugged into the HMI. The red USB drive is the backup
drive. The USB drive that is BLACK is the hard key for the software license. DO
NOT REMOVE THE BLACK USB DRIVE as this will invalidate the software
license.

ATTENTION: HOW MUCH DATA ARE YOU WILLING TO LOSE? Data
should be retrieved and backed up on a separate computer regularly. How often
this is performed should be based upon the amount of data loss you are willing to
accept.

DANGER: Disconnect power to control panel before servicing to eliminate
electrical shock and arc flash hazards.

Once the USB flash drive is reconnected to the HMI, the data files will continue
to append to the previously existing data (if files were copied to the computer in
the previous step) or new files will be created (if the files were removed in the
previous step).

When the size of the file exceeds the entered “High Alarm Limit” (in Mb), an
alarm will be annunciated (indicating “Total Data File Size High”). Since large
text files can become virtually unmanageable, it is recommended that the operator
clears or moves the saved data in the data-logging file before they become larger
than 30 Mb. If the file size becomes greater than the “Shutdown Limit”, an alarm
will be activated indicating “Data Logging Stopped”. At this point the data
logging feature will shut down.

How to Collect Data Remotely from an Intuitech pilot Using Ultra VNC

Log on to Ultra VNC using the instructions above. Open the file transfer screen by
selecting the icon in the header bar.

The file transfer screen will show your local file path on the left (local Machine), and
the Intuitech’ s pilot files (remote machine) on the right.
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3) Data are stored on the [D:] drive of the remote machine. Double click the D: drive to
view its contents. Then double click on the file location you wish to copy the files to on
your local machine.

4) Highlight the data files you with the transfer and press “Receive”.

5) Once the data have been transferred, delete them from the pilot (remote machine). New
files will be created.

7. Email Alarms Screen
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When web enabled, the HMI has the ability to send all alarm notifications to
specified email addresses. The email notifications include the time and date of the
alarm as well as the message generated by the alarm.

Administrator login is required to view or modify the SMTP Server IP, SMTP
Authentication, Username, Password, Mail from Address, and Mail to Address 1.
Without administrator login, these fields will be displayed as asterisks and cannot
be accessed.

At the time of this publication, the settings shown above are correct for proper
email operation through the Intuitech mail server.

MAIL TO ADDRESS GROUP B

This field is identical to “Mail to Address Group A” except the administrator level
of login is not required to modify the field. Specify any valid email address or
multiple addresses separated by a semicolon (;). This can include cell phone email
address (e.g. 8015551212@domain.com). Any alarms that occurred prior to
email address changes (i.e. in the queue) will be sent using the old data. Messages
are sent from the queue at 1-minute intervals.

TEST EMAIL

This field is provided to easily test the function of the email screen. Pressing the
“Send Test Email” button will send a test email to the email address configured to
its right. Pressing the “Test Alarm” button will generate a test alarm and send the
email to everyone in Group A and Group B (as long as the group control is set to
ON).

MAIL ERROR STATUS

This indicates the status of the last email attempt. If it reads “No error.” then the
last email was sent successfully. If other errors appear they will be similar to
those most mail clients report when there is a failure. Please consult your network
administrator if additional assistance is required.

8. Date/Time Screen
If the Date/Time button is selected the following screen is displayed.
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The SET TIME and SET DATE buttons are used to set the current time and date.
Use “Edit” to enable the keypad and enter the proper time or date. Once the
correct time has been entered, press “Set Time” to move that time into the HMI
memory.

NOTE: Ensure that the time and date are entered in the exact format as
displayed. Include the necessary symbols (i.e. colon and slash marks) when

entering in the time and date or the entry will be rejected.

9. Overview Screen
When the OVERVIEW button is selected, a similar screen is displayed.
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The screen displays an overview of data from the equipment process screens,
along with control buttons for activating the sequencer. All instruments can be
viewed from this screen. Alarm set-points can be found within the instrument
display “buttons”.

Selecting the SEMI buttons will enable the sequence control buttons (i.e.
Production, Backpulse, Defoam, etc.).

In SEMI mode, following the manual step advance, if the Production button is
pressed the pilot will begin the pre-production start-up, pressing the Relax or
Maintenance Clean buttons will begin their respective processes, and pressing the
Offline button will shut the pilot down. In semi mode, sequencing will not be
initiated automatically, and the pilot will not re-enter service after a maintenance
or recovery clean process.

Pressing the auto button (AUTO) will allow for fully automatic operation of the
pilot (in accordance with the sequence matrix). When operating in auto mode
backpulse, relax, defoam, WAS to waste and maintenance clean cycles are
initiated based on their respective runtime triggers. The pilot will automatically
re-enter production after any of these processes.

Refer to the sequence matrix for details of the sequencer operation.
ATTENTION: In Semi-Auto mode an operator can start, stop or interrupt the

sequence in any step. Be aware that interrupting a cleaning sequence may foul the
membrane or otherwise allow undesirable process or chemicals to bypass the
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membranes. The operator is responsible for all equipment operation when not in
Auto mode.

NOTE: All alarm limits (including those used to initiate sequencer steps) are
found within the display buttons for each processes runtime.

10. Process Menu
If the PROCESS
button is selected, it
will bring up the
process menu,
similar to the one
shown. This screen
provides acess to all
of the process
control and
configuration
screens.

11. Hazardous Location Process Control Screen
If the HAZLOC PROCESS CONTROL button is selected, it will display a screen
similar to the screen below. This screen allows control of all components located
withing the hazardous (Class 1 Division 2, Group D) area.

alarm Status TN Current User q 14:41:24 ©2014
Data Logging Hazardous Location 08/10/2016  Intuitech
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12. Non-Hazardous Location Process Control Screen
If the NON-HAZLOC PROCESS CONTROL button is selected, it will display a
screen similar to the one below. This screen allows control of all components
located in the non-hazardous area.

Ell Alarm Status JYTUnM Current User . 14:41:55 © 2014
3l Data Logging Non-Hazardous Location 08/10/2016  Intuitech -

Overview Browser Close Program

13. Sequencing Controls
The sequencing controls
are accessed by pressing _
one of the sequence Membrane Sequence
buttons. Similar button

exists for the feed pump strainer. If pressed, a screen similar to the one below is
displayed.
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Similar to the sequence matrix, this screen displays each of the steps included in
the sequencing, listed in order, from the top-down. The step times, drain and fill
levels, flow rates and step frequencies used throughout the pilot can be viewed
and modified by pressing any of the EVENT or TRIGGER buttons. Similar
screens exist for the Maintenance and Recovery Clean cycles.

14. Sequencer Configuration
If the sequencer button is selected, the following screen is displayed.
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This screen contains the configuration parameters that determine how the membrane
sequencing is controlled.

e CIP/Backpulse Fill Configuration: Define whether the backpulse tank is refilled with
permeate or potable water. The Fill and Full limits determine when the tank will
begin to fill and when the tank is considered full (respectively).

e Relax/Backpulse Configuration. The membrane will either run a permeate backpulse
or a relax cycle based on the configured frequency. The tank fill limit is the point at
which the backpulse will progress to the next step even if the configured step time has
not elapsed.

e Biogas Sparge Configuration: The sparge time on and off is configured here.

e  WAS Waste Configuration: Waste can be turned off or set to automatically waste
based on the configured frequency. Waste Volume is the amount of process sent to
waste each cycle. A cumulative waste volume is also displayed that is only reset
manually.

e Defoam Configuration can be set to off or auto (based off a configured frequency).

¢ Maintenance Clean Configuration: The maintenance clean can be configured for citric
acid, sodium hypochlorite, or “back-to-back” (a citric clean followed by a
hypochlorite clean).

15. Valve Controls
If any valve control button is selected a similar
screen is displayed.

These control buttons designate what conditions

open or close the valves. Pressing the AUTO
control button will allow the valve to be
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controlled by the sequencer (activated from the Overview Screen). Pressing the
CLOSE or OPEN control buttons will actuate the valve independent of the
sequencer.

16. PID Loop Control Screens
If any component (i.e. pump) using a PID control is selected, a similar screen is
displayed.

NOTE: All module components which operate using PID control (listed below)
will be controlled by a screen very similar to this one.

This screen displays important monitoring parameters, buttons for selecting
control options, buttons for selecting auto or manual mode operation, and value
input buttons for entering the auto and manual set-points.

The DEVICE CONTROL buttons (in the upper right corner) designate what
conditions cause the pump to energize. Pressing the AUTO control button will
allow the pump to be controlled automatically by the sequencer. Pressing the OFF
or ON control buttons will energize or de-energize the pump manually,
independent of the sequencer.

The MODE buttons (auto or manual) designate which setpoint the pump will
maintain. When the mode is set to AUTO, the pump will seek the auto setpoint
(using the PID control loop). When set to MANUAL, the pump will simply
maintain the manual setpoint (a percentage of the pumps maximum flow, with no
flow control).
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The PID Configuration section contains the tuning parameters for the pump
control. The gain, reset, and rate values function as the tuning parameters for the
PID control loop. The Proportional-Integral-Derivative (PID) controller is a
generic control loop feedback mechanism used to control equipment and maintain
a setpoint. The PID controller attempts to correct for the discrepancy between a
measured process variable and a desired setpoint by calculating and outputting a
corrective action in order to adjust the process accordingly.

The PID controller calculation (algorithm) involves three separate parameters; the
Proportional, the Integral and Derivative values (i.e. gain, reset, and rate,
respectively). The Gain value determines the reaction to the current error, the
Reset determines the reaction based on the sum of recent errors and the Rate
determines the reaction based on the rate at which the error has been changing. A
weighted sum of these three actions is used to adjust the process via a control
element (such as the position of a control valve).

NOTE: The PID gain, reset, rate, and rate delay values for the pumps listed
below are pre-tuned by the manufacturer and should not require further adjusting.
Only qualified personnel should adjust values if it becomes necessary. Before
adjusting, record the current values to use as a reference.

The PID ALARMS section contains the alarm deadband and alarm delay values,
which define the conditions for the High and Low alarms. The alarm deadband
delineates how much the process variable may vary before an alarm occurs. The
alarm delay defines the time limit (in seconds) for how long that variable can
remain out of range before an alarm occurs.

For example: Using a flow rate of 1.25 gpm, an alarm deadband value of 0.5 gpm
and an alarm delay value of 60 seconds; if the flow rate fluctuates above 1.75 gpm
or below 0.75 gpm for longer than 60 seconds, an alarm will occur.

Similar screens exist for the following PID controlled components on the pilot:
e Feed Pump 1100 Permeate Pump 1310
e Recirculation Pump 1430 Biogas Pump 1410
e WAS/Mix Pump 1440 Vacuum Pump 1540
e Jon Exchange Pump 1710 Chemical Pump 1810

NOTE: The pH adjustment pump screen also includes buttons for selecting
whether acid or caustic is being pumped to maintain pH. These buttons are not
available on other PID loop screens.

17. Pace Loop Control Screens

If any component (i.e. chemical pump) using a Pace control is selected, a similar
screen is displayed.
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NOTE: All module components which operate using Pace control (listed below)
will be controlled by a screen very similar to this one.

The screen displays monitoring parameters, control buttons, buttons for selecting
auto or manual mode, auto and manual setpoint values, buttons for selecting
which flow the pump will pace from (if applicable), along with; the solution
concentration setpoint, and pump min/max set-points.

The Device Control buttons designate which conditions will cause the pump to
energize. The Mode buttons designate which setpoint the pump will maintain.

NOTE: The auto setpoint is entered in units of milligrams of chemical, per liter
of water (feed flow through the module).

NOTE: The pH adjustment pump 1810 can be either run with PID or PACE

control. When CHEMICAL PUMP CONFIGURATION, a similar screen will be
displayed.
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Pump 1810 is the only Chemical Pump with the option for PACE and PID

control.

Pace Calibration:

To calibrate the pump for automatic operation in pace mode, the flow capacity of

the pump must be measured and entered.
First, set the valve positions to FILL.
Next, switch the pump mode to manual by
selecting the MAN button. To determine
the pump’s maximum flow, access the
manual setpoint keypad and enter 100%.
Press the ON control button and operate
the pump until the graduated cylinder is
full of the chemical to be dispensed (make
a note of the current chemical level).
Next, set the valve positions to DRAIN
and energize the pump for at 100% for 1
minute. After 1 minute of pumping, de-
energize the pump and measure (in
milliliters) the amount of chemical
pumped from the graduated cylinder-
enter this amount as the Pump Max
setpoint. To determine the pump’s
minimum flow, repeat the process by
operating the pump at the minimum
manual setpoint percentage of 3% for one
minute and measuring the chemical
pumped. Enter this amount as the Pump
Min setpoint. Repeat the process for each
pump used.
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Enter the solution
concentration of the

FEED

chemical being pumped
(units are in pounds of
chemical per gallon of

solution). Once
calibration is complete,

.
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FILL DRAIN

set the valve positions
back to FEED.

NOTE: If an auto dosing setpoint is entered which the equipment is not able to
achieve, a “calculation high” or “calculation low” indication will appear.
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ATTENTION: If the chemical pump experiences a fault, the Pump Fault Alarm
will be annunciated. In addition to pressing the Alarm Reset button, it may be
necessary to cycle power to the pump in order to clear the alarm. This can be
accomplished by simply removing the wiring connector at the top of the pump,
then reconnecting it.

Similar screens exist for the following Pace controlled components on the pilot:
e Chemical Pump 1810 e Chemical Pump 1840
e Chemical Pump 1820 e Chemical Pump 1850
e Chemical Pump 1830

18. Coalescing Tank Configuration
If the COALESCING TANKS button is selected, a similar screen will be
displayed.

Each of these tanks have user defined setpoints which determin when the
corresponding drain valve will open oand close. In addition, each drain valve can
be manually opened or closed by selecting the valve button. If the Coalescing
Tank 1540 level exceeds the user defined input for SHUTDOWN LEVEL, a
shutdown alarm will be initiated.

19. Ventilation Fan Control
If the Ventilation Fan button is selected, a similar screen will be displayed.
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When the control is set to AUTO, the fan will run at a user defined setpoint when
an H2S or Methane alarm is triggered. Once the fan is in Alarm Operation, the fan
speed and vent time will operate based on the above user defined setpoints. When
set to ON, the fan will run at the “normal operation” speed unless an H2S or
Methane Alarm is present. At that time the fan will change to “Alarm Operation”.
Setting the control to OFF will disable the vent fan.

20. Strainer Sequence Configuration

If the Strainer Sequence Configuration button is selected, a similar screen is
displayed.

In MANUAL control, the strainer cycle can be initiated by the operator by
pressing the INITIATE STRAIN button. When the control is in AUTO, a strain
will be initiated based on the RUNTIME LIMIT.

21. Tank Mixers
If a mixer button is selected, a similar screen is displayed.
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The screen displays important control options and monitoring parameters along
with buttons for selecting options and modifying parameters.

The control buttons designate what conditions cause the mixer to energize.
Pressing the AUTO control button will allow the mixer to be controlled
automatically by the sequencer. Pressing the OFF or ON control buttons will
energize or de-energize the mixer manually independent of the sequencer.

The auto setpoint designates the mixing gradient the mixer will maintain when
energized under auto control.

The manual setpoint designates the percentage of the mixer’s maximum RPM,
which the mixer will maintain when energized under manual control.

The max and min RPM setpoints define the limits for the Calculation High and
Calculation Low Alarms. They also function as the running parameters the PLC
uses for determining and maintaining the gradient setpoint when operating in auto
mode. Calibrating the mixer to existing conditions requires setting the min and
max RPM setpoints.

NOTE: The mixers have been pre-configured at the factory, and should not
require any additional changes to the RPM setpoints. If recalibration is necessary,
follow the calibration procedure below.

To calibrate, first set the mixer to manual mode by pushing the MAN button and
turning the control to ON. Next, access the manual setpoint keypad and set the
mixer to 100%. Using a tachometer, count the number of rotations achieved in 1
minute. The number of rotations achieved at 100% in 1 minute equals the value
for the SPEED MAX setpoint. Repeat the process by running the mixer at 8.33%
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for one minute. The number of rotations achieved equals the SPEED MIN
setpoint.

Once the speed limits are set, the auto setpoint can be entered in as a gradient with
units of s-1 at which point the mixer is ready to run in auto mode. Repeat the
process for each mixer.

NOTE: To avoid floc shearing, successive floc mixers are typically run at lower
gradient values. Factors including runtime, flow rate, water quality, coagulants,
and experience will dictate what the ratio between the three mixers should be.

22. Instrument Configuration
If the INSTRUMENT CONFIGURATION button is selected, the following
screen is displayed.

Alarm Status Current User ‘ 18:46:56 © 2014 _
Data Logging Browser 06/01/2016  Intuitech
Sh 7
B I hermo DataStick Measurement Sy
| scieEnTIFIC Home Page
Permeate Turbidity -
T30 I/O Status ok
Measurement | Value |Units Configuration Value | Units Diagnostic
Sensor 82100 |pH  |Sensor Filter 0 sec Firmware Version
Temperature 23.1000 |C Temperature Filter 0 sec Serial Number
SensorType pH pH Buffer Standard 4.7.10 Sensor Memory Status
DO Pressure 760000 mmHg [Config. Memory Status
CommSettings DO Salinity 00000  mS/cm (Cal Memory Status
Comp. Slope 20000 |% /°C Run Status
Thermo Web Site Cond. Ref Temp. 25.0000 PC Last Cal. Type
Cell Constant --- Calibration Status

This page automatically reloads every 20 seconds.

Datastick Measurem

ent System, Version 1.02.08 | (system uptime 00Days 01:0

m | b

| ©

Close Program
The pH and turbidity sensors are equipped with an internal web browser page. To
access that page, press one of the sensor buttons along the left edge of the screen.
Instrument calibration is also accomplished through these screens. See
Maintenance Section for more detailed information about calibration.

Browser

O

Overview

-
Login

1

Trend Alarms Settings

T~

Process

23. HMI Alarms and Conditions
All alarms generated by the equipment are summarized in this table. The
“Message” column indicates the alarm text shown on the ALARM SUMMARY
and ALARM HISTORY screens. The “Condition” column describes the logic that
generates the alarm. The “Shutdown” column identifies whether the alarm will
cause the pilot to shutdown.
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Message Condition Shutdown

Ambient Hydrogen Sulphide Instrument value greater than specified X

Concentration High Alarm limit for 30 seconds

Feed Pump Flow Transmitter Failed No transmitter signal for 30 seconds X

Alarm

Biogas Flow Transmitter Failed Alarm No transmitter signal for 30 seconds X

Permeate Pump Flow Transmitter Failed | No transmitter signal for 30 seconds X

Alarm

Biogas Sparge Flow Transmitter Failed No transmitter signal for 30 seconds X

Alarm

Ambient Methane Gas Concentration Instrument value greater than specified X

High Alarm limit for 30 seconds

Backpulse CIP Tank Level Low Alarm Tank level less than specified limit for 30 X
seconds

Bioprocess Tank Temperature No transmitter signal for 30 seconds

Transmitter Failed Alarm

Bioprocess Tank 1200 Pressure No transmitter signal for 30 seconds

Transmitter Failed Alarm

Membrane Tank 1300 Pressure No transmitter signal for 30 seconds

Transmitter Failed Alarm

Permeate Pressure Transmitter Failed No transmitter signal for 30 seconds

Alarm

Recirculation Pressure Transmitter Failed | No transmitter signal for 30 seconds

Alarm

WAS Mixing Pressure Transmitter Failed | No transmitter signal for 30 seconds

Alarm

Vacuum Pump 1540 Pressure No transmitter signal for 30 seconds

Transmitter Failed Alarm X

Recirculation Flow Transmitter Failed No transmitter signal for 30 seconds X

Alarm

WAS Mixing Flow Transmitter Failed No transmitter signal for 30 seconds X

Alarm

lon Exchange Flow Transmitter Failed No transmitter signal for 30 seconds

Alarm

Bioprocess Tank Temperature No transmitter signal for 30 seconds

Transmitter Failed Alarm

Permeate Turbidity Transmitter Failed No transmitter signal for 30 seconds

Alarm

Ambient Hydrogen Sulphide Transmitter | No transmitter signal for 30 seconds X

Failed Alarm

Biogas Pump 1410 Failed Alarm Device commanded to run but not X
running after 30 seconds

Condensation Tank 1220 Level No transmitter signal for 30 seconds X

Transmitter Failed Alarm

Bioreactor Tank Level Transmitter Failed
Alarm

No transmitter signal for 30 seconds

Membrane Tank Level Transmitter Failed

No transmitter signal for 30 seconds
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Alarm

Backpulse CIP Tank Level Transmitter
Failed Alarm

No transmitter signal for 30 seconds

Ambient Methane Gas Transmitter Failed
Alarm

No transmitter signal for 30 seconds

Permeate Pump 1310 Failed Alarm

Device commanded to run but not
running after 30 seconds

Chemical Pump 1810 Fault Alarm

Chemical pump motor has experienced a
fault

NOTE: Cycle power to the chemical
pump (by disconnecting wiring) to allow
alarm reset.

Chemical Pump 1820 Fault Alarm

Chemical pump motor has experienced a
fault

NOTE: Cycle power to the chemical
pump (by disconnecting wiring) to allow
alarm reset.

Chemical Pump 1830 Fault Alarm

Chemical pump motor has experienced a
fault

NOTE: Cycle power to the chemical
pump (by disconnecting wiring) to allow
alarm reset.

Chemical Pump 1840 Fault Alarm

Chemical pump motor has experienced a
fault

NOTE: Cycle power to the chemical
pump (by disconnecting wiring) to allow
alarm reset.

Chemical Pump 1850 Fault Alarm

Chemical pump motor has experienced a
fault

NOTE: Cycle power to the chemical
pump (by disconnecting wiring) to allow
alarm reset.

Feed Pump 1100 Flow Low Alarm

Value outside of defined deadband for
the specified delay time

Feed Pump 1100 Flow High Alarm

Value outside of defined deadband for
the specified delay time

Feed Pump Pressure Switch High Alarm

Feed pump pressure greater than
switching limit

Vacuum Pump 1540 Failed Alarm

Device commanded to run but not
running after 30 seconds

Vacuum Pump 1540 Not in Auto Alarm

Control not in auto mode

Vacuum Pump 1540 Pressure Low Alarm

Value outside of defined deadband for
the specified delay time

Vacuum Pump 1540 Pressure High
Alarm

Value outside of defined deadband for
the specified delay time
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Feed Pump 1100 Not in Auto Alarm

Control not in auto mode

Permeate Pump 1310 Not in Auto Alarm

Control not in auto mode

Permeate Pump 1310 Flow Low Alarm

Value outside of defined deadband for
the specified delay time

Permeate Pump 1310 Flow High Alarm

Value outside of defined deadband for
the specified delay time

Condensate Collection Tank 1410 Drain
Valve DV-1419 Open Too Long Alarm

Valve open for greater than specified time
limit

Flocculation Mixer 3 Calculation Low
Alarm

Mixer cannot attain entered auto setpoint

Bioprocess Tank Temperature High
Alarm

Value greater than specified limit for 30
seconds

Bioprocess Tank Temperature Low
Alarm

Value less than specified limit for 30
seconds

Permeate Temperature Transmitter
Failed Alarm

No transmitter signal for 30 seconds

Permeate Temperature Low Alarm

Value less than specified limit for 30
seconds

Permeate Turbidity High Alarm

Value greater than specified limit for 300
seconds

lon Exchange Pump 1710 Failed Alarm

Device commanded to run but not
running after 30 seconds

lon Exchange Pump 1710 Not in Auto
Alarm

Control not in auto mode

lon Exchange Pump 1710 Flow Low
Alarm

Value outside of defined deadband for
the specified delay time

lon Exchange Pump 1710 Flow High
Alarm

Value outside of defined deadband for
the specified delay time

PLC Program Downloaded Alarm

New PLC program downloaded

Compressor Air Pressure Low Alarm

Air Compressor pressure less than 50
PSIG for 2 seconds

Rapid Mixer Calculation High Alarm

Mixer cannot attain entered auto setpoint

Rapid Mixer Calculation Low Alarm

Mixer cannot attain entered auto setpoint

Flocculation Mixer 1 Calculation High
Alarm

Mixer cannot attain entered auto setpoint

Flocculation Mixer 1 Calculation Low
Alarm

Mixer cannot attain entered auto setpoint

Flocculation Mixer 2 Calculation High
Alarm

Mixer cannot attain entered auto setpoint

Flocculation Mixer 2 Calculation Low
Alarm

Mixer cannot attain entered auto setpoint
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Flocculation Mixer 3 Calculation High
Alarm

Mixer cannot attain entered auto setpoint

Flocculation Mixer 2 Failed Alarm

Device commanded to run but not
running after 30 seconds

Flocculation Mixer 3 Failed Alarm

Device commanded to run but not
running after 30 seconds

Biogas Pump 1410 Not in Auto Alarm

Control not in auto mode

Biogas Pump 1410 Flow Low Alarm

Value outside of defined deadband for
the specified delay time

Biogas Pump 1410 Flow High Alarm

Value outside of defined deadband for
the specified delay time

Feed Pump 1100 Failed Alarm

Device commanded to run but not
running after 30 seconds

Recirculation Pump 1430 Failed Alarm

Device commanded to run but not
running after 30 seconds

Recirculation Pump 1430 Flow Low
Alarm

Value outside of defined deadband for
the specified delay time

Recirculation Pump 1430 Flow High
Alarm

Value outside of defined deadband for
the specified delay time

Chemical Cabinet 1 Leak Alarm

Leak detected inside chemical cabinet

Chemical Cabinet 2 Leak Alarm

Leak detected inside chemical cabinet

Biogas Methane Transmitter Failed
Alarm

No transmitter signal for 30 seconds

Condensation Collection Tank 1420
Level Transmitter Failed Alarm

No transmitter signal for 30 seconds

Condensation Collection Tank 1540
Level Transmitter Failed Alarm

No transmitter signal for 30 seconds

Biogas Oxygen Transmitter Failed Alarm

No transmitter signal for 30 seconds

WAS Mixing pH Transmitter Failed Alarm

No transmitter signal for 30 seconds

Condensate Collection Tank 1420 Drain
Valve DV-1429 Open Too Long Alarm

Valve open for greater than specified time

limit

Condensate Collection Tank 1220 Drain
Valve DV-1229 Open Too Long Alarm

Valve open for greater than specified time

limit

Condensation Collection Tank 1540
Level High Alarm

Value greater than specified limit for 30
seconds

Chemical Pump 1810 Calculation High
Alarm

Pump cannot attain currently configured
chemical dose

Chemical Pump 1810 Calculation Low
Alarm

Pump cannot attain currently configured
chemical dose

Chemical Pump 1820 Calculation High
Alarm

Pump cannot attain currently configured
chemical dose
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Chemical Pump 1820 Calculation Low
Alarm

Pump cannot attain currently configured
chemical dose

Chemical Pump 1830 Calculation High
Alarm

Pump cannot attain currently configured
chemical dose

Chemical Pump 1830 Calculation Low
Alarm

Pump cannot attain currently configured
chemical dose

Chemical Pump 1840 Calculation High
Alarm

Pump cannot attain currently configured
chemical dose

WAS/MIX Pump 1440 Flow Low Alarm

Value outside of defined deadband for
the specified delay time

WAS/MIX Pump 1440 Flow High Alarm

Value outside of defined deadband for
the specified delay time

Permeate Pressure High Alarm

Value greater than specified limit for 30
seconds

Permeate Pressure Low Alarm

Value less than specified limit for 30
seconds

Bioprocess Tank 1200 Pressure High
Alarm

Value greater than specified limit for 30
seconds

Bioprocess Tank 1200 Pressure Low
Alarm

Value less than specified limit for 30
seconds

Membrane Tank 1300 Pressure High
Alarm

Value greater than specified limit for 30
seconds

Membrane Tank 1300 Pressure Low
Alarm

Value less than specified limit for 30
seconds

Recirculation Pressure High Alarm

Value greater than specified limit for 30
seconds

Recirculation Pressure Low Alarm

Value less than specified limit for 30
seconds

WAS Mixing Pressure High Alarm

Value greater than specified limit for 30
seconds

WAS Mixing Pressure Low Alarm

Value less than specified limit for 30
seconds

Bioreactor Tank Level High Alarm

Value greater than specified limit for 30
seconds

Bioreactor Tank Level Low Alarm

Value less than specified limit for 30
seconds

Membrane Tank Level High Alarm

Value greater than specified limit for 30
seconds

Membrane Tank Level Low Alarm

Value less than specified limit for 30
seconds

Biogas Oxygen Concentration High
Alarm

Value greater than specified limit for 30
seconds

Biogas Oxygen Concentration Low Alarm

Value less than specified limit for 30
seconds
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Biogas Methane Concentration High
Alarm

Value greater than specified limit for 30
seconds

Biogas Methane Concentration Low
Alarm

Hazardous Area Ventilation Fan Set to
Off Alarm

Value less than specified limit for 30
seconds

Fan control set to off

Biogas Transmitter Flow High Alarm

Value outside of defined deadband for
the specified delay time

Biogas Transmitter Flow Low Alarm

Value outside of defined deadband for
the specified delay time

Hazardous Area Ventilation Fan Failed
Alarm

Device commanded to run but not
running after 30 seconds

PLC Power Failed Alarm

UPS Power Failed

Rapid Mixer Failed Alarm

Device commanded to run but not
running after 30 seconds

Flocculation Mixer 1 Failed Alarm

Device commanded to run but not
running after 30 seconds

Emergency Stop Alarm

Emergency stop button depressed

NOTE: Rotate button clockwise to
release before resetting alarm.

Chemical Pump 1840 Calculation Low
Alarm

Pump cannot attain currently configured
chemical dose

Chemical Pump 1850 Calculation High
Alarm

Pump cannot attain currently configured
chemical dose

Chemical Pump 1850 Calculation Low
Alarm

Pump cannot attain currently configured
chemical dose

Chemical Pump 1810 pH High Alarm

Value outside of defined deadband for
the specified delay time

Chemical Pump 1810 pH Low Alarm

Value outside of defined deadband for
the specified delay time

Power Supply Currently Operating in
Battery Backup Mode Alarm

Main Power Failed

WAS/MIX Pump 1440 Failed Alarm

Device commanded to run but not
running after 30 seconds

Power Supply Backup Capacitor
Requires Replacement Alarm

UPS capacitor needs replacement in 2
months

WAS Mixing pH High Alarm

Value outside of defined deadband for
the specified delay time

WAS Mixing pH Low Alarm

Value outside of defined deadband for
the specified delay time

WAS/Mixing Pump 1440 Not In Auto
Alarm

Control not in auto mode

Recirculation Pump 1430 Not in Auto
Alarm

Control not in auto mode

Strainer Not In Auto Alarm

Control not in auto mode
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| Ventilation Fan Not In Auto Alarm | Control not in auto mode |

NOTE: Not in Auto Alarm: This alarm does not indicate an operational failure. It is simply
an indicator to remind the operator that a given process is under manual control.

WARNING: Equipment protection is enabled only when control is in AUTO. Operator is
responsible to protect equipment from damage when control is not in AUTO. Equipment not
operating in auto is displayed on the alarm summary screen.
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STARTUP

1. Pre-Startup Procedures

A. Electrical Installation
DANGER: All electrical connections shall be made by a qualified electrician.

B. Gravity Waste
Pumping to a line with excessive backpressure may cause instruments to back-flow or
cause sputtering from weirs or overflows. If this behavior is seen, try decreasing the
backpressure on the drain line.

ATTENTION: Do not connect process lines to field piping smaller than the sizes listed
on drawings. Doing so may cause unpredictable equipment operation, backflow and
possible flooding.

C. Open Process Connections
Open all process valves required for supply to the equipment. These are not the valves on
the equipment but field valves that may need to be opened to supply water to the
equipment.

D. Flow Control Options

1. Flocculation Basin Options
The equipment has the option to service water using one, two, or all three flocculation
basins in operation at one time. To operate with only a single flocculation basin start
by closing inlet valves DV-1631 and DV-1632. This will bypass flocculation basins
1631 and 1632. Next, use the plugs supplied with the system to plug the holes in the
divider wall located between flocculation basin 1632 and 1633. This will restrict
water from flowing backwards into the other flocculation basins. This will enable
water to flow into flocculation basin 1633

To operate utilizing two flocculation basins, first close inlet valve DV-1631 and DV-
1633. This will bypass flow to flocculation basin 1632. Use the rubber plugs to plug
the holes in the divider wall between flocculation basins 1631 and 1632. Open inlet
valve DV-1632. This will direct water flow into flocculation basin 1632 where it will
continue into flocculation basin 1633.

To operate utilizing all three flocculation basins, open inlet flow valve DV-1631,
close inlet valves 1632, 1633, and do not plug any holes between the basins. This
will direct flow into flocculation basin 1631 then through the remaining two
flocculation basins.

WARNING: All flocculation basins must be filled to the same level. Failure to
follow these directions may lead to failure of the tank bafftles.
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2.

The following chart may be used as a quick reference when configuring the
equipment. It is also recommended to use the P&ID drawing as a reference whenever
configuring flow through the equipment.

L€9L-N\d
2e9Ll-Nd
€e9L-Nd
LWoL-N\d

Number of Flocculation Basins
Utilized

€E9L8 2E9L ussmiag Jepiaig
CE9L® LEIL ussmiag Jepinid

One Basin (1633) X| X
Two Basins (1632 & 1633) X X
Three Basins X X

X

X

"X" denotes valve closed or basin plugged.

Direct Filtration Option

The equipment has the option of bypassing the settling process in order to
accommodate a direct filtration process. First, close valves DV-1632, DV-1633, and
DV-1641. Open valve DV-1634. This will allow the flocculated water to bypass the

Sedimentation Basin and flow directly into the suction side of the Ion Exchange
Pump 1710.

E. Pump Inspection

1.

Feed Pumps
Verify that each pump is aligned correctly and that the shaft rotates without binding.

WARNING: Do not run these pumps dry. Do not deadhead pumps for more than 30
seconds

2. Startup Procedures

A. Turn on main disconnect on the exterior of the container.

B.
C.
D.

o a

Turn on main disconnect on the PLC Panel

Log into HMI

Fill Bioprocess Tank 1200 using Feed Pump 1100 or by using the Potable Water
Line. Open the Feed Pump control screen and set the MODE to manual. The Manual
setpoint should be between 40% and 70%. Turn the Control to ON to begin filling the
Bioprocess tank with water.

When the Bioprocess Tank is full, turn the Feed pump control to AUTO, and set all
the open valves back to AUTO.

Next, open valves DV-1441 and DV-1454. Ensure the WAS/Mix pump 1440 has
flooded suction and turn it on using the same method as with the feed pump.

Once steady flow is achieved, set all controls back to AUTO.

Fill the membrane tank. This is achieved by opening valves DV-1436 and DV-1308.
Ensure the recirculation pump has flooded suction then turn it on using the same
method as the previous pumps.

Once the membrane tank IS FULL, SET ALL CONTROLS BACK TO auto.
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J. Fill the CIP Tank. Open DV-1314, DV-1315, DV-1318, DV-1320, and DV-1316.
Ensure that the Permeate Pump has flooded suction then turn it on using the same
method as previous pumps.

K. Fill the Floc Sed Tanks. To do this, leave all valves open as previously mentioned
except for DV-1316. Close DV-1316 and open DV-1317 and DV-1513. Using the
Permeate Pump again, you can now fill the Floc Sed Tanks. Open DV-1620, DV-
1631, DV-1632, DV-1633, and DV-1641. This will allow the Floc Basins to fill as
well as the Sedimentation Basin and Settled Water Basin. Close Floc Basin Valves as
needed for single, double, or triple basin operation.

L. Fill the Ion Exchange Column. Open either DV-1634 or DV-1650 to flood the suction
of Ion Exchange Pump 1710. Open DV-1712, DV-1721, and DV-1722 to fill the Ion
Exchange Column. Close necessary hand valves on the Floc Sed for desired
operation.

M. Using the red Utility Hose on the Potable Water Line, fill Pressure Relief Tanks 1210,
1241, and 1330 to the fill line on the tank. There is a hose attachment on each tank for
ease of filling. Hand Valves DV-1211, DV-1241, and DV-1331 will need to be
opened as well while filling. Once each tank is full, close the previously mentioned
hand valves and coil the Potable Water Utility hose back up.

N. Ensure all pump control and alarm set-points are set at desired values (pump settings,
alarm limits, sequence configurations, etc.)

O. Verify all required component controls to AUTO (feed, chemical, pumps, valves,
etc.).

P. Verify that all necessary manual valves are open/closed for servicing water.

Q. You can now put the system into production by pressing the PRODUCTION button.

EQUIPMENT OPERATION

1. Standard Operation

A. On-Board Air Supply

The Pilot Module is equipped with a stand-alone air compressor. The air compressor
(1910) is used exclusively for actuating the process valves and raw water strainer.

NOTE: If the air compressor pressure drops below 50 psig the pneumatic valves may no
longer actuate properly and the pilot module will shut down. Pressure is displayed on
PIT-1910 inside the panel.

B. Water Flow Meters
Each pump is equipped with a dedicated flow meter to measure water/gas flow in the
process. Flow values are displayed on the flow meter display as well as the HMI. These
flowmeters have been configured at the factory and no further adjustment or
configuration should be necessary

C. Pneumatic Valve Solenoids

All pneumatic valves on the filter module are controlled using the air solenoid manifold
inside the electrical enclosure. Each valve uses compressed air to open and an internal
spring to close. In addition, each valve can be manually overridden from within the
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electrical enclosure. To override a valve, insert a small flat-blade screwdriver into one of
the blue actuator “buttons™ (12 or 14) and rotate it 90° clockwise. To release, simply
rotate 90° counter-clockwise.

NOTE: Intuitech recommends that valves only be operated from the VALVES buttons in
the HMI. This manual override should only be used if necessary. Remember to
disengage the override when finished.

D. Level Transmitters

Water levels in the vessels are measured using the transmitters attached to the stainless
steel rod located in the center of each vessel (guided wave radar type).

SHUTDOWN

1. Shutdown Procedures

A. Disconnect Electrical Power
All electrical connections are to be isolated and disconnected by qualified personnel.

B. Disconnect Process Connections

All process connections (water, chemical, etc.) should be isolated and disconnected by
qualified personnel.

2. Draining Equipment

Drain all water from equipment before storage to prevent biological growth and freeze-
damage. This includes draining all filter vessels, tanks, piping, pump housings,
instruments, and opening all valves. Some unions and fittings may need to be loosened to
ensure complete drainage.

NOTE: Use caution when manually opening pneumatic valves.

Replace Storage Caps on pH Probe. During periods of storage or transportation, the
sensor cap should be filled with a pH buffer solution and placed over the sensor tip. If the
salt bridge is allowed to dry out the sensor will be destroyed. If the sensor is to be
stored for an extended period of time, the pH buffer solution in the sensor cap should be
replaced every six months.

3. Secure Loose Parts

Any loose parts should be properly secured and stored with equipment.

4. Emergency Shutdown

Emergency shutdown should be accomplished using the emergency stop pushbutton. The
emergency stop pushbutton is an electrical disconnect of all control signals, resulting in
an immediate shutdown of all equipment. The emergency stop pushbutton can be pressed
at any time.
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MAINTENANCE

1. General

All maintainable equipment is listed below, along with suggested maintenance procedures
and replacement parts. Replacement parts can be purchased through Intuitech, Inc. A
suggested maintenance schedule is provided for components that can be maintained on a
timetable. However, maintenance intervals are affected by factors such as environment,
runtime, and water quality. Operational experience is the most important factor when
formulating a maintenance timetable. The maintenance timetable in this manual is
provided as a recommendation only, actual maintenance schedules will vary by application.

2. Maintainable Equipment

A. Progressive Cavity Pump Assemblies (WAS/Mixing, Recirculation, Ion Exchange)
Motor - Mfr: Baldor, PN: M7006A, Oriental Motor PN: BH162ST-A
Coupling - Mfr: Lovejoy, PN: 685144-10406, 685144-10480, 685144-10471, 685144-

10406, 685144-65696.

Pump head - Mfr: Moyno, PN: 33304, 22002

Stator - Mfr: Moyno, PN: 330-6385-120, 330-6382-120

Maintenance information:
1. Pump head maintenance

The progressive cavity pump assemblies require a minimum amount of maintenance.
Maintenance includes routine cleaning with regular stator and coupling inspection.
Although the pumps heads look different, the maintenance procedures are virtually

identical for both pump types.
2. Coupling maintenance

The rubber spider coupling connecting the two ends of the coupling assembly
(between the pump head and motor) should be periodically checked for wear.
Replacement is necessary if excessive slop or noise is observed between the pump
and motor couplings, or if the spider coupling appears cracked or broken.

3. Stator maintenance

The progressive cavity pump stator may
need to be replaced if the pump
performance decreases. Several factors
can affect stator life, including runtime,
pump speed, water quality, etc. Over
time the pump speed will increase to
maintain the same flow rate. This is a
sign the stator is wearing. If the pump
cannot maintain the desired flow rate at
a speed of 100%, then the stator should
be replaced. Replace the stator by first
removing the four screws holding the
suction housing to the pump body (red
arrows). Set suction housing aside.

Slide old stator off the rotor and replace with new stator. Do not “unscrew” the old
stator, or “screw” the new stator into place. Simply push or pull the stator straight on-



to or off-of the rotor. (Rotating the spiral pump shaft may cause it to loosen and
become detached.) When installing the new stator make sure the edges of the stator
seal up within the groove in the pump body. Replace screws.

4. Pump Rotating Assembly Removal and Cleaning
Due to water quality and particulate matter, regular cleaning of the internal parts of
the progressive cavity pump heads may be necessary. When removing or installing
feed pumps, only remove the two screws indicated with green arrows. Do not
remove the base attached directly to the pump head (indicated with the red
arrow) at any time.

The following instructions are excerpts from the manufacturer’s service manual after
the stator removal instructions have been followed:

“To Disassemble Mechanical Seal Models
3. Remove rotor from flexible joint by turning counter-clockwise (RH thread).
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4. Flexible joint can be removed from shaft by using a 3/16 inch allen wrench in end
of joint and