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Figure 2 — Bayou Marcus TN Probability Plot
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The four-stage BNR process consists of anoxic, aerobic, post-anoxic and re-aeration zones. The
process is operated with a total SRT of approximately 15 to 20 days. Endogenous denitrification
in the post-anoxic zone has been sufficient for meeting the nitrogen limit without an additional
carbon source such as methanol.

The effluent nitrogen speciation is shown in Table 1. Except on occasion, the effluent ammonia
is typically less than 0.2 mg/L.. The organic nitrogen (TKN minus NH3-N) averages less than 1
mg/L. During the same time period, the effluent total suspended solids (TSS) also averaged less
than 1 mg/L, suggesting that the remaining effluent organic nitrogen is soluble and refractory.
The effluent NO3-N is below 1 mg/L much of the time, but approaches 2 mg/L and higher at
times. Since essentially all of the ammonia is nitrified, this fraction of the effluent TN cannot be
further reduced. In addition, it is generally very difficult to remove soluble unbiodegradable
TKN, and no further reduction could be anticipated using conventional treatment. It is possible
that the nitrate fraction could be further reduced, perhaps through supplemental carbon addition
to the second anoxic zone.
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Table 1 — Bayou Marcus WRF Effluent Quality and Nitrogen Species

Parameter Year 1998 Year 1999 Year 2000
Average NH3-N, mg/L 0.06 0.61 0.09
Average TKN, mg/L 0.75 0.80 0.78
Average organic N, mg/L. | 0.69 0.19 0.69
Average NO,-N, mg/L 1.15 1.40 0.80
Average TN, mg/L 1.90 2.20 1.58

In addition to the filtered effluent data presented in Table 1, BNR process effluent is sampled
after clarification, prior to filtration. These data were examined and compared with the filter
effluent data. The clarifier effluent quality is excellent, with TSS concentrations averaging 2 to 3
mg/L over the three-year period. Approximately 1 to 2 mg/L TSS are removed in the filters.
Because the clarifier effluent solids are so low, there is very little difference between the
secondary effluent and final effluent with respect to nitrogen.

During the past five years of operation, the plant staff have found that the biggest operational
challenge related to meeting the effluent TN limit of 3 mg/L is control of the dissolved oxygen
(DO) in the oxidation ditch and fine-tuning the mixed liquor recycle rate to ensure that optimal
nitrification and denitrification are achieved in the first anoxic and aerated zone. In a Carrousel
system, a velocity of approximately 1 ft/sec 1s maintained in the oxidation ditch through the
action of the aerators. Mixed liquor recycle is achieved by diverting a portion of the flow
through a gate into the anoxic zone. Adjustment of the recycle rate is achieved by changing the
gate position.  Although this system has the excellent advantage of providing nitrate recycle
without the use of pumps, it is difficult to adjust the recycle rate to a specific setpoint. Peak
flows/fluctuations in the influent flow represent another challenge to operation for low TN. Itis
possible that implementation of flow equalization could provide additional reliability with
respect to TN removal performance.

One aspect of the current plant configuration at Bayou Marcus that has likely benefited the
nitrogen removal process is the lack of recycles from sludge processing return streams. As
discussed earlier, WAS is stored in an aerated holding basin, and is thickened and hauled to
another WW'TP for processing. Since there is no primary sludge, and since the WAS 1s aerated,
the thickening filtrate recycle is low in organic and nitrogen loading, and does not significantly
impact the BNR operation. In addition, there is the added benefit of not having a dewatering
filtrate stream.

Franklin WWTP

The Franklin WWTP is owned and operated by the City of Franklin, Tennessee. The plant
consists of influent pumping, preliminary treatment, Carrousel denitIR oxidation ditch process
consisting of an external anoxic zone and aeration zone, clarifiers, traveling bridge filters, UV
disinfection, and cascade post-aeration (Figure 3). Waste activated sludge is thickened in a
dissolved air flotation thickener and is dewatered and landfilled. In addition to the main
treatment train, the plant’s original conventional activated sludge basins and clarifiers are
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occasionally used during periods of high flow. Although nitrogen removal is not currently
required, the NPDES permit renewal for 12 mgd average flow capacity will impose seasonal
nitrogen limits consisting of a concentration limit of 5 mg/L TN and a mass limit corresponding
to 3.5 mg/L at the design average flow. In the interim, Franklin has operated very successfully
for nitrogen removal, with effluent TN concentrations averaging 3 mg/L.

Figure 3 — Franklin WWTP Schematic
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The Carrousel system consists of two oxidation ditches each rated for 3.25 mgd, or 6.5 mgd total.
Over the past several years, Franklin has averaged 6 mgd average daily flow. The activated
sludge process is normally operated with both basins in service with hydraulic residence times
averaging 24 hours, and SRTs of 12 to 15 days. The plant has consistently had excellent
performance with respect to its stringent summer NH3-N limit of 0.4 mg/L monthly average, as
well as for TN removal. Franklin has averaged 3.1 mg/L TN from 2000 through 2002, and has
achieved an effluent TN of less than 3 mg/L 59% of the time, and less than 4 mg/L 85% of the
time (Figure 4).
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Figure 4 — Franklin WWTP TN Probability Plot
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The plant staff has found that the biggest operating challenge results from high peak flows to the
plant. The peak day flows during storm events are more than 3 times the average flow.
Balancing of DO in the oxidation ditches to ensure full nitrification while minimizing DO
carryover to the anoxic zone also can be challenging. Nitrate recycle flow can be varied by
changing the position on the flow control gate, similar to Bayou Marcus as discussed earlier.
With the gates fully open, the nitrified mixed liquor recycle flow is approximately 22.5 mgd in
each basin. Finally, there 1s some difference in the influent flow/RAS distribution between the
two basins.

The effluent nitrogen speciation is shown in Table 2. Except on rare occasion during the winter,
the effluent ammonia is consistently less than 0.1 mg/L.. Since all of the ammonia is nitrified,
this fraction of the effluent TN is negligible. The organic nitrogen (TKN minus NH3-N}
averages just over 1 mg/L. During this time period, the effluent TSS also averaged less than 1
mg/L, suggesting that the remaining effluent organic nitrogen is soluble and refractory. (Itis
noted for this evaluation that TKN values below the method detection limit of 1 mg/L were
incorporated as 1 mg/L, resulting in a conservative estimate of this component. Recent data with
a lower detection limit of 0.5 mg/L suggest that the effluent TKN is often in the 0.5 to 1 mg/L
range.) The effluent NOs-N averages about 1.8 mg/L. It is possible that the NO3-N could be
further reduced; however this would be more easily achieved through the addition of a post-
anoxic zone (similar to the Bayou Marcus configuration) or a denitrification filter.
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Table 2 — Franklin WWTP Effluent Quality and Nitrogen Species

Parameter"™ Year 2000 Year 2001 Year 2002
Average TKN, mg/L 1.33% 1.32% 1.109
Average NH;3-N, mg/L 0.15 (.06 0.04
Average org-N, mg/L 1.18 1.26 1.06
Average NO,-N, mg/L 1.68 1.72 2.12
Average TN, mg/L 3.0 3.04 3.22
Notes:

(a) Annual averages are based on weekly samples.
(b) TKN readings reported as <1mg/L incorporated ifito average as 1 mg/L. Detection

limit lowered to 0.5 mg/L. in November 2002,

Construction began in 2003 to upgrade and expand the Franklin WWTP capacity. New facilities
include a third oxidation ditch, re-rating and upgrade of the aeration system in the existing
oxidation ditches to increase the capacity to 4 mgd average flow per basin, clarifiers, and deep-
bed denitrification filters. These facilities will provide the City additional reliability and
flexibility for meeting the effluent nitrogen limit as flows increase to 12 mgd average.

Peachtree WWTP

The Peachtree and Northside WWTPs are owned and operated by the City of Kinston, North
Carolina and discharge into the Neuse River. Both the Peachtree and Northside WWTPs consist
of preliminary treatment, extended aeration activated sludge systems with turbine aerators,
secondary clarifiers, chlorine disinfection, and cascade post-aeration. Waste activated sludge is
aerobically digested. The liquid digested biosolids from both plants can either be land applied,
or dewatered and lime stabilized at the Northside WWTP (Figure 5). As part of an effort to
reduce nitrogen loading to the Neuse River, both plants received minor upgrades in 1998 to
allow interim operation for nitrogen removal. The Peachtree WWTP has performed particularly
well with respect to TN removal and the remainder of this section will focus on Peachtree only.
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Figure 5 — Peachtree WWTP Schematic
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During the nutrient removal upgrades, the turbine aerators nearest the aeration basin influent
were modified for operation as mixers, creating informal anoxic zones at the influent end of the
basins. The flow patterns resulting from operation of the remaining aerators serve to recycle
some of the nitrified mixed liquor from the end of the basin to the “anoxic” zone for
denitrification. Rotation of the aerators also allows for some simultaneous nitrification and
denitrification in the remainder of the basin.

The modified basin was placed in operation for nutrient removal in 1999. During the early
months of operation, the plant staff experimented with the operation times of the mixers and
aerators while tracking TN removal performance, and NO;-N and DO concentrations in the
basin. It was found that there was a great deal of circular rotation within the basin when all the
aerators and mixers were in service, and DO concentrations were relatively high in the anoxic
area of the basin. If the mixers are shut down, DO concentrations in the anoxic area are close to
zero and good denitrification is achieved. The current mode of operation includes continuous
operation of the two turbine aerators closest to the aeration basin effluent, rotated operation of
the two turbine aerators and two floating aerators in the middle of the basin, and the mixers are
normally turned off. About one-third of the basin is anoxic. Peachtree has achieved excellent
results with the modified process, averaging 4 mg/L TN from 2000 through 2002, and on a cost
per gallon basis, this is the most cost-effective of the nitrogen removal upgrades discussed here-
in. A probability plot shows that the effluent TN is less than 3 mg/L 33 percent of the time, and
less than 4 mg/L 56% of the time (Figure 6).
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Figure 6 — Peachtree WWTP TN Probability Plot
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The aeration basin is operated in the extended aeration mode, with an SRT of approximately 60
days, and a target DO of 2 mg/L in the aerated section of the basin. Sodium hydroxide is used
for alkalinity supplementation/pH control as needed. The plant also has an effluent total
phosphorus limit of 2 mg/L. Sufficient phosphorus removal is normally achieved biologically,
and alum is added occasionally as needed. In general, better TN removal has been observed at
the higher SRTs (corresponding to MLSS concentrations of 5,000 to 6,000 mg/L) and during
summer months. One challenge with respect to process control is the absence of formal mixed
liquor recycle. Although some nitrified mixed liquor is recycled to the anoxic area of the basin,
the quantity is unknown and difficult to control since recycle occurs through the action of the
aerators; therefore a pumped system would allow for better process optimization. Peak flows
during storm events also can impact the TN removal performance.

The Peachtree WWTP effluent nitrogen speciation is presented in Table 3. The residual org-N is
approximately 1 mg/L. Peachtree does not have filters, but the effluent TSS normally averages
about 4 mg/L, and although reliability of achieving low TSS concentrations would increase with
filters, a significant reduction in the org-N component is unlikely. The largest nitrogen
component is NO3-N, averaging about 2.2 mg/L over three years, and if lower effluent TN were
required, a means to further reduce NO3-N would show the most promise. The effluent NH3-N
averages about 0.5 mg/L, and is normally below 0.3 mg/L but occasionally increases briefly to
about 2 mg/L. With modifications to achieve a more formal separation of the anoxic zone from
the aerated portion of the basin, it may be possible to further nitrify and slightly reduce the
residual ammonia.
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Table 3 — Peachtree WWTP Effluent Quality and Nitrogen Species

Parameter Year 2000® Year 2001™ Year 2002
Average TKN, mg/L 2.05 1.40 1.64
Average NH3-N, mg/L 0.74 0.47 0.56
Average org-N, mg/L 1.31 0.93 1.08
Average NO,-N, mg/L 230 2.13 2.35
Average TN, mg/L 4.35 3.53 3.99

Notes:
(c¢) Effluent nitrogen was sampled monthly during 2000.
(d) Effluent nitrogen was analyzed weekly during 2001 and 2002.

Peachtree received a permit limit of 76,030 Ibs/year TN effective January 2003. At the current
flow of about 4 mgd, this corresponds to 6.24 mg/L. TN. However at the permitted flow of 6.75
mgd, the corresponding effluent nitrogen concentration is 3.7 mg/L which would be more
difficult to reliably achieve with the current configuration. Peachtree is located in the flood plain
and has experienced severe flooding during hurricanes. As part of a long term upgrade project,
Peachtree will be decommissioned, Northside WWTP will be expanded to treat all of Kinston’s
wastewater flow, and the flow from Peachtree will be pumped over to Northside. Construction
1s expected to begin in 2004. New nitrogen removal facilities will include a Johannesburg BNR
process and deep-bed denitrification filters.

Havelock WWTP

The Havelock WWTP is located in eastern North Carolina and is rated for 1.9 mgd monthly
average flow. The plant was upgraded in 1997 and the facilities include influent pumping,
screening, grit removal, two stages of aeration basins operating in series, final clarifiers, deep-
bed denitrification filters, ultraviolet disinfection, and mechanical post aeration. Solids handling
facilities include aerobic digestion, gravity belt thickening and a sludge storage basin (Figure 7).
Polyaluminum chloride is added to the clarifier influent for phosphorus precipitation, and
methanol is added to the filter influent to provide a carbon source for denitrification. Havelock
1s required to meet an effluent TN limit of 21,400 lbs/year, which corresponds to a concentration
of 3.7 mg/L at the design flow. The current effluent BODs limit is 5 mg/L monthly average from
April through October (summer) and 10 mg/L monthly average from November through March
(winter). The plant also has summer and winter monthly average NH3-N limits of 0.5 and 1.0
mg/L respectively.
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Figure 7 — Havelock WWTP Schematic
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The activated sludge system is operated in an extended aeration mode, with a mixed liquor
suspended solids setpoint of 5,000 to 6,000 mg/L (corresponding to an SRT of approximately 25
to 30 days). The plant has operated very well in this mode, with effluent NH3-N concentrations
consistently lower than 0.2 mg/L. The influent NO3-N concentration to the filters averages about
12 mg/L. Since operation for denitrification began in 1998, Havelock has consistently met its
nitrogen limit. Effluent BODs and TSS typically average about 3 mg/L and 2 mg/L,
respectively.

The most significant challenge with respect to meeting the new nitrogen limit was initially
related to methanol feed control. In 1998, the NPDES permit had specified a CBOD limit of 3
mg/L monthly average. This CBOD limit was the most stringent in the state and would have
been difficult for any plant to meet. However, the addition of readily biodegradable carbon
substrate to the filters for denitrification made this even more challenging. At first, the methanol
feed was controlled through flow-pacing. While the system performed well, it was challenging
at times to balance the requirements for very low CBOD with denitrification. In particular, it
was difficult to closely match the carbon requirement under varying nitrate concentrations. With
the very stringent CBOD limit of 3 mg/L, additional control was needed. A Chemscan online
analyzer was installed. The control algorhythm was first modified to include feedback based on
the effluent nitrate concentration, and subsequently modified to incorporate feed-forward and
feed-back controls based on flow and influent and effluent nitrate (Tetrapace system). This has
enhanced the operation and reliability of the denitrification process without risk of methanol
overdose by more closely matching the methanol feed to the demand. This has also resulted in
reducing the variations in effluent nitrate to more closely match the setpoint. The plant staff
estimates that methanol consumption was reduced by approximately 30%. In addition, the plant
achieved a more consistent effluent quality, as illustrated by the annual averages and standard
deviations presented in Table 4.
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Table 4 — Havelock WWTP Comparison of Effluent BOD and TN Average and Variation

Parameter Year 1998 Year 1999 Year Year
(prior to installation 20019 | 2002®
of Tetrapace system)

CBOD Average, mg/L 2.8© 2.62© 2.819 2.99

CBOD Standard Deviation 4.07 0.85 1.03 0.99

TN Average, mg/L 4.28 3.09 2.72 3.32

TN Standard Deviation 2.96 1.76 1.51 2.28

Notes:

(a) April 2001 through March 2002
(b) April 2002 through March 2003
(¢) CBODs

(d) BODs

Havelock now has over five years of operation with the denitrification filters and about four
years of operation using the Tetrapace control system, with excellent results. Currently, the most
significant operations challenge is related to high flows during storm events, with peak flows of
up to 3 times the average flow. During high flow events the filters are normally taken out of
denitrification mode and are operated for filtration only. The filters have performed well during
high flows, but this procedure was adopted due to increased headloss and more frequent
backwashing and bumping cycles exceeding the available backwash storage volume (backwash
storage was retrofit in existing tank volume).

The influent and effluent nitrogen species were further examined as shown in Table 5. The
effluent TN averaged 3 mg/L in 2001 and 2002, was less than 3 mg/L 71% of the time, and was
lower than 4 mg/L 88% of the time (Figure 8). As discussed earlier, the effluent NH;-N is
consistently lower than 1 mg/L. The effluent org-N averages 0.6 to 0.8 mg/L. Approximately 2
mg/L of the effluent TN is in the form of NOx-N. The effluent NH3-N and organic TKN are
already very low and it is unlikely that these components could be further reduced. The effluent
organic TKN is mostly soluble, as the effluent TSS averages approximately 2 mg/L.. However,
there could be a potential for further reduction in the nitrate component as it may be possible to
reduce the effluent nitrate setpoint in the methanol control system. It is noted that further
reduction in nitrate (and the corresponding increase in methanol requirements) could increase the
risk of BOD breakthrough at tirnes.
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Table 3 —~ Havelock WWTP Comparison of Effluent Nitrogen Species

Parameter Year 2001® Year 2002®
Average NHis-N, mg/L 0.16 0.19
Average TKN, mg/L 0.78 0.99
Average NO,-N, mg/L 1.97 2.46
Average TN, mg/L 2.72 3.32

Notes:
(a) April 2001 through March 2002
{(b) April 2002 through March 2003

Figure 8 — Havelock WWTP TN Probability Plot
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DISCUSSION AND CONCLUSIONS

The performance of the four nitrogen removal processes examined were compared to gain some
insight into operations issues for these types of processes as discussed below.

High Flows and Influent Variations
High flows were identified as an operating issue for all for all four plants. In general high flows,

particularly peak events, often present an operations challenge regardless of the process. To
further examine this issue as it relates to nitrogen removal, plots of wastewater flow vs. TN were
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prepared. For each of the plants, there was a slight correlation between high flows and high TN,
but there also were many instances of high flow and low TN and low flow with higher TN
values. However, this does not suggest that high flows are not an issue, just that at this high
level of performance other factors tip the balance as well.

Balancing of DO and Mixed Liquor Recycle Flows

For the Bayou Marcus, Franklin and Peachtree plants, the balancing of DO concentrations and
mixed liquor recycle flow requirements was felt to be a challenge at times. This difficulty arises
from the need to maintain adequate DO in the aerated zone for good denitrification while
minimizing DO carryover in the recycle to the anoxic zone so that efficient denitrification can
take place. At this level of nitrogen removal, it is imperative that optimal nitrification is
achieved so that the effluent ammonia fraction is negligible. However, it is equally important to
achieve good anoxic zone performance. This issue is generally more critical for the Peachtree
and Franklin plants, as the only means of denitrification is the anoxic zone and simultaneous
nitrification and denitrification in the aeration zone. The use of a post-anoxic zone in the
activated sludge process, or use of a tertiary denitrification process, provides a means of
polishing the nitrate, increasing overall reliability.

Residual Soluble Organic TKN

As discussed earlier, there is generally a residual soluble TKIN component of 0.5 to 1.5 mg/L in a
fully nitrified effluent. Each of the plants examined treats mainly domestic flow, and had a
residual org-N of 0.5 to 1 mg/L.. Since this component is generally not removed through
conventional treatment means, it would be difficult to reduce it further. It is not uncommon for
plants treating wastewater with a significant industrial component to have a residual org-N of 2
to 5 mg/L.. However, from a water quality standpoint this component may be less critical than
the reactive components of NH;-N and NO3-N.

System Reliability and Nitrogen Limit Averaging Period

The probability plots for each plant as presented previously were used to compare the reliability
of performance of the four facilities (Table 6).

Table 6 - Comparison of Performance Reliability

Parameter Average = 50" percentile | 90" percentile | 95% percentile
TN TN TN TN
Peachtree WWTP 4 mg/L < 3.6 mg/L <59 mg/L <7 mg/L
Franklin WWTP 31 mg/l. | <2.8 mg/L. <45 mg/L. <6 mg/L
Havelock WWTP 30mg/L | <2.6 mg/L < 4.4 mg/L <54 mg/LL
Bayou Marcus WMF | 1.9 mg/l. | <1.6 mg/L <2.8 mg/L < 3.3 mg/L

It is noted that although all four plants show excellent performance, the reliability was higher
when a “tertiary” means of nitrate reduction was incorporated. This can be accomplished
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through the addition of a post-anoxic zone in the activated sludge process, similar to that of
Bayou Marcus, or by using a tertiary denitrification process following an upstream nitrification
or BNR process.

All four plants have permit limits with relatively long averaging periods. The Peachtree and
Havelock plants have annual mass loadings without any other limitations on TN. However, both
plants have monthly average NH3-N limits. Similarly, the TN limit for Franklin will include a
seasonal mass loading, but an average concentration limit of 5 mg/L also is included. The Bayou
Marcus permit limit is by far the most stringent in that a monthly average limit of 3.8 mg/L TN
and a daily maximum limit of 6.0 mg/L TN are included with the annual average limit of 3 mg/L.
This plant has had exhibited exemplary performance with a long-term average of about 2 mg/L.
TN, but the daily maximum is problematic on rare occasion. The annual average limits are
clearly more forgiving while still achieving the goal of low nitrogen. For complete reliability on
a daily maximum basis, online monitoring of NH3-N and NOx-N coupled with the capability of
chemical addition to a tertiary denitrification process may provide the best opportunity for real-
time adjustments to be made.
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