Abstract
YOUNG, ANTHONY T. Tertiary Partial Denitrification-Anammox (PdNA) Filters for
Sustainable Nitrogen Removal: Pilot Scale Filter Results (Under the direction of Dr. Tarek Aziz
and Dr. Francis L. de los Reyes I11).

Concentrated discharges of nitrogen into our waterways have led to serious
environmental impacts, such as eutrophication and algae blooms. Due to these discharges,
stringent total nitrogen (TN) discharge limits have been placed on Water Reclamation Facilities
(WRFs). Mainstream deammonification offers a novel approach for improving nitrogen removal
at these facilities by harnessing anaerobic ammonia oxidizing bacteria (Anammox). However,
the success of this process has been limited. Previous research at NC State explored the
conversion of tertiary filters to mainstream deammonification filters which were shown to be
capable of an average total inorganic nitrogen (TIN) removal rate of 91%, with effluent TIN
reaching below 2 mg/L-N. However, this research suggested that nitrate loading concentrations
were the limiting factor in meeting 2 mg/L-N TIN effluent limits. Incorporating partial
denitrification (PdN), the conversion of nitrate to nitrite for subsequent use in Anammox, offers a
promising solution. The goal of this research was to explore the TIN removal capability and
feasibility of a PAN-Anammox (PdNA) filter under typical filter loading conditions, in
comparison to a conventional denitrification (FdN) filter.

Different carbon loading strategies in pilot scale filters confirmed that maintaining a
nitrate residual of >1.5 mg-N/L allowed for the highest PAN conversion efficiencies and in turn
increased Anammox activity. Furthermore, the carbon requirement (C/N ratio) of 5.1 g COD/g
TIN in pilot scale FAN was higher than the 2.08 g COD/g TIN achieved in the PANA filters,
demonstrating the cost benefits associated with mainstream deammonification and the

application of PANA. In addition to greater than 50% reduction in supplemental carbon, other



benefits include nearly 38% reduction in oxygen demand and reduction in excess sludge in
comparison to conventional BNR processes. Through this pilot study, PANA was demonstrated
to provide TIN removal efficiencies of greater than 80%. With further research, stable TN
removal at WRFs at typical filter loading rates can be achieved, and with that, the possibility for

substantial operational expenditure (OPEX) savings.
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1. Introduction

Water Reclamation Facilities (WRFs) face increasingly stringent nitrogen level
restrictions. Conventionally, WRFs utilize biological nutrient removal (BNR) as an important
secondary treatment process, which achieves nitrogen removal through a relatively resource
intensive multi-stage, nitrification/denitrification configuration (Metcalf & Eddy 2014). These
rigorous limits have led to the need for costly upgrades and operational expenses. For example,
for the Hampton Roads Sanitation District (HRSD) to meet total nitrogen (TN) limits of 5 mg/L,
capital cost estimates for upgrades to conventional processes have ranged from 125 to 150
million dollars (Bott, n.d.). For this reason, alternative methods for more cost-effective nitrogen
removal have been investigated recently. One alternative is mainstream deammonification, a
two-stage biological process which conventionally utilizes nitritation and Anaerobic Ammonia
Oxidizing Bacteria (Anammox), and offers a reduction in demand for costly supplemental
carbon and aeration controls (OShaughnessy 2016). However, major setbacks have been
encountered in its implementation. To combat these setbacks an alternative mainstream
deammonification process utilizing partial denitrification (PdN) in conjunction with Anammox
(abbreviated PANA) has been proposed to provide greater nitrogen removal efficiencies.

Biological nitrogen removal is typically performed utilizing a 4-Stage Bardenpho, or
similar process, which relies on a two-step nitrification and denitrification process. Nitrification
is a biological process that occurs under aerobic conditions and involves the oxidation of
ammonia to nitrate. Nitrosomonas and Nitrosospria bacteria oxidize ammonia to nitrite
(Ammonia Oxidizing Bacteria (AOB)) and Nitrobacter and Nitrospira bacteria oxidize nitrite to
nitrate (Nitrite Oxidizing Bacteria (NOB)) (Curtin et al. 2011). Denitrification occurs under

anoxic conditions and results in the reduction of this nitrification byproduct, nitrate, into nitrogen



gas (Curtin et al. 2011). This 4-Stage Bardenpho process achieves high levels of TN removal by
alternating between anoxic and aeration regions (Curtin et al. 2011). Conventionally, BNR
effluent is directed to secondary clarifiers, and in some cases denitrification filters, which
provide further nitrate reduction to help WRFs meet National Pollutant Discharge Elimination
System (NPDES) permit limits of <5 mg/L TN (Curtin et al. 2011). The proposed alternative,
mainstream deammonification, would replace this conventional process and would allow for
nitrogen removal through a novel PANA process.

Traditionally, mainstream deammonification relies on nitritation for the aerobic oxidation
of high levels of influent ammonia (NH3") to nitrite (NO2"). The resulting NHs" and NO>™ are
then reduced to dinitrogen gas (N2) by Anaerobic Ammonia Oxidizing (Anammox) bacteria
(OShaughnessy 2016). However, the presence of NOBs and other heterotrophic bacteria have
been a limiting factor in Anammox activity, due to a nitrite limitation that follows when NOB
are not completely out-selected (OShaughnessy 2016; Du et al. 2019b). Additionally,
fluctuations in ammonia and nitrite within the process often lead to high DO levels, domination
of NOB activity, and an overall deterioration in nitrogen removal (Du et al. 2019b). However,
PdNA has the potential to offset this nitrite limitation by allowing NO3™ reduction to NO7",
through PdN, prior to the Anammox phase. Current research has investigated ideal nutrient and
carbon loading rates for both PN and Anammox in separate bioreactors. However, there is no
research investigating whether simultaneous PANA operation within a single stage filter is
feasible at high conversion efficiencies.

Partial denitrification was discovered numerous years ago and research has since
elucidated its operation (Wang et al. 2019; Cui et al. 2017; Le et al. 2019). Recent research has

suggested that PdN, the conversion of nitrate to nitrite by the enzyme nitrate reductase, can most



successfully be achieved with acetate and glycerol as the sole carbon source (Du et al. 2019b). It
has also been established that methanol can support the PdN process; however, acetate and
glycerol have shown increased conversion efficiencies due to the utilization of unique electron
transport pathways (Du et al. 2019a). For PdN to be successful and widely accepted,
optimization of nitrate concentrations within the feed water and exogenous carbon loading would
be required to allow for a PdN phase effluent that is ideal for Anammox stoichiometry (Cao et al.
2017). With the use of domestic wastewater, it was reported that the diversity of microbial
communities involved in PdN was significantly higher than in pure cultures (Cao et al. 2017).
Denitrifiers of the genus Thaura have been identified as the key bacteria responsible for high
nitrite production in PdN reactors, with proportions of total effective sequences of up to 72.9%
being recovered in a PdN reactor in one study (Cao et al. 2017).

It should also be noted that an understanding of full denitrification (FAN) is needed to
ensure nitrate is not fully reduced to nitrogen gas, but partially converted to nitrite for use in
Anammox. The bacteria that are responsible for denitrification include Bacillus, Pseudomonas,
and Clostridium (Jenkins and Zehr 2008). This research will focus on the activities of Nitrate
Reducing Bacteria, Nitrite Reducing Bacteria, and Nitrite Oxidizing bacteria (NOB), with the
latter two ideally limited in the pilot scale reactors. Recent studies have suggested that a nitrate
residual concentration of >2 mg-N/L is the key factor in metabolic PdN selection over FdN,
rather than a 3.0 COD/NOs" ratio, which has been suggested in previous research (Le et al.
2019). Based on this same study, a COD addition of only 2.2 g COD/g TIN removed was
required for PANA (utilizing acetate), demonstrating its potential for significant exogenous
carbon savings in comparison to a conventional denitrification process, which requires 4.5 g

COD/g TIN (utilizing methanol) (Le et al. 2019). The main question surrounding PdN involves



the optimization of carbon loading to inhibit FAN and its feasibility at typical filter loading rates
of 1-3 gpm/ft2.

Anaerobic Ammonia Oxidation (Anammaox) is the biological transformation of ammonia
and nitrite into nitrogen gas via hydroxylamine and hydrazine pathways (Strous, Kuenen, and
Jetten 1999). Anammox bacteria rely on ammonium (NH4") as their electron donor and nitrite as
their electron acceptor to produce dinitrogen gas (N2). Anammox are classified as anaerobic
chemoautotrophic bacteria which bypass the nitrogen cycle and transform ammonium and nitrite
directly into dinitrogen gas (Devol 2008). Investigation into a sequencing batch reactor as a tool
to study the slow growth of Anammaox bacteria has allowed for a stoichiometric relationship to

be established for Anammox (Strous et al. 1998):

NHf + 1.32N0; + 0.066HCO; + 0.13H* - 1.02N, + 0.26N0O3 + 0.066CH,0y 5N, 15 + 2.03H,0
Equation 1-1: Anammox theoretical equation (M Strous et al. 1998)

The key takeaway from the stoichiometric relationship is the establishment of a 1:1.32
NH4* to NO; ratio. This theoretical ratio is required for ideal TN removal and for optimal
growth. However, recent research at North Carolina State University (NCSU) into Mainstream
Deammonification, concluded that a 1:1.6 NH4* to NO>" ratio, in tertiary filters was conducive to
increased Anammox performance (Polli 2019). Anammox bacteria have a special component
called the Anammoxosome, a lipid membrane that acts as a diffusive barrier that concentrates
toxic byproducts and generates a PMF that leads to ATP generation (Devol 2008). With this
morphology, Anammox bacteria have very specific growth requirements. For example, within
the genus Ca. Brocadia, temperatures between 25-45 °C and a pH between 7-8.8 are crucial for
its survival (Devol 2008). However, it is currently unknown how Anammox behaves in the
presence of exogenous carbon, whether it can handle diurnal loading, and filtration rates of 1-3

gpm/ft? that are often seen at conventional WRFs.



The goal of this study was to develop insights into the possibility of a two-stage
deammonification process within a typical deep bed filtration configuration and to determine the
reliability of performance of a PANA filter in comparison to a conventional denitrification filter.
The specific objectives were to: (1) Determine the nitrogen removal capability of the PANA
process, determine whether a PANA filter can function while operating at typical filter loading
rates, and identify key parameters to ensure performance (2) ldentify the microorganisms present
within a PANA filter and determine the relationship between community structures and nitrogen
removal and (3) Compare conventional biological nutrient removal to a PANA process using

techno-economic analysis (OPEX).



2. Materials and Methods

2.1. Experimental Setup

To determine the nitrogen removal efficiency, test carbon loading methods, and identify

microbial community structures of a PANA system, pilot scale filters were configured at the
South Durham Water Reclamation Facility (SDWRF). The SDWRF is owned and operated by
the City of Durham and consists of preliminary, secondary (Modified Ludzack-Ettinger BNR
process), and tertiary treatment; with a permitted flow of 20 MGD and peak flow of 60 MGD.
The pilot PANA filters were configured to receive secondary clarifier effluent to simulate
mainstream deammonification, and flow rates were controlled to determine whether a PANA
filter is capable of handling diurnal loading and typical filtration rates. The PANA filter (Reactor
#1) was run alongside a conventional denitrification (FAN) filter (Reactor #2). See Figure 2-1 for

images of the pilot configuration and Appendix A for the process flow diagram of the pilot.

Figure 2-1: SDWREF pilot scale filters configuration (PdNA filter on right/FdN filter on left)
Each filter had a diameter of 0.5 ft (0.15 m), utilized a total working volume of 1.18 ft3
(0.03 m®), and a 6 ft (1.83 m) bed depth. Filter media from previous research at NC State,

exploring Mainstream Deammonification, were utilized as the media for the PANA filter, while



“dirty” media from the Neuse River Resource Recovery Facility’s (NRRRF) existing tertiary
filters were utilized for the startup of the denitrification filter. The sand used in both filters
contained the attached biomass from its previous operation and had an effective grain size (d1o)
of 2.75 mm (deo=3.39 mm, dgo=3.90mm, uniformity coefficient = 1.23, and sphericity = 0.90).

An inoculum of Anammox biomass, derived from the Hampton Roads Sanitation
District’s (HRSD, Hampton Roads, VA) DEMON sidestream deammonification system’s
underdrain, was added to the PANA filter. Approximately 2800 mL of this underdrain inoculum
(VSS = 4,070 mg/L) was thoroughly mixed throughout the PANA filter media as it was added to
the filter to evenly distribute the anammox granules throughout the reactor. No inoculum was
added during the start-up of the conventional denitrification filter. This filter relied on “dirty”
media from NRRRF to supply the methanotrophs required for the start-up of a conventional
denitrification filter.

The start-up of each filter occurred at different times over the course of the pilot study,
however, both received secondary clarifier effluent from the SDWRF. The influent total
suspended solids (TSS), Dissolved Oxygen (DO), pH, and temperature of the source water
fluctuated as expected throughout the project with ranges of 2.6-187 mg/L (Avg. 7.85), 4.0-6.0
mg/L, 6.71-7.29, and 15.2-28.8 °C, respectively.

Backwashing of each filter was required due to their position in the treatment train,
following secondary clarifiers. A %2 Hp (370 W) (1725 RPM) Franklin Electric centrifugal pump
was configured for backwashing each reactor. A submersible pump and float switch allowed for
automatic backwash water re-supply from the SDWRF filter effluent channel into a 55-gallon
drum. Backwash rates and durations were initially designed for 16 gallon per minute (gpm) for 2

minutes, per minimum fluidization velocity calculations (Equation 2-1).
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Equation 2-1: Filter backwash rate calculations (American Water Works Association 2011)

Further research into biological filters called for a backwash method that focused on a
nitrogen release cycle (bumps) and backwash cycle (Hazen 2013). A Chrontrol XT4, 4 circuit
programmable timer was used to achieve this backwash cycle. Generally, a 4 gpm backwash for
15 minutes every 24 hours, with bumps every 8 and 16 hours at 4 gpm for 2 minutes was utilized
(Hazen 2013). Backwashing was adjusted as we dropped the HRT throughout experimentation to
ensure smooth operation of the filter.

Diurnal nitrogen loading also influenced the experimental design as we progressed.
Diurnal loading of nitrate into our reactors ranged from 7.86 to 12.38 mg/L NOz-N throughout a

24-hour period (Figure 2-2).

Secondary Clarifier Effluent: Nitrate (mg-N/L)

e

e el
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Time of Day

Figure 2-2: Diurnal nitrogen loading



Two separate phases of pumping configurations were utilized pre- and post-carbon
loading (Figure 2-3). During pre-carbon loading (Start-Up) to establish the Anammox
community, two peristaltic pumps were used to load the PANA reactor. A Masterflex Console
Drive peristaltic pump was used for the source water feed (secondary clarifier effluent), while a
Cole Parmer 1-100 RPM peristaltic pump was utilized to perform inline dosing of a solution of
ammonium chloride (NH4CI) and sodium nitrite (NaNO>) at targeted loading concentrations of
1:1.6 NH4* to NO2". After the Anammox community became stable (Phase 1), a third peristaltic
pump was used to load exogenous carbon into the PANA and FdN filter; Biocarb DN 70-95%
and Fisher Scientific Methanol (Certified ACS) respectively. To account for diurnal nitrogen
loading an Ismatec Reglo ICC Digital peristaltic pump was used to adjust carbon loading every

30 minutes over a 24-hour period.

Figure 2-3: Pre- and Post-carbon loading pumping configuration



Table 2-1 provides a schedule of the major operational changes throughout the pilot
project. The days of operation have been noted in addition to the reactors in service during each

phase and operational condition.

Table 2-1: Filter operation schedule

Pilot Reactors in

Schedule (Days) Phase Operation Service
Pre-COVID 19
0-15 Start-Up Anammox Startup Reactor #1
15-85 Start-Up COVID 19 Shutdown Reactor #1

Post-COVID 19
(New Day 0)-92 Start-Up Anammox Startup Reactor #1

Carbon Feed for PANA
92-143 Phase 1 & Denitrification Filter Reactor #1 & #2
Startup

Decreased Nitrite
143-168 Phase 1 Loading to PANA Reactor #1 & #2

168-220 Phase 1 Programmable Pump Reactor #1 & #2
Filter Profiles and
220-238 Phase 2 Reduction to 50 min Reactor #1 & #2
HRT

2.2. Start-Up Procedures

The filter startup phase was essential to establish a viable anammox community within
the PANA filter. The operational conditions and procedures during start-up are detailed below.
After being inoculated and filled with media, the PANA filter was operated at a 90-minute HRT
(0.50 gpm/ft?) with targeted dosages of ammonium and nitrite being loaded at a ratio of 1:1.6.
This target ratio was derived from previous research (Polli 2019), which suggested that a ratio of
1:1.6 provided for the highest Anammox activity, despite previous research suggesting that
Anammox’s pathway required a 1:1.32 NH4" to NO; ratio.

After 11 full days of loading the PANA filter at a 90 min HRT the filter required
backwashing, due to increased headloss because of high TSS loading. The filter was initially

maintained in batch mode and partially backwashed at 16 gpm for 30 seconds to minimize loss

10



of biomass. All backwash water was collected and fed back to the top of the filter. After this
initial backwash, filter operation proceeded normally until 3/19/2020 (Day 15 of Operation), and
due to COVID-19 the filter was shut down until 5/28/2020 (New Day 0 of Operation). To
maintain the filter during shutdown and to minimize loss of biomass, high levels of ammonium
and nitrite were added to the static filter at the start of the shutdown, again at a 1:1.6 NH4" to
NO- ratio. Losses and changes in performance between both start-up periods can be seen in

Figure 2-4.

100.00% 1.00

Percent Reduction (%)
—
N
.
NH4+/NO2- Ratio

-50.00% 0.00

Date

A NH4+/NO2- @ NO3 NO2 @ NH4
Figure 2-4: Post COVID-19 shutdown performance
As a result of the shutdown NOB activity dominated the Anammox community. It was
clear the community assembly was altered due to a sudden decrease in ammonia percent removal
while maintaining high nitrite percent removal, which indicated limited Anammox and increased
nitrite oxidation. However, the PANA reactor was re-established after the shutdown and the
initial focus was on the re-establishment of the Anammox community. As performed in previous

research, tiered HRTs were used to establish enough biomass for sufficient nitrogen removal by

11



Anammox bacteria (Polli 2019). Anammox activity was continually benchmarked by taking into

account nitrite and ammonia removal. Due to the inherent presence of NOB and AOB in an

aerobic environment, not all of this initial removal could be attributed to Anammox, however,

monitoring influent and effluent nitrogen species provided feedback on the filter performance.

Once 50% nitrite and ammonia removals were achieved, the reactor was operated at the next

lower HRT, following the schedule shown in Table 2-2.

Table 2-2: Filter start-up loading schedule

Filter Loading Rate

HRT (min) Q (L/min) (gpm/it)
90 0.37 0.50
66.7 0.50 0.67
50 0.67 0.90

To troubleshoot potential factors that promote NOB, an investigation of influent DO and

filter nitrogen profiles was conducted. The DO of 6.0 mg/L entering the filter (in the secondary

clarifier effluent), indicated that the high DO was the main cause of NOB favorability over

Anammox. To resolve this problem, carbon feed was started on day 85 to allow for heterotrophic

DO reduction and ensure carbon availability for the PAN community.

Prior to beginning carbon feed the Anammox activity was declining. However, Phase 1

allowed for the Anammaox bacteria to outcompete NOB/AOB and dominate the community

assembly within the reactor.

2.3. Phase 1: Exogenous Carbon Addition

Exogenous carbon loading became crucial to the success of the PANA reactor and the

start-up of a conventional denitrification filter. Biocarb DN 70-95% (Suffolk Industrial

Chemicals, Virginia), a glycerin-based carbon source, was dosed into the PANA filter, while

methanol (Fisher Scientific, Certified ACS) was loaded into the denitrification filter. Each of

these chemicals were diluted with 15 gallons of SDWRF filter effluent and dosed into the
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corresponding reactor. Carbon loading into the PANA reactor was based on a C/N(removed)
ratio of 2.50 COD/NOs"-N and maintained at least 1.5 mg-N/L of nitrate residual (Table 2-3).

Carbon loading for the denitrification filter was based on the parameters listed in Table 2-4.

Table 2-3: Target PANA carbon design parameters (50 min HRT)

Parameter Value Unit
Influent Flow 670 mL/min

INitrate Reduction 4.80 mg-N/L

2Carbon Feed Rate 19.04 mL/min
COD Concentration 11.96 mg (COD)/L
COD Mass Loading 36.28 mg (COD)/min
Nitrate Mass Loading 14.55 mg (NOs™-N)/min
COD/ NOs™-N Ratio 2.50 -

*Includes 1.5 mg-N/L nitrate residual (Based on influent nitrate of 6.30 mg-N/L)
2 Average carbon feed rates (Variable flow to meet diurnal loading)
8 Carbon loading adjusted for wasted COD to remove DO (DO=5.0 & Heterotrophic Yield

for Substrate=.54mgCOD/mgCOD)

Table 2-4: Target FdN filter design parameters (50 min HRT)

Parameter Value Unit
Influent Flow 670 mL/min

INitrate Reduction 4.50 mg-N/L

2Carbon Feed Rate 19.13 mL/min
COD Concentration 23.62 mg (COD)/L
COD Mass Loading 71.65 mg (COD)/min
Nitrate Mass Loading 13.71 mg (NOs-N)/min
COD/ NOs™-N Ratio 5.23 -

TIncludes 1.0 mg-N/L nitrate residual for anoxic conditions (Based on influent nitrate of
5.52 mg-N/L)*Average nitrate decreased further into experimentation.

2 Average carbon feed rates (Variable flow to meet diurnal loading)

3 Carbon loading adjusted for wasted COD to remove DO (DO=5.0 & Heterotrophic Yield

for Substrate=.40mgCOD/mgCOD)

Carbon loading into each reactor was initially achieved via a single peristaltic pump, with
a separate line feeding each filter. However, due to diurnal loading there were periods where
suboptimal carbon loading occurred (less than 2 mg-N/L of nitrate residual was thus maintained

within the PANA reactor). To adjust for diurnal loading, a digital peristaltic pump (Ismatec Reglo
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ICC Digital Peristaltic Pump, Cole-Parmer, Connecticut) was configured, with a Raspberry Pi
(Raspberry Pi 4, CanaKit, Oregon) and pySerial python program (Liechti 2017), to load carbon

into each reactor on a 24-hour schedule with adjustments in the continuous feed (ml/min) every

30 minutes. Both filters received separate carbon loading dosed directly into the headwater of

each reactor, following the filter loading schedule in Table 2-5.

Table 2-5: Exogenous carbon filter loading schedule

. . Filter Loading Rate
HRT (min) Q (L/min) (gpm/ft?)
50 0.67 0.90
375 0.89 1.20

2.4. Phase 2: PANA Feasibility at Typical Filter Loading Rates

After reaching a filter loading rate of 1.20 gpm/ft? (0.82 L/m?s) the next step was to

determine whether the filter could handle typical filter loading rates of 2.90 gpm/ft? (1.97 L/m?s)

and typical nitrogen mass loading, with a target filter loading schedule (Table 2-6).

Table 2-6: Target filter loading rate schedule

HRT (min) Q (L/min) F"ter(lg-s;o/l]i(;? Rate
375 89 120
25 1.33 1.80
155 2.16 290

At a filter loading rate of 1.20 gpm/ft? both reactors began to experience increased

headloss and visual caking was observed on the surface of the media. Instead of proceeding to a

target filter loading rate of 2.90 gpm/ft? the filter loading rate was instead reduced, and profile

measurements were performed on each filter. These profile measurements provided indications

of performance at different HRTSs, simulated increased filter loading, and allowed for a

comparison with typical filter loading configurations. The actual loading schedule and filter

profile details are shown in Table 2-7 and Table 2-8 respectively.
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Table 2-7: Actual PANA filter loading rate schedule

. . Filter Loading Rate
HRT (min) Q (L/min) (gpmiftd)
375 0.89 1.20
50 0.67 0.90

Table 2-8: PANA and FdN filter sampling ports and equivalent flows during profile measurements

Location HRT (min) Q (L/min) Loading Rate (gpm/ft?)
Headwater 0.0 0.00 0.00
Port 1 8.3 4.00 5.39
Port 2 16.7 2.00 2.69
Port 3 25.0 1.33 1.80
Port 4 333 1.00 1.35
Port 5 41.7 0.80 1.08
Port 6 50.0 0.67 0.90
Effluent 50.0 0.67 0.90

After both filters” HRTs were increased to 50 minutes, the profiles performed on each
filter followed the following schedule. The PANA filter was sampled via Influent, Headwater,
Port 1, and Port 3 composite sampling (nitrate, nitrite, ammonia, and COD). The Denitrification
filter was sampled via Headwater, Port 1, and Port 5 composite sampling.

2.5. Analytical Measurements

The pilot scale filters were sampled over 9 months; Hach Kits (Hach, Colorado) were
used, using their associated standard methods. On average, influent-effluent liquid sampling was
performed 3 times a week. Upon introduction of carbon loading, sampling was expanded to
influent-headwater-effluent sampling. All samples were filtered through 0.45 um nylon syringe
filters and processed using the following Hach Kits and their associated standard methods;
Ammonia TNTplus 830, Nitrite TNTplus 839, Nitrate TNTplus 835, and COD Digestion Vials
(TNT821). Furthermore, for sSCOD measurements USEPA Reactor Digestion Method 8000 was

used for determining sSCOD concentrations in each reactor. While performing nitrate and sCOD
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measurements, to account for nitrite interference in samples with nitrite concentrations above 1
mg/L-N, 50 mg of sulfamic acid was added to 5.0 mL of sample (Hach 2020). Preliminary
TSS/VSS measurements on Anammox inoculum were performed by heating samples at

105 °C/550 °C per SM-2540 (Baird, Eaton, and Rice 2017). Dissolved Oxygen (DO)

measurements were performed using a portable Orion Star™ meter (Thermo Scientific,

Massachusetts).

2.6. Sampling for Molecular Analysis of Microbial Communities

Immediately following the shutdown of both filters a representative profile of filter media

was collected and processed to separate the biofilm from the media (Table 2-9).

Table 2-9: Filter media subsets for molecular analysis

Sample ID Sampling Profile
PdNA-1 0.0-05f1t
PdANA-2 0.5-1.0ft
PANA-3 1.0-15ft
PdNA-4 1.5-2.0ft
PANA-5 20-25ft
PANA-6 25-3.0ft
PANA-7 3.0-3.75ft
PdNA-8 3.75-4.51t
PdNA-9 45-6.0ft
FdN-10 0.0-6.0ft

To detach and suspend the biomass, four 1.5 mL microcentrifuge tubes were filled with
dirty media and 0.25 mL of deionized water (DI), per representative profile level. These tubes
were placed in a bead beater (MP Biomedicals™ FastPrep-24™, California) at 4.0 M/s for 40

seconds, then each of these microcentrifuge tubes were flushed into a single 50 mL plastic

centrifuge tube and washed with 1.5 mL of DI. The 50 mL tube was then vortexed for 2 minutes

on the Vortex-Genie 2 (Level 9). The supernatant was then poured into another 50 mL tube and
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the previous tube (now containing just media) was then washed with approximately 5 mL of DI
and vortexed for 30 seconds, then the liquid was collected. This process of washing with DI,
vortexing, and liquid collection was repeated one more time. Following this the liquid was
centrifuged (Thermo Scientific, Massachusetts) at 3260 rpm at 2°C for 5 minutes. After these
procedures, the media was visually identical to clean media and both the media and the liquid
were frozen at -80 °C.

DNA was extracted from the separated biomass, using the DNeasy PowerBiofilm kit
(Qiagen, Maryland). Subsequently, Polymerase Chain Reaction (PCR) inhibition was tested by
performing PCR using 338F (50-ACTCCTACGGGAGGCAGCA-30) and 806R (50-
GGACTACHVGGGTWTCTAAT-30) (Cao et al. 2017). Agarose gel electrophoresis was used
to determine the quality of the DNA amplicons. Genomic sequence libraries will be generated
using lllumina MiSeq, according to the MiSeqTM 63 Reagent Kit Preparation Guide. Microbial
community analysis will include measuring diversity indices, and principal coordinate analysis
(PCoA) (Myung et al. 2015).

2.7. Techno-Economic Analysis (OPEX)

Techno-economic analysis was performed using data from the pilot study to compare the
following secondary treatment processes: 3-Stage Phoredox (A?/O) configuration, coupled with
denitrification filters and A%/O with post-anoxic PdN (3-Stage Modified Ludzack Ettinger),
coupled with Anammox filters. Information from Hazen and Sawyer final engineering reports
was utilized to gather typical infrastructure and O&M costs associated with typical BNR systems
(Hazen 2019). The influent characterization and recurring costs utilized within the Techno-

Economic Analysis are shown in Table 2-10 and Table 2-11.
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Table 2-10: Influent characterization

Parameter Value
Flow 16 mgd
cBOD 200 mg/L
TKN 40 mg/L
Ammonia 26 mg/L
Nitrite 0 mg/L
Nitrate 0 mg/L

Table 2-11: Cost basis

Parameter Value

1Glycerol 2.25 $/gal

Methanol 1.50 $/gal
NC Electricity Rate .0866 $/kWh

LApproximate carbon costs (Bilyk 2011)
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3. Results & Discussion
3.1. Start-Up and Resilience

Due to the COVID-19 pandemic and related shutdowns, limited access to the SDWRF
was allowed resulting in a shutdown 16 days after the initial start-up. Prior to shutdown, while
operating at a 90-min HRT, the PANA filter was able to achieve a 95% decrease in NO; and
97% decrease in NH4" (Table 3-1). In addition to monitoring NO2 and NH4", an Anammox
activity parameter was established to give insight into the status of the Anammox community
within the PANA reactor during startup. This equation was used throughout the pilot study to
monitor the system and relies on the assumption that all decreases in NO2 and NH4" can be
attributed to Anammaox. This assumption allows for a rough theoretical Anammox activity to be
calculated assuming no other metabolic processes are occurring within the reactor, despite the

presence of AOB, NOB, and nitrate/nitrite reducing bacteria (Equation 3-1).

(INF.NH} + INF.NO;) — (EFF.NH; + EFF.N0O;)
(INF.NH} + INF.NO;)

Anammox Activity =
Equation 3-1: Anammox activity equation
In addition to monitoring filter influent and effluent nutrients during this initial start-up
period, the source water was also analyzed to verify the nutrient loading configuration and to
provide some preliminary analysis of the secondary clarifier effluent. Filter composite sampling

preceding the shutdown of the reactor demonstrated 96% Anammox activity (Table 3-1).

Table 3-1: Pre-COVID-19 shutdown performance

Sampling NO2 NOs NH4* Anammox
Location (mg-N/L) (mg-N/L) (mg-N/L) Activity (%)
Source Water 0.011 6.62 0.03 -
Filter Influent 6.74 6.56 3.85
Filter Effluent 0.33 79 0.11 95.85
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A summary of the nutrient removal during the initial start-up period has been provided in

Figure 3-1 and Figure 3-2. The quick decrease in filter effluent NO2"and NH4" demonstrates the

rapid Anammox accumulation following filter inoculation.
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This initial start-up period demonstrated the effectiveness of an Anammox inoculum and
its ease in implementation (Polli 2019). Following 16 days of targeted nutrient loading ata 1:1.6
NH4* to NO;  ratio, steady Anammox activity was achieved at a 90 min HRT. However,
following the 70-day shutdown of Reactor #1, the filter was restarted (New Day 0) at a 90 min
HRT and preliminary sampling showed that the Anammox activity had dropped to 43%
immediately following startup. The PANA filter was operated under decreasing tiered HRTSs to
re-establish the Anammox community and the performance was monitored up until the start of

carbon loading (Figure 3-3).
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Figure 3-3: Post-COVID nutrient performance (New day 0)
Along with reduced Anammox activity, an immediate nitrite percent reduction of >99%
was sustained throughout the tiered HRT loading, while ammonia percent reduction was an
average of 45% throughout the tiered HRT startup period (Figure 3-4). With nutrients being

loaded at an ideal 1:1.6 NH4* to NO5™ ratio, this reduced ammonia oxidation in relation to nitrite
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utilization as the electron acceptor, indicated that the Anammox community within the reactor
was dominated by NOB, which resulted in the system becoming nitrite limited. However, despite
the presence of NOB, prior to each reduction in HRT the filter was able to achieve >50% nitrite
and ammonia reductions, which was our internally established criteria for the shift to the next
HRT. The key takeaway from the shutdown and eventual restart of the pilot was the resilience of
the Anammox community. Despite being outcompeted for nitrite by NOB, there was still
evidence of Anammox activity within the filter. Nitrate production and ammonia oxidation past
the capability of trace nitrification, due to a DO limitation, meant that some ammonia removal
could be attributed to Anammox. The Anammox filter, dosed only at the start of shutdown and
operated in batch mode, was able to be restarted with a relatively short time to significant
nitrogen removal efficiencies. This demonstrated the resilience of Anammox bacteria and

provided an unintended stress test for an Anammox filter.
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Figure 3-4: Post-COVID % reduction and Anammox activity (New day 0)
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Based on Figure 3-4, clear trends were established with reduced HRTs and TIN removal.
Progression towards the next HRT (increased filter loading rate) resulted in a reduced Anammox
activity and subsequently TIN removal. After further investigation, these reductions in filter
performance, specifically in anoxic ammonia oxidation, were linked to the filter influent’s high
concentrations of DO. A profile of DO concentrations, in relation to filter depth, was performed
to link the nitrogen removal to DO reduction along the filter. The DO profile (top 3-ft, Table
3-2), shows the potential for 3.51 - 5 mg/L of DO reduction occurring within the first 1 ft of filter

media, indicating that nitrification was occurring in the top portion of the reactor.

Table 3-2: DO profile

Sampling Location (ng(/)L)
Headwater 546
Port 1 1.95
Port 2 1.92
Port 3 1.98

Assuming a nitrogenous oxygen demand (NOD) of 4.6 mg O /mg NH3 (NCDEQ 2014),
it was expected that 0.76 - 1.09 mg NHs/L removal could be attributed to nitrification, not
including NOB activity and the probable oxidation of nitrite through this pathway. With multiple
biological pathways possible the way to ensure Anammox was proceeding under ideal nitrite and
ammonia loading conditions was to eliminate the DO and as a result any AOB and NOB activity
in the reactor. To address this problem, exogenous carbon loading was required to provide
heterotrophic DO reduction. Assuming a heterotrophic yield for substrate of .54 mg COD/mg
COD for use of glycerol, it was estimated that .011 Ib-COD/day (in exogenous carbon) was
required to provide adequate DO reduction, which began in Phase 1 of this pilot study.

Another factor that affected the start-up of the reactors was the backwashing strategy and

overall logic behind the backwashing protocol. Initially, the filters were backwashed upon a

23



noticeable buildup of headloss (approximately 3 ft of headloss). A backwash based on minimum
fluidized bed velocity was implemented to minimize this headloss. Backwashing in this high
flow-low duration scheme resulted in noticeable reductions in performance, with a nearly 10%
reduction in observed Anammox activity signaling that a backwash designed for non-biological
filters was suboptimal. The pre- and post-backwash Anammox activity (Table 3-3) of two

backwash cycles showed the significant decrease in Anammox activity.

Table 3-3: Anammox activity reduction from high flow backwash

Occurrence Pre-Backwash Post-Backwash
Anammox Activity Anammox Activity
Full Backwash 97.12% 87.28%
Full Backwash 90.90% 81.95%

To adapt for an attached growth system, an alternative backwashing scheme commonly
used for denitrification filters was utilized. This backwash scheme consisted of nitrogen release
and full backwash cycles, under a low flow (4 gpm) condition which allowed for reduced
biomass stripping and had no significant impact on the nitrogen removal efficiency of the filters.
Once a 50 min HRT was achieved backwashing consisted of a nitrogen release cycle every 8
hours (4 gpm for 2 min) and a full backwash cycle every 24 hours (4 gpm for 15 min). No
significant reductions in Anammox activity were noticed immediately following backwash

cycles, while adhering to this new backwash schedule (Table 3-4).

Table 3-4: Anammox activity impact from alternative backwash scheme

Occurrence Pre-Backwash Post-Backwash

Anammox Activity Anammox Activity
Alternative Backwash Scheme (Day 67) 82.52% (Day 67) 79.91% (Day 69)
Alternative Backwash Scheme (Day 69) 79.91% (Day 69) 87.77% (Day 71)

24



3.2. Phase 1: Exogenous Carbon Addition

The addition of exogenous carbon in this study, to achieve PANA and reduced DO,
allowed for new insight into mainstream deammonification and the role of PN and Anammox
bacteria in the process. On day 92, the introduction of Biocarb DN 70-95% to the PANA filter
allowed for a clear shift in the biological community of the PANA reactor (From Anammox to
PdNA). Upon exogenous carbon addition a steady drop in effluent nitrate concentrations was
observed along with a sudden spike in effluent nitrite. The immediate nitrate reduction was
expected, however, the spike in nitrite observed offered insight into the community assembly of

the filter prior to exogenous carbon addition (Figure 3-5).
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Figure 3-5: Exogenous carbon effect on biological nutrient removal

This sudden fluctuation in nitrite removal can be attributed to the presence of NOB in the
filter prior to heterotrophic DO reduction. This clear shift from nitrite oxidation to nitrite use as
an electron acceptor via Anammox signaled that NOB, were no longer dominating the Anammox
community within the reactor. It is also likely that the nitrite spike signified initial PAN (NO3" to
NOy), followed by a decrease in nitrite once the nitrite reducing bacteria community became
established by using residual carbon not consumed by nitrate reducing bacteria. However, the
only pathway for ammonia removal within the reactor was through Anammox. With a sudden

increase in ammonia removal, seen in Figure 3-5a, it was clear Anammox was no longer being

25



outcompeted. A significant portion of the carbon loading was performed under a 50 min HRT
and used a backwashing cycle of nitrogen release and full backwashes (described in Section 3.1).
Within Phase 1 of experimentation (Under a 50 min HRT), the study was divided into 3
distinct operational conditions: 1.) Loading a target 1:1.6 (NH4* to NO>™ ratio) while targeting a
nitrate residual of 1.5-2.0 mg-N/L, 2.) Decrease in exogenous nitrite, and 3.) Programmable
pump configuration to meet diurnal loading. Figure 3-6 visualizes the 3 distinct operational

conditions and compares the influent and effluent nitrogen concentrations.
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Figure 3-6: PANA nitrogen species (Influent and effluent sampling)

Throughout the course of experimentation, fluctuations in influent nitrate made it difficult
to target a 2.0 mg-N/L nitrate residual, which has been indicated in previous research to provide
the highest PN conversion efficiency, with FAN occurring when nitrite residuals reach 1.1 mg-
N/L and carbon is overloaded (Le et al. 2019). Based on the general trends observed above, with

increased effluent nitrate it often meant increased anoxic ammonia oxidation. At the start of the
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decreased nitrite condition, the filter operation led to improved TIN removal and even greater
improvements began with the use of the programmable pump. Specifically, improvements in
ammonia removal and nitrate residual maintenance helped to stabilize TIN removal. Figure 3-7
further investigates the differences in the nutrient species under each operational condition and is
accompanied by Table 3-5 and Table 3-6, which compare the median influent and effluent
concentrations under each of these operational conditions. Median values were compared due to

the tendency for influent and effluent concentrations to be skewed because of diurnal loading.
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Figure 3-7: PANA influent/effluent sampling histograms

Table 3-5: Median influent nutrient concentrations during each phase

Influent
High Nitrite Decreased Programmable
Loading Nitrite Loading Pump
Nitrate (mg-N/L) 7.73 7.69 6.95
Nitrite (mg-N/L) 3.88 0.85 0.90
Ammonia (mg-N/L) 3.78 2.36 2.39

27



Table 3-6: Median effluent nutrient concentrations during each phase (Percent removal)

Effluent
High Nitrite Decreased Programmable
Loading Nitrite Loading Pump
Nitrate (mg-N/L) 3.86 (50.0%) 1.97 (74.4%) 1.76 (74.7%)
Nitrite (mg-N/L) 0.0170 (99.6%) 0.0025 (99.7%) 0.0055 (99.4%)
Ammonia (mg-N/L) 1.61 (57.4%) 0.96 (59.3%) 0.802 (66.5%)

The median effluent nitrite concentrations were stable throughout each of the operational
conditions. However, improvements were seen in maintaining a 2.0 mg-N/L nitrate residual as
the operational conditions progressed. With a median nitrate residual of 3.86 mg-N/L, under the
high nitrite loading condition, a 1.61 mg-N/L median effluent ammonia concentration was
achieved, which is only a 57.4% reduction. Assuming a 1:1.6 (NH4" to NO ratio), under ideal
Anammox activity, a median effluent ammonia concentration of 1.46 mg-N/L was expected,
when relying only on exogenous nitrite during this high nitrite loading condition. This nearly
identical effluent ammonia concentration indicated that all the ammonia removal could be
attributed to exogenous nitrite addition and signaled a low PdN conversion efficiency, which was
expected during initial loading conditions, due to the recent start-up of the PAN community.

Immediately following decreased influent nitrite loading, ammonia removal attributable
to PdN nitrite accumulation was clearly differentiated from that due to exogenous nitrite use.
With a median influent nitrite concentration of .85 mg-N/L and a median ammonia removal of
1.40 mg-N/L, at a 1:1.6 NH4" to NO;> ratio only .53 mg-N/L of the anoxic ammonia oxidation
could be attributed to exogenous nitrite, while .87 mg-N/L could be attributed to nitrite
accumulation via PdN. The same trend was seen when the programmable pump was used. Again,
with a median influent nitrite concentration of .90 mg-N/L and a median ammonia removal of
1.4 mg-N/L at a 1:1.6 NH4" to NO ratio only .53 mg-N/L of ammonia removal could be

attributed to exogenous nitrite, while 1.06 mg-N/L could be attributed to a nitrite accumulation
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via PdN (Figure 3-8). With this increased ammonia removal, in part due to increased PN
activity and the use of a programmable pump, it is clear operational controls and enhanced

metering of supplemental carbon loading is key to an efficient PANA reactor.
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Figure 3-8: PANA filter dynamics with programmable pump

Based on the influent and effluent nitrogen species, it is apparent PAN and Anammox
were occurring in a single stage filter and contributing to a >50% TIN removal. The oxidation of
ammonia under anoxic conditions meant Anammox was present. The anoxic oxidation of higher
levels of ammonia than allowed by supplemental nitrite addition meant that nitrite was being
produced through PdN. Additionally, as time progressed and operational controls were
established to match the demands of PANA, the filter’s nutrient removal capability increased
from phase to phase of operation. To further quantify nitrite production and ammonia percent
removal attributed to the PdN pathway, the following equations were developed:

Nitrite Productionrpeoreticat pay = [UNF.NHf — EFF.NH}) X 1.6] — INF.NO;
Equation 3-2: Nitrite production (Theoretical PdN)

INF.NH} — EFF.NH}

NHI % Removal(mﬂerall Anammox Pathway) — INF.NH x 100%
. 4

Equation 3-3: Overall ammonia percent removal (Anammox activity)

INF.NH} — (%M — Eff.NH}

INF.NH}

NH; % Removalyormatizea) = x 100%

Equation 3-4: Ammonia percent removal excluding exogenous nitrite contribution (PdN)
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Utilizing these indices to quantify and separate the two phases of the PANA process
allowed for insight into the specific activity of each process within the reactor. More importantly
with PANA functioning within a single stage filter the only nutrient representative of absolute
Anammox activity is ammonia, which under anoxic conditions can only be oxidized via the
Anammox pathway. Hence, in a single stage PANA filter with supplemental carbon loading,
Anammox activity is equivalent to ammonia percent removal. Furthermore, to determine how
much of the Anammox activity could be attributed to PdN, exogenous nitrite additions were
normalized via the 1:1.6 NH4" to NO>™ ratio and were ultimately used to determine the influence
of PAN in ammonia removal. Figure 3-9 explores the relationship between nitrate residual and

the three indices described above.
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Figure 3-9: PANA performance indices comparison
NH4* percent removal plot: White line represents PdN contribution to Anammox (Equation 3-4)

Based on these performance indices, after 40 days of carbon loading stable nitrite

accumulation was achieved and indicated the establishment of the PAN community. During each
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subsequent phase of the 50 min HRT filter operation the nitrite production, and as a result
ammonia percent removal, gradually improved. At the start of the decreased exogenous nitrite
condition on average nearly 60% of the total ammonia percent removal could be attributed to
nitrite accumulation via PANA. Overall, the PANA performance culminated in 2.61 mg-N/L of
nitrite production (63% conversion efficiency; neglecting residual nitrate) and an 87% ammonia
percent reduction. To further investigate the relationship between each biological process within
the PANA filter, the various removal and generation pathways of TIN were compared. Figure

3-10 compares these biological pathways during each operational condition at a 50 min HRT.

Process Removal Process Generation
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Reduced Nitrite -

Carbon Feed = High Nitrite -
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Il ~mmonia Removal (Via Pan Nasite Production) [l Exogencus HOZ-  Narate Production (AN I narite Production (PaN)

Figure 3-10: PANA median nitrogen specie generation and removal
The relationships demonstrated above signalize a shift in the community assembly as the
operational conditions progressed, from no ammonia removal via PdN nitrite accumulation
(Figure 3-10b) to a median of nearly 1 mg-N/L towards the end of Phase 1. An increase in
ammonia oxidation due to Anammox, via PdN nitrite accumulation (Figure 3-10b), was also
noticed as the project proceeded and PdN was able to achieve a median nitrite accumulation

(Figure 3-10e) of 2 mg-N/L while using a programmable pump and its increased carbon control.
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Based on Figure 3-9 and Figure 3-10, Anammox became less dependent upon NOB out-
selection under the anoxic conditions in this phase of the study and more dependent upon PdN
conversion efficiencies and avoiding nitrite reducing bacteria. The accumulation of nitrite by
PdN for use by Anammox was found to be achieved independent of Anammox activity.
Additionally, the fact that this study demonstrated periods of full denitrification, with high nitrate
removal (Nitrate Residual <1 mg-N/L), followed by periods of PdN proves that this process has
enough flexibility to meet numerous loading conditions with robust recovery of either
community. The operation of a PANA filter could rely upon periods of FAN or PdN and can
allow for refinement in effluent quality depending upon the desired nutrient loading and
upstream processes (Le et al. 2019).

Previous research had suggested that maintaining a Nitrate residual of >2.0 mg-N/L
resulted in the highest PAN conversion efficiencies (Le et al. 2019). To further study this and to
determine whether there was a relationship between nitrate residual concentrations and the
normalized ammonia percent removal, a linear model was fit to the data when a programmable
pump was used and the filter was operated at a 50 min HRT. A log transformation was

performed on the x-variable (residual nitrate) to help better fit the model. (Figure 3-11)
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Figure 3-11: Nitrate Residual versus ammonia removal rate (normalized) with programmable pump
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The plot on the left of Figure 3-11, utilizes geom_smooth to help aid in identifying trends
in the raw data, while the plot on the right compares the linear model results to the raw data.
Additionally, the residual nitrate was split into 2 separate categories depending on the residual
concentration. Based on the linear model estimate the R-squared implies that 68.7% of the
change in ammonia removal can be accounted for by a change in nitrate residual. Additionally,
the relationship between nitrate residual and the normalized ammonia removal is statistically
significant (p= 0.01). More specifically, based on the boxplots in Figure 3-11, with a consistent
carbon feed, a nitrate residual of >2.0 mg-N/L (only 3 data points) resulted in increased ammonia
percent removal via Anammox, due to increased PdN conversion efficiencies and increased

nitrite production, which can be seen in Figure 3-12.

Residual Nitrate vs. Nitrite Production: Programmable Pump (50-min HRT)
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Figure 3-12: Nitrate residual versus nitrite production (mg-N/L) with programmable pump (Bands represent 95% CI)
While performing this same comparison over the entire duration of Phase 1 there was no
statistically significant relationship between these variables, however, noticeably low nitrite
production and subsequently low ammonia removal rates were achieved under FAN conditions
(<1 mg-N/L nitrate residual), due to nitrite reduction. Conversely, at nitrate residuals >3.5 mg-
N/L, nitrite production and ammonia removal rates were also reduced due to a lack of carbon for

PdN. As seen in Figure 3-13, stable nitrite production and normalized ammonia removal was

achieved with a nitrate residual of >1.5 mg-N/L in this study.

33



(]
'

Nitrite Production (mg-N/L)
— %]

o
L]
L]

=1
=
|

=
=~
on

=
P
o

NH4 Removal Rate {Normalized)
o
(=}

g

=1

=
'

: 1I Nitrate Residual (mg-sm :
Figure 3-13: Nitrate residual versus parameters over Phase 1 (Bands represent 95% CI)

Optimization of supplemental carbon loading and even upstream control strategies to
allow for ideal influent loading conditions will be necessary to maintain a >1.5 mg-N/L nitrate
residual, which is key to high PdN conversion efficiencies, despite previous research suggesting
a need for >2.0 mg-N/L nitrate residual (Le et al. 2019). A further challenge this system faces is
the fact that Anammox rates have been noted to change seasonally, with a dependence on
biomass retention, temperature, PdN efficiency, and nutrient loading conditions (Le et al. 2019).
With several variables influencing the PANA filters performance it should be noted that
separating these processes into a suspended PdN phase and an Anammox filter phase could reap
the benefit of enhanced nutrient conditioning, with ideal Anammox stoichiometry generated
within the PdN phase, and even greater monitoring and flexibility within each separate reactor.

As noted in Section 1, glycerol has been shown to perform PdN at higher conversion
efficiencies in comparison to methanol (Du et al. 2019a), however, the pitfall is its higher cost.

Along with the high cost of glycerol, it can also be stored intracellularly, which means carbon

loading strategies must be designed to avoid overloading the community and instead pushing
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towards FAN (Du et al. 2019a). As mentioned previously, two reactors were operated at the
SDWRF and as a result allowed for a feasibility comparison between both filters. Again,
methanol was used for the FAN filter and glycerol was utilized for the PANA filter.

Within this study, PANA C/N(removed) ratios proved the viability of the system. When
compared to reported methanol FdN ratios of 5.19 g COD/g TIN assuming a 0.45 g COD/g COD
(Mokhayeri et al. 2009), and our pilot denitrification ratios of 5.1 g COD/g TIN, PdNA ratios of
2.08 g COD/g TIN looked to be ideal. PANA especially looked advantageous when comparing
theoretical glycerol FAN C/N ratios of 6.35 gCOD/gNO3-N assuming a .55 gCOD/gCOD (Bill,
Bott, and Murthy 2009), to our PANA ratio of 2.37 gCOD/gNOz-N. These >50% reductions in
supplemental carbon requirements offered by the PANA system at nearly equivalent removal
rates demonstrates the viability of the process. Figure 3-14 compares time series data from each

reactor and demonstrates the carbon savings associated with PANA over FdN filters.
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Figure 3-14: FdN vs. PANA filter performance in carbon loading (Bands represent 95% CI)
The limiting factor to increased PANA TIN removal efficiencies is the need to maintain

a >1.5 mg-N/L nitrate residual. This requirement and nitrate production from Anammox results
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in slightly less nutrient polishing. Additionally, throughout experimentation exogenous nitrite
and ammonia were only being added to the PANA filter, which had an adverse effect on TIN
percent removal of the PANA system when comparing it to the FdN filter. However, for the
PdNA process, with an expected COD for NO3z™ to NO2™ conversion ratio (JCOD/g NO3-N) of
2.5, with glycerol (Bill, Bott, and Murthy 2009), the same C/N ratio was expected within the
PdNA filter. However, a C/N ratio of 2.37 gCOD/gNOs-N was achieved and thus on average,
overdosing was not noticeable while maintaining comparable TIN removal efficiencies. Prior to
utilizing a programmable pump there were days when overdosing was noticeable in terms of
nitrate residual. The fact that this variable dosing did not adversely affect the operation of the
PdNA filter shows the resiliency of the system and potential to operate a PANA filter in alternate
PdN/FdN schemes depending on influent characterizations. Overall, these reductions in C/N
ratios during ideal carbon loading (at a 50 min HRT, 0.90 gpm/ft? filter loading rate),
demonstrated the feasibility of a PANA system in comparison to a conventional denitrification
filter, which overall allows for >50% COD utilization savings.

The main goal in comparing a FAN to PANA filter was to determine the nitrogen removal
capability of a PANA filter in comparison to a conventional FdN filter. However, due to
infrastructure constraints during this pilot, full-scale pilot testing and long-term real time testing
will be needed to further confirm the correlation between lower C/N ratios in PANA operation

compared to FAN operational conditions at typical filter loading rates.

36



3.3. Phase 2: PdNA Feasibility at Typical Filter Loading Rates
With carbon loading established within both filters the next phase of research focused on
determining whether a PANA filter could function at typical filter loading rates (in gpm/ft?). The
main goal was to reduce the HRT of each reactor with a target filter loading rate of 2.9 gpm/ft2.

Initially the schedule provided in Table 3-7 was followed to gradually reach these loading rates.

Table 3-7: Typical filter loading rate schedule

HRT (min) Q (L/min) F"ter(;;;%g Rate
375 89 120
25 133 1.80
155 2.16 290

Immediately following an increase in the filter loading rate of Phase 1, the filter began to
exhibit excess headloss. With cold weather and the small diameter pilot filters noticeable caking
on the surface of the filters occurred. It was also visually established that the use of Biocarb DN
70-95% within the PANA filter resulted in increased headloss. With increased carbon holding
tank retention times and limited mixing, an increase in the headwater viscosity of the glycerol
feed was noticed compared to methanol and resulted in a non-operational PANA filter. (Figure

3-15)

Figure 3-15: Viscous headwater noticed in PANA filter

37



As a result, modified backwashing schedules were performed to try and correct for
excessive headloss, however, increased backwashing resulted in reduced nutrient removal. To
adjust for this headloss the filter was again loaded at a 50 min HRT and instead filter profiles
were performed to simulate reduced HRTs and typical filter loading rates. The results from the

first PANA and FdN filter profile is provided in Table 3-8 and Table 3-9.

Table 3-8: PANA filter profile with carbon loading and no exogenous

Port (mgf?\lz/l_) (mlg\;l-kl\'Is/L) (m';f)l\lsn_) (mg((:Z(())%/L) AUl
Influent | 0.07 0.91 5.59 16.90 0
1 0.27 0.02 0.98 0.00 8.3
3 0.14 0.04 0.72 0.00 25,0
5 0.17 0.04 112 0.00 417

Table 3-9: FdN filter profile with carbon loading and no exogenous nutrients

Port (mg-or\f/l_) (m’g\;l-l_l\|lglL) (mz?l\?/L) (mgc(:l%DD/L) AN
Influent |  0.066 0.908 559 25.1 0
1 0.065 0.9 05 0 83
3 0.055 0.91 0.54 0 25.0
5 0.002 0.923 0.6 0 4.7

With supplemental carbon the PANA filter was able to achieve 81% TIN removal at an
8.3 min HRT, and an 86% TIN removal at a 25 min HRT. Additionally, at an 8.3 min HRT the
PdNA filter was able to achieve 1.08 mg-N/L of nitrite accumulation and a 98% ammonia
removal, with a C/N ratio of 3.84 g COD/g NOx (g COD/g TIN=3.19). While the FdN filter, was
only able to achieve 78% TIN removal at an 8.3 min HRT, and 77% TIN removal at a 25 min
HRT, with a C/N ratio of 4.93 g COD/g NOx (g COD/g TIN=4.92). While the C/N ratios (g
COD/g NOx) noticed in the PANA filter were higher than observed in previous research (Le et
al. 2019) and Phase 1 of this pilot, between these two filters the PANA filter removed 3%

additional TIN, with a COD/TIN reduction of 1.73. These results provide insight into the
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promising carbon savings of PANA compared to conventional denitrification filters and the
increased opportunity for nutrient polishing. However, prior to the next filter profile a carbon
loading error occurred and the results from this profile have been provided in Table 3-10 and

Table 3-11.

Table 3-10: PANA filter with exogenous nutrients and no carbon loading

Port (mgf?\lzn_) (m';E_'l\f/L) (m':f)l\f/L) (mgcc(c))%/l_) AR (i)
Influent | 1.212 276 5.30 0.00 0
1 0.469 1.964 466 0.00 8.3
3 0.083 158 434 0.00 25,0
5 0.009 155 4.23 0.00 417

Table 3-11: FdN filter with exogenous nutrients and no carbon loading

Port (mz-ol\T/L) (m’g\;l-l_l\'I3/L) (mz?l\?/L) (mgc(:l%%/L) AN
Influent | 0.047 0.147 5.30 0.00 0
1 0.012 0.086 523 0.00 83
3 0.016 0.017 468 0.00 25.0
5 0.012 0.039 428 0.00 4.7

With no exogenous carbon loading the PANA filter was able to achieve 33% TIN removal
at an 8.3 min HRT, while the FdN filter only achieved 3% TIN removal. However, the PANA
TIN removal could only be attributed to the exogenous nitrite provided for the Anammox
pathway with no PdN occurring within the filter. While these results further demonstrate the
resilience of PANA systems to carbon loading failures, they also indicate the critical role that
effective carbon feed control has on overall system efficiency.

Due to infrastructure challenges, just one additional filter profile was performed prior to
filter clogging and a multitude of the filter profiles were performed under excess headloss and
reduced filter loading rates. Table 3-12 and Table 3-13 shows the benefits of mainstream

deammonification regarding supplemental carbon savings and nutrient removal.
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Table 3-12: PANA filter profile

NO2 NH3 NOz COD .
Port | ng-N/L) | (mg-NiL) | (mg-NL) | (mgcopiy | HRT (min)
Influent | 1.12 276 5.6 17.1 0
1 0.39 0.81 11 0 8.3
3 0.152 0.75 0.99 0 25.0
Table 3-13: FdN filter profile
NO2 NH3 NOz COD .
Port | ng-N/L) | (mg-N/L) | (mg-NL) | (mgcopiy | HRT (min)
Influent |  0.084 0.564 5.56 26 0
5 0.02 0.205 0.251 0 4.7

With PANA a C/N ratio of 2.38 g COD/g TIN was achieved, in comparison to a C/N ratio

of 4.54 g COD/g TIN for the FdN filter in this specific profile, a 48% reduction in supplemental

carbon requirement. Within this phase of the study, PANA yields demonstrated the viability of

the PANA process when compared to FAN, and additionally demonstrated that a PANA filter can

operate at simulated typical filter loading rates. These simulated filter loading rates do not

account for increased TSS and mass loading rates associated with typical filter operation, due to

the reduced bed depths at each port of the profile. However, these simulated filter loading rates

and their associated performance provide a guide for further research and full-scale pilot testing.
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3.4. Molecular Analysis
The amplified DNA has been sent to the Molecular Research DNA Lab (Mr. DNA) to be
sequenced via 16S rRNA (Illumina MiSeq) for microbial community analysis. An in-depth
community analysis will be provided in the published paper.
3.5. Techno-Economic Analysis
One advantageous aspect of mainstream deammonification and specifically PANA is the
cost benefits associated with the systems operational costs in comparison to conventional BNR
systems. The main reason behind a proposed benefit is the estimated ~38% reduction in O
demand, ~ 50% reduction in supplemental carbon, and reductions in excess sludge a PANA
system offers compared to a typical nitrification/denitrification scheme. This means that aeration
costs and supplemental carbon costs should be reduced in comparison to a conventional BNR
system. To calculate the operating expenditure (OPEX) of a PANA system in comparison to a
conventional configuration, key information regarding plant design and operational conditions
were required:
1. The influent and treated wastewater quality, including BOD, Ammonia, NOx, and TSS
2.  SRT and Mixed Liquor Suspended Solids (MLSS) of the aeration basins.
3. Energy required for blowers and pumps (Aeration, NRCY, and WAS Pumps)
4. Supplemental carbon loading

5. Labor, process control/maintenance energy demand, and miscellaneous

Focusing on the liquid train, ignoring a decrease in solids production as noted in other
literature (Cao et al. 2019), and neglecting labor and process controls, which are often site-
specific, OPEX for each process was estimated in units of annual cost per million gallons per day

(mgd) of treated wastewater. OPEX has been provided for a 3 Stage Phoredox (A%/O)
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Configuration, coupled with denitrification filters (Figure 3-16) and an A%/O with post-anoxic

PdN coupled with Anammox filters (Figure 3-17).
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Figure 3-16: Conventional A%/O + denitrification filter configuration
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Figure 3-17: A?%/O (3-Stage MLE + Post-Anoxic PdN) + Anammox filter configuration

The comparison between these two configurations allowed for an equivalent nitrate
effluent of 3.0 mg-N/L to be compared and was determined to be the ideal conventional
configuration to retrofit into PANA, with limited infrastructure improvements. Additionally, due
to the struggles faced in the pilot reactors, when trying to obtain typical filter loading rates while
using glycerol, separating the PdN process from Anammox would allow for less backwashing
and for PdN to occur in suspension rather than in a biofilm. The standard parameters used for
influent wastewater treatment by the BNR system has been provided below along with some
standard equations used to calculate aeration, pumping and carbon loading (Sanitaire 2017;

Mulinix 2012; Hazen 2019):
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Table 3-14: Conventional configuration (A%/O parameters)

Biological/Aeration Parameters

(A%0) Value Units
Influent cBOD 200 mg/L
Influent NH3 26 mg/L
NOx Effluent 10 mg/L
BOD Oxidation Yield (y) 1 Ib O2/ Ib BODs
NHs Oxidation Yield (z) 4.6 Ib Oz /Ib NHs
Oxygen Transfer Efficiency (OTE) 35% -
IbsO2/SCFM 0.0061 -
P (Discharge Pressure (PSIG)) 6.47 PSIG
Blower Mechanical Efficiency 70% -
Nitrate Recycle Rate 1.5Q -
WAS Pump Design 0.02Q -

Table 3-15: Conventional configuration (FdN filter parameters)

Biological/Carbon Parameters (FdN

Filter) Value Units
Carbon Source Methanol -
Influent NOx 10 mg-N/L
Estimated DO in AE basin Eff. 2 mg/L
COD of product 1,180,000 mg(COD)/L
Solution density 6.6 Ib/gallon
Heterotrophic yield for substrate 0.40 -
C/N Ratio for Methanol Process 4.8 Ib(COD)
/Ib(NO3-N)
Cost per gallon of methanol 1.50 $/gal

Table 3-16: PANA configuration (A%O + Post-Anoxic PdN parameters)

Biological/Carbon Parameters (Post-

Anoxic PdN) Value Units
Carbon Source Biocarb DN 70- -
95%
Influent NH3 Variable (1:1.6 mg-N/L
& PdN Eff.)
Influent NOx Variable (1:1.6 mg-N/L
& PdN Eff.)
Estimated DO in AE basin Eff. 2 mg/L
PdN Conversion Efficiency Variable %




Table 3-16 (continued)

COD of product 1,048,000 mg(COD)/L
Solution density 8.32 Ib/gallon
Heterotrophic yield for substrate 0.54 -
. . Ib(COD)
C/N Ratio for Glycerol Process Variable /Ib(NO3-N)
Cost per Gallon of Biocarb DN 70-95% 2.25 $/gal

The OPEX of aeration requirements for each basin configuration was determined using
the following set of equations, and pumps were sized and inputted into OPEX based on
information extracted from the Lower Dorchester WWTP design calculations performed by

Hazen and Sawyer (Hazen 2019):

AOR = (y)BOD; + (2)NH; — N

Equation 3-5: Actual oxygen requirement (IbsOz/day) (Mulinix 2012)
AOR . .
SOR = 33 (Fine Bubble Dif fusers)

Equation 3-6: Standard oxygen requirement (IbsO2/day) (Mulinix 2012)

SOR

lbsO,
SCFM

SCFM(Required) =

Equation 3-7: Air requirement (SCFM) (Mulinix 2012)

14.7 + p\°-283
SCFM(.23) [(W)

Mechanical Eff.

- 1.0]

BHP =

Equation 3-8: Brake horsepower (Sanitaire 2017)
Energy Req. (kW) = BHP * .746

Equation 3-9: Energy required to operate blower (Sanitaire 2017)
Additionally, carbon loading requirements were calculated for each process based off the

carbon parameters provided in Table 3-14 through Table 3-16, mainly the C/N Ratio for each

process which allowed for projected influent nitrate to be converted to volume of each product

needed per day per process.
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Since OPEX was most responsive to PN conversion efficiencies, fraction of anaerobic
ammonia oxidation, and C/N ratios for the PdN process, OPEX was compared by manipulating
these three variables based on the standard parameters provided above. To provide for a fair
comparison, 10 mg-N/L of nitrate was maintained entering the conventional configuration’s
denitrification filters and the PANA configuration’s post-anoxic zone. Depending on the PdN
conversion efficiency and 1:1.6 NH4" to NO>™ ratio, the leftover ammonia (following aeration)
for Anammox ranged from 3.75 (at 60% PdN conversion efficiency) to 6 mg-N/L of NH3 (at
90% PdN conversion efficiency). Only minor differences were seen between typical conversion
efficiencies and the main driver of the OPEX of a PANA system was clearly the C/N ratio
(COD/NO3). To compare the differences in OPEX in relation to C/N ratios (COD/NO3’), 3

separate values were chosen for comparison. (Figure 3-18)
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Figure 3-18: OPEX comparison between COD/NOs and PdN conversion efficiency

Based on this analysis, reducing the C/N ratio (COD/NO3’) required of PdN from 3.0 to
2.0 decreased the OPEX by 21% when evaluating these PANA configurations. When comparing
the conventional configuration to the best-case PANA configuration a 14% decrease in OPEX

was observed. This 14% reduction in OPEX correlates to an annual savings of $5,160 per mgd

45



treated. With an average C/N ratio of 2.36 g COD/g NOs™ and close to 60% PdN conversion
efficiency achieved in the pilot’s PANA filter, a decrease in OPEX of 7% was achieved. We
determined that a C/N ratio of approximately 2.8 g COD/g NOs' is the breakeven between the
conventional configuration and PdN configuration. Additionally, if PANA is pushed to operate at
increased conversion efficiencies while using methanol as the supplemental carbon source
further reductions in OPEX can be achieved. Furthermore, this OPEX model does not include
reduced solids and associated residuals management OPEX savings that are associated with a
PdNA configuration. However, OPEX alone is not sufficient to estimate the comparison of
PdNA and FdN. For a total cost (TOTEX) estimate and an all-inclusive techno-economic
analysis, capital cost (CAPEX) is required to compare the price of specific infrastructure and
equipment (Judd 2016). Specifically, when it comes to aeration reductions inherently provided
by PANA, reduced blower capacity needed could mean smaller, less expensive blowers required
for the PANA aeration basins, or even the potential for increased treatment capacity without the
need for expansion. Over the life of the treatment facility OPEX contributes most to TOTEX
(Judd 2016), and it is reasonable to assume that a PANA system has the potential to reduce

OPEX at conventional WRFs by up to 14%.
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4. Conclusions

This study successfully used pilot scale reactors to demonstrate an alternative to
conventional biological removal strategies seen at most treatment facilities and is the first to
demonstrate that PANA is feasible in a single stage filter. Overall, the PANA filter performance
resulted in 2.61 mg-N/L of nitrite production (63% conversion efficiency; neglecting residual
nitrate) and an 87% ammonia reduction. While advanced carbon control strategies will be
required for highly efficient reactors, this study showed that to allow for the highest PdN
conversion efficiencies a nitrate residual of at least 1.5 mg-N/L must be maintained.
Additionally, compared to denitrification C/N ratios of 5.1 g COD/g TIN achieved during this
pilot study, PANA promises greater than 50% reductions in supplemental carbon, with C/N ratios
of 2.08 g COD/g TIN. With this reduction in supplemental carbon and the promise of a 38%
reduction in aeration requirements, in comparison to conventional BNR configurations, PANA
has the potential to reduce OPEX by 14% and provide substantial savings in CAPEX.

Overall, PANA offers a promising opportunity for the application of mainstream
deammonification. It has the potential to provide a stable source of nitrite through PdN, which
has often been identified as the limiting factor in the application of Anammox. While in
conventional mainstream deammonification schemes, NOB often outcompetes Anammox, PANA
anoxic conditions suppress NOB activity. Controls and operational procedures are needed to
optimize supplemental carbon loading, and further investigation into upstream BNR
configurations are required to enable ideal nutrient loading into a PANA system. Once these are
established, this advanced biological nutrient removal process can potentially be used to meet the

stringent nitrogen removal limits that are arising at WRFs.
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Appendix A: Process Flow Diagram

Process Flow Schematic
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Appendix B: Additional
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Appendix C: Research Data

1. Filter Start-Up Data (Pre-COVID-19)

PdNA FILTER PRE-COVID

Days
of HR
Date Project | T Source NO2 NO3 NH4 COD TIN
3/4/2020 90 [ Source 0.173 7.93 0.29 0 8.393
3/4/2020 1 90 | Influent 7.49 8.75 5.32 0 21.56
3/4/2020 1 90 | Effluent 0.58 8.63 1.76 0 10.97
3/5/2020 2 90 | Source 0.084 7.57 0.2 0 7.854
3/5/2020 2 90 | Influent 10.28 9.07 6.36 0 25.71
3/5/2020 2 90 | Effluent 4.85 7.62 3.14 0 15.61
3/6/2020 3 90 | Source 0.216 7.59 0.3 0 8.106
3/6/2020 3 90 | Influent 14.16 8.5 9.3 0 31.96
3/6/2020 3 90 | Effluent 4.96 6.39 2.96 0 14.31
3/8/2020 5 90 | Source 0.012 7.85 0 0 7.862
3/8/2020 5 90 | Influent 6.05 7.57 33 0 16.92
3/8/2020 5 90 | Effluent 2.47 9.01 1.1 0 12.58
3/10/2020 7 90 | Source 0.034 6.81 0.15 0 6.994
3/10/2020 7 90 | Influent 6.42 6.65 3.8 0 16.87
3/10/2020 7 90 | Effluent 2.34 7.66 1.04 0 11.04
3/12/2020 9 90 | Source 0.009 5.57 0 0 5.579
3/12/2020 9 90 | Influent 7.64 5.57 4.75 0 17.96
3/12/2020 9 90 | Effluent 1.59 5.93 0.96 0 8.48
3/15/2020 12 90 | Source 0.009 5.57 0 0 5.579
3/15/2020 12 90 | Influent 7.64 5.57 4.75 0 17.96
3/15/2020 12 90 | Effluent 1.59 5.93 0.96 0 8.48
3/16/2020 13 90 | Source 0.045 6.26 0.14 0 6.445
3/16/2020 13 90 | Influent 6.9 6.19 4.15 0 17.24
3/16/2020 13 90 | Effluent 0.93 9.15 1.24 0 11.32
3/19/2020 16 90 | Source 0.011 6.62 0.03 0 6.661
3/19/2020 16 90 | Influent 6.74 6.56 3.85 0 17.15
3/19/2020 16 90 | Effluent 0.33 7.9 0.11 0 8.34
2. Filter Operational Data (Post-COVID-19): Start-up through Phase 1
PdNA FILTER POST-COVID Influent Effluent
Days
of HR NO2-N | NO3-N | NH4-N | COD TIN NO2-N | NO3-N | NH4-N | COD TN
Date: Project | T Phase (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) [ (mg/L)
5/30/2020 0 90 | Start-Up 0 6.13 24 0 8.53 0 5.91 1.38 7.29
6/2/2020 3 90 | Start-Up 3.64 6.2 3.05 0 12.89 0.15 5.82 1.42 7.39
6/4/2020 5 90 | Start-Up 6.5 541 3.8 0 15.71 0.03 7.94 0.56 8.53
6/6/2020 7 90 | Start-Up 7 6.54 4.1 0 17.64 0.015 8.91 0.56 9.49
6/8/2020 9 90 | Start-Up 6.84 6.69 4.4 0 17.93 0.013 9.61 158 11.20
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6/11/2020 12 90 | Start-Up 4 1.42 31 0 8.52 0.052 1.63 0.9 2.58
6/14/2020 15 90 | Start-Up 4.04 2.01 3.05 0 9.10 0.018 1.42 0.88 2.32
6/16/2020 17 90 | Start-Up 4.14 2.18 3.15 0 9.47 0.036 1.86 0.76 2.66
6/21/2020 22 90 | Start-Up 5.66 8.39 3.15 0 17.20 0.035 10.7 0.76 11.50
6/23/2020 24 90 | Start-Up 54 7.05 2.95 0 15.40 0.015 8.81 0.36 9.19
6/29/2020 30 66.7 | Start-Up 5.84 6.23 3.25 0 15.32 0.017 7.97 0.18 8.17
7/1/2020 32 66.7 | Start-Up 5.64 4.84 3.85 0 14.33 0.015 5.47 0.26 5.74
7/3/2020 34 66.7 | Start-Up 5.19 6.53 3.27 0 14.99 0.016 6.98 1.06 8.06
7/5/2020 36 66.7 | Start-Up 5.12 7.79 3.3 0 16.21 0.016 8.13 0.75 8.90
7/7/2020 38 66.7 | Start-Up 4.66 6.61 3.6 0 14.87 0.011 8.7 1.48 10.19
7/9/2020 40 50 | Start-Up 5.36 6.62 4.15 0 16.13 0.011 8.41 14 9.82
7/11/2020 42 50 | Start-Up 10.6 74 8.7 0 26.70 0.027 9.38 11 10.51
7/13/2020 44 50 | Start-Up 4.18 6.49 3.15 0 13.82 0.008 8.5 1.91 10.42
7/15/2020 46 50 | Start-Up 4.48 6.97 3.55 0 15.00 0.01 9.53 1.8 11.34
7/17/2020 48 50 | Start-Up 4.94 74 3.5 0 15.84 0.008 9.97 1.27 11.25
7/21/2020 52 50 | Start-Up 6.82 6.73 3.75 0 17.30 0.805 8.71 1.99 11.51
7/23/2020 54 50 | Start-Up 7.7 7.99 3.7 0 19.39 0.007 9.69 2.18 11.88
7/25/2020 56 50 | Start-Up 6.82 7.38 3.9 0 18.10 0.027 9.58 2.46 12.07
7/27/2020 58 50 | Start-Up 3.32 7.64 2.65 0 13.61 0.006 9.06 2.07 11.14
7/29/2020 60 50 | Start-Up 4.58 7.13 3.4 8.7 15.11 0.004 9.15 1.98 6.3 11.13
8/2/2020 64 50 | Start-Up 0
8/5/2020 67 50 | Start-Up 8.86 6.35 4.45 0 19.66 0.037 7.24 2.29 9.57
8/7/2020 69 50 | Start-Up 3.72 6.66 1.75 0 12.13 0.089 8.47 1.01 9.57
8/9/2020 71 50 | Start-Up 4.96 6.87 2.25 0 14.08 0.012 9.26 0.87 10.14
8/10/2020 72 50 | Start-Up 7.16 6.17 2.85 0 16.18 0.802 8.54 0.04 9.38
8/18/2020 80 50 | Start-Up 10.32 7.08 7.85 0 25.25 0.658 5.6 0.08 6.34
8/23/2020 85 50 | Start-Up 6.36 597 4.6 0 16.93 0.03 791 0.44 8.38
8/30/2020 92 50 Phase 1 9.32 6.79 6.45 23.27 22.56 6.82 2.27 4.6 13.69
8/31/2020 93 50 Phase 1 6.06 9.17 3.9 23.27 19.13 0.3 0.346 2.04 2.69
9/2/2020 95 50 Phase 1 18.62
9/4/2020 97 50 Phase 1 3.88 7.32 3.2 18.62 14.40 0.025 0.507 0.04 0.57
9/6/2020 99 50 Phase 1 5.36 8.01 4.65 16.29 18.02 0.052 211 0.77 2.93
9/8/2020 101 50 Phase 1 5.16 9.07 4 16.29 18.23 0.057 1.59 0.03 1.68
9/10/2020 103 50 Phase 1 3.34 7.46 4.05 16.29 14.85 0.039 0.857 1.98 2.88
9/12/2020 105 50 Phase 1 6.66 7.73 3.95 11.64 18.34 0.1 6.62 0.54 7.26
9/14/2020 107 50 Phase 1 6.14 7.66 3.7 13.96 17.50 0.018 6.13 0.49 6.64
9/16/2020 109 50 Phase 1 5.58 10.3 3.95 16.29 19.83 0.047 6.19 0.06 6.30
9/18/2020 111 50 Phase 1 4.89 5.13 3.07 16.29 13.09 0.007 1.02 0.51 1.54
9/20/2020 113 50 Phase 1 321 6.87 2.97 16.29 13.05 0.011 4.46 1.75 6.22
9/22/2020 115 50 Phase 1 3.13 8.61 3 16.29 14.74 0.017 421 1.7 5.93
9/26/2020 119 50 Phase 1 2.94 5.17 3.39 18.62 11.50 0.015 3.86 1.61 5.49
9/28/2020 121 50 Phase 1 4.66 6.55 4.87 18.62 16.08 0.0006 0.721 3.77 4.49
10/1/2020 124 50 Phase 1 4.6 5.32 4.74 18.62 14.66 0.014 0.311 331 3.64
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10/2/2020 125 50 Phase 1 7.99 18.62 7.99 4.3 4.30
10/3/2020 126 50 Phase 1 3.47 7.6 3.67 18.62 14.74 0.013 3.98 1.79 5.78
10/4/2020 127 50 Phase 1 8.06 18.62 8.06 4.04 4.04
10/5/2020 128 50 Phase 1 3.78 8.56 3.89 18.62 16.23 0.002 3.6 1.79 5.39
10/7/2020 130 50 Phase 1 3.38 7.8 3.78 18.62 14.96 0 4.2 1.62 5.82
10/11/2020 134 50 Phase 1 2.63 9.2 2.6 15.3 29.73 0 5.52 0.576 0 6.10
10/13/2020 136 50 Phase 1 3.34 7.95 3.75 16.15 31.19 0.005 3.95 1.21 0 5.17
10/15/2020 138 50 Phase 1 0.005 6.53 0.035 17.5 6.57 0.069 1.52 0.04 0 1.63
10/20/2020 143 50 Phase 1 2.18 5.18 251 16.9 9.87 0.048 0.543 0.35 0 0.94
10/22/2020 145 50 Phase 1 0.89 7.55 1.886 17.1 10.33 0.004 2.74 1.12 0 3.86
10/25/2020 148 50 Phase 1 0.6 8.09 247 16.8 11.16 0.003 1.83 0.455 0 2.29
10/29/2020 152 50 Phase 1 0.86 7.83 2.42 18.9 11.11 0.002 0.289 0.944 0 1.24
11/2/2020 156 50 Phase 1 0.75 8.02 2.3 16.75 11.07 0.006 2.1 0.42 0 2.53
11/6/2020 160 50 Phase 1 0.84 8.45 1.9 19.05 11.19 0 0.214 1.1 0 1.31
11/10/2020 164 50 Phase 1 0.772 7.36 1.74 16.1 9.87 0 3.9 0.971 0 4.87
11/12/2020 166 50 Phase 1 4.48 7.4 10.2 16.5 22.08 0 35 3.28 0 6.78
11/14/2020 168 50 Phase 1 1.088 5.02 25 16.25 24.86 0 0.264 141 0 1.67
11/17/2020 171 50 Phase 1 0.632 3.74 1.73 14.6 6.10 0.002 1.73 0.959 0 2.69
11/20/2020 174 50 Phase 1 0.856 8.25 1.75 17 10.86 0.455 1.69 0.438 0 2.58
11/22/2020 176 50 Phase 1 0.904 7.54 1.94 16.9 10.38 0.004 1.94 0.314 0 2.26
11/26/2020 180 50 Phase 1 1.028 6.53 24 16.8 9.96 0.014 2.34 0.847 0 3.20
11/28/2020 182 50 Phase 1 0.924 6.89 2.24 17.1 10.05 0.001 2.08 0.49 0 2.57
11/30/2020 184 50 Phase 1 0.696 5.5 2.08 16.9 8.28 0.002 1.78 0.859 0 2.64
12/2/2020 186 50 Phase 1 0.796 7.23 2.36 16.6 10.39 0.03 3.09 0.229 0 3.35
12/4/2020 188 325 | Phasel 0.8 8.27 2.28 17.6 11.35 0.028 2.98 0.099 0 3.11
12/7/2020 191 325 | Phasel 1.004 7.1 2.38 17.7 10.48 0 3.04 0.362 0 3.40
12/9/2020 193 325 | Phasel 1.02 7.13 3.16 15.6 11.31 0.751 4.73 1.87 0 7.35
12/11/2020 195 325 | Phasel 0.92 8.92 2.7 35 12.54 0.002 0.457 0.757 0 1.22
12/13/2020 197 325 | Phasel 0.782 7.01 2.8 323 10.59 0.006 0.557 0.86 0 1.42
12/15/2020 199 325 | Phasel 0.776 5.67 2.48 16.85 8.93 0.009 1.04 0.573 0 1.62
1/3/2021 218 325 | Phasel 0.998 31 3.48 16.4 23.98 0.007 0.285 1.74 0 2.03
1/5/2021 220 32.5 | Phasel 0.902 4.56 31 16.9 25.46 0.005 1.3 0.95 0 2.26
DENITE FILTER POST-COVID Influent Effluent
(I)DfayS HR NO2-N | NO3-N | NH4-N | COD TIN NO2-N | NO3-N | NH4-N | COD TN

Date: Project | T Phase (mg/L) | (mg/L) | (mg/L) | (mg/L) [ (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L)
9/28/2020 0 50 Phase 1 0.013 4.08 0.02 28.85 4.11 0.013 0.518 0.63 0 1.16
10/1/2020 3 50 Phase 1 0.045 5.7 0.03 28.85 5.78 0.008 0.304 0.11 0 0.42
10/2/2020 4 50 Phase 1 6.56 28.85 6.56 0.346 0 0.35
10/3/2020 5 50 Phase 1 0.003 6.61 0.02 14.42 6.63 0.1 3.76 0.02 0 3.88
10/4/2020 6 50 Phase 1 8.14 28.85 8.14 0.355 0 0.36
10/5/2020 7 50 Phase 1 0.005 7.35 0.011 28.85 7.37 0 0.191 0.1 0 0.29
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10/7/2020 9 50 Phase 1 0.14 7.78 0.023 28.85 7.94 0.072 0.227 0.04 0 0.34
10/11/2020 13 50 Phase 1 0.035 8.04 0.033 35.52 8.11 0.02 0.274 0.1 10.15 0.39
10/13/2020 15 50 Phase 1 0.048 7.45 0.02 38.92 7.52 0.015 0.312 0.05 15.52 0.38
10/15/2020 17 50 Phase 1 0.007 6.17 0.035 85.8 6.21 0.221 0.2 36.5 0.42
10/20/2020 22 50 Phase 1 0.401 3.77 0.023 40.1 4.19 0.027 0.211 0.01 18.2 0.25
10/22/2020 24 50 Phase 1 0.009 7.52 0.02 50.2 7.55 0.205 0.01 25.1 0.21
12/13/2020 76 50 Phase 1 0.01 7.19 0.04 50.9 7.24 1.152 1.35 0.155 25.1 2.66

1/8/2021 102 50 Phase 1 0.066 5.59 0.908 25.1 6.56 0.002 0.6 0.923 0 1.53

1/10/2021 104 50 Phase 1 0.047 5.3 0.147 0 5.49 0.012 4.28 0.039 0 4.33

1/15/2021 109 50 Phase 1 0.084 5.56 0.564 26 6.21 0.02 0.251 0.205 0 0.48

1/17/2021 111 50 Phase 1 0.067 5.08 0.874 48.2 6.02 0.014 0.192 0.234 134 0.44

1/19/2021 113 50 Phase 1 0.095 3.69 1.92 42.2 5.71 0.013 0.65 1.74 9.4 240

1/20/2021 114 50 Phase 1 0.108 5.49 1.84 30.1 7.44 0.012 0.644 14 0 2.06

1/22/2021 116 50 Phase 1 0.136 6.28 2.22 8.9 8.64 0.016 4381 1.97 0 6.80

1/23/2021 117 50 Phase 1 0.154 4.63 1.15 20.15 5.93 0.019 1.81 0.99 0 2.82

3. Filter Profiles: Phase 2
1/8/2021
PdNA DENITE
Port NO2 NH4 | NO3- | COD | HRT | Port NO2 NH4 | NO3- | COD | HRT
Influent 0.07 | 091 | 559 | 16.90 | 0.00 [ Influent | 0.066 | 0.908 | 559 | 25.1 0
1| 027 ] 002 | 098 | 0.0 | 16.00 1 | 0.065 0.9 0.5 0 16
3] 014 | 004 | 0.72 | 0.00 | 33.00 31005 | 091 | 054 0 33
5] 017 | 004 | 112 | 0.00 | 45.00 5 | 0.002 | 0.923 0.6 0 45
1/10/2021
PdNA DENITE
Port NO2 NH4 NO3- | COD | HRT | Port NO2 NH4 | NO3- | COD | HRT
Influent 1212 | 2.76 5.3 | 0.00 0 | Influent | 0.047 | 0.147 5.3 0 0
110469 | 1.964 | 4.66 | 0.00 16 1] 0012 | 0.086 | 5.23 0 16
310083 | 158 | 4.34 | 0.00 33 3] 0.016 | 0.017 | 4.68 0 33
510009 | 155 | 423 | 0.00 45 510.012 | 0.039 | 4.28 0 45
1/15/2021
PdNA DENITE
Port NO2 NH4 NO3- | COD | HRT | Port NO2 NH4 | NO3- | COD | HRT
Influent 1.12 2.76 5.6 17.1 0 | Influent | 0.084 | 0.564 5.56 26 0
1| 039] 081 1.1 0 16 5] 0.02 | 0205 | 0.251 0 45
310152 | 075 | 0.99 0 33
1/17/2021
PdNA DENITE
Port NO2 NH4 NO3- | COD | HRT | Port NO2 NH4 | NO3- | COD | HRT
Influent 1.02 2.62 478 | 127.3 0 | Influent | 0.067 | 0.874 5.08 48.2 0
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5 l 0.014 l 0.234 l 0.192 l 13.4 l 45

1]0002 | 1.82 | 0.255 | 29.9 16
3 | 0.001 1.71 | 0.234 28.4 33
1/19/2021
PdNA DENITE
Port NO2 NH4 | NO3- | COD | HRT | Port NO2 | NH4 | NO3- | COD | HRT
Influent 1.094 4.08 3.69 | 116.3 0 | Influent | 0.095 1.92 3.69 42.2 0
110002 | 263 | 0218 | 263 16 510013 | 174 | 0.65 94 45
310002 | 217 | 0218 | 253 33
1/20/2021
PdNA DENITE
Port NO2 NH4 | NO3- | COD | HRT | Port NO2 | NH4 | NO3- | COD | HRT
Influent 0.82 3 528 | 45.1 0 | Influent | 0.108 1.84 549 | 30.1 0
1 | 0.004 2.28 | 0.222 4.56 16 5 ] 0.012 1.4 | 0.644 0 45
310001 | 144 | 0.236 0 33
1/22/2021
PdNA DENITE
Port NO2 NH4 | NO3- | COD | HRT | Port NO2 | NH4 | NO3- | COD | HRT
Influent 1352 | 468 | 633 | 19.1 0 | Influent | 0.136 | 2.22 | 6.28 8.9 0
1 0.02 3.12 1.93 0 16 5 | 0.016 1.97 4.81 0 45
310015 | 308 | 144 0 33
1/23/2021
PdNA DENITE
Port NO2 NH4 | NO3- | COD | HRT | Port NO2 | NH4 | NO3- | COD | HRT
Influent 1.3 3.12 5.29 | 14.02 0 | Influent | 0.154 1.15 4.63 | 20.15 0
1| 001] 282 | 381 0 16 510019 | 099 | 181 0 45
310007 | 277 | 3.69 0 33
1/24/2021
PdNA
Port NO2 NH4 | NO3- | COD | HRT
Influent 1.336 4.72 5.97 3.21 0
110015 | 436 | 501 0 16
3 | 0.011 4.26 4.71 0 33
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