Denitrification

The Cheshire, Conn.,
Water Pollution Control
Plant began construction of its biological
anoxic filter in 2005.
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Takes a BAF
Starting up the first separate-stage biological anoxic filter in
Connecticut requires some problem-solving and know-how
Jon R. Pearson, Dennis A. Dievert, Donald J. Chelton, and Matthew T. Formica

T

he 13,200-m 3 /d (3.5-mgd) Water
Pollution Control Plant (WPCP) in
the town of Cheshire, Conn., was facing significant expenditures to purchase nitrogen removal credits under

Connecticut’s nitrogen credit trading program. After

evaluating various approaches to nitrogen removal,
the town selected the separate-stage biological anoxic
filter (BAF) process with methanol feed. This installation, the first in Connecticut and the second in the
New England region, is also the first application to add
a separate denitrifying BAF to an existing nitrifying
plant in the United States.
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One of the main reasons for selecting the BAF
process was its compact size, resulting from
higher loading rates than those for more conventional filter techniques. The upflow BAF has
proven successful in achieving the targeted high
level of denitrification during the initial operating period, consistently reducing effluent total
nitrogen to less than 3 mg/L. In general, the denitrification system operates automatically, with
little operator attention except for observation
of the filter and minor preventive maintenance
of the on-line analyzer.

Denitrification Process
The Cheshire WPCP fully nitrifies all year,
consistently reaching ammonia levels of less
than 0.5 mg/L. Nitrate-rich secondary effluent is
then introduced to the denitrification facilities
(see Figure 1, below). The facilities — consisting
of a denitrification building that houses the BAF
process — include an influent pump station, five
filter cells and mudwell, and a methanol storage
and feed facility.
At the Cheshire BAF, influent passes through a
bar rack with 6-mm (0.25-in.) openings and then is
pumped into the filter via two headers, each with
a methanol addition point followed by a static
mixer. Flow is then discharged to each filter cell,
entering the cell at the bottom and rising upwards
through the filter media (see Figure 2, p. 52). The
filter media are buoyant expanded polystyrene
beads, approximately 4.5 mm in diameter, that
are retained in the filter cell by a concrete nozzle
deck. The 3-m-deep (9-ft-deep) media provide a

Figure 1. Cheshire, Conn., Denitrification Filter Process

surface for biomass to attach to and grow on, and
the dense media packing filters the flow. Denitrified
and filtered flow passes through slotted nozzles in
the concrete nozzle deck at the top of the cell and
then into a common effluent channel. The filter effluent is then metered and conveyed by gravity to
the WPCP’s chlorination and dechlorination tanks
before discharge to the Quinnipiac River, a tributary to Long Island Sound. Nitrogen gas created
during denitrification is released as gas bubbles at
the top of the filter cells.
With filter run time, the filter biomass
grows, increasing headloss through the cells.
Periodically, each cell is taken out of service and
backwashed to remove excess biomass. The system, which uses filtered effluent from the effluent
channel as backwash water, also uses an airscour phase to loosen and agitate the media bed.
The backwash waste is drained into a mudwell
and returned to the WPCP headworks.
Methanol, the carbon source for denitrification, is stored onsite in two 23,000-L (6000-gal)
aboveground storage tanks.

Automatic Control
The entire BAF process is operated by a programmable logic controller (PLC) and controlled
through a supervisory control and data acquisition
(SCADA) system. All filter feed, backwash, and
air-scour valves are pneumatically operated and
remotely controlled by the SCADA–PLC system.
The SCADA–PLC varies the speed and number of
influent pumps in service based on the wet well
level. Flow to each cell is measured continuously,
and modulating flow-control valves
redistribute flow uniformly between
the active cells when a cell is off-line.
In automatic mode, the SCADA–PLC
varies the number of cells in filtration based on the measured influent
flow, dissolved oxygen (DO), and
nitrogen oxides (NOx) to maintain a
user-selected constant hydraulic or
nitrate load.
Plant staff estimate that the
denitrification system requires approximately 11 hours of operator
attention per week.

Challenges and Lessons
Learned
As with the startup of any new
facility, lessons were learned as
the project team worked through
the initial months of the system
operation.
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DO Control
Denitrification requires methanol for two
reasons — to deplete the DO present in the nitrified influent and to provide a carbon source
to biologically convert nitrate to nitrogen gas.
Minimizing the DO level in influent is important,
as it affects both denitrification performance
and methanol costs. During the initial startup
period, influent DO levels were 4.5 to 6.0 mg/L.
A hydraulic freefall of several feet from the secondary clarifier launders to the effluent box was
observed, increasing DO levels in the denitrification influent. To reduce the DO entrainment in
this hydraulic drop, the operating levels of the
pump control system at the influent wet well
were raised, increasing the hydraulic grade back
to the clarifier launders. This had the immediate
effect of reducing the influent DO to between 2.0
and 3.0 mg/L.
Influent Pump Control
The influent pump system consists of four
pumps — three duty pumps and a standby. As
flows varied with diurnal variation — and more
significantly with storm-induced infiltration
and inflow — the control system started and
stopped pumps as needed to maintain the wet
well level setpoint. The initial strategy was to
vary the pump speeds and number of pumps as
needed to maintain the wet well level. During the
initial period of operation, startup of the second

or third pump resulted in large flow increases to
the filter cells. This had several effects. First, it
immediately increased filter effluent NOx concentration, as biological activity in the cell could not
rapidly adjust to the hydraulic loading increase.
This rapid flow increase also created control
issues, causing a rapid rise in headloss through
the cell and triggering the high-headloss and
cell-clog alarms. While the cell-clogging condition
only initiated a warning, the high-headloss alarm
triggered the PLC to remove a cell from service
and placed it into minibackwash mode. This
mode redistributed the influent flow through the
other four cells. This, in turn, caused the other
cells to reach a high headloss level, putting them
into a queue for backwash. When this condition
occurred, each cell had to be backwashed manually and put back into service to avoid any more
headloss alarms. After this operational problem
was experienced, the influent pump station controls were reprogrammed to extend the pump
response time, enabling the wet well level to rise
and fall to a greater degree and enable the pumps
to react slowly to flow increases.

The filter is able
to treat wide
variations in flow
and nitrate loading, and requires
minimal operator
attention.

Process Control Parameters
Operation of the denitrification process requires sufficient methanol to enable complete
denitrification without overdosing, which would
increase the effluent biochemical oxygen demand
(BOD). Due to the 5-day delay in obtaining BOD
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Figure 2. Denitrification Filter Cell

data, chemical oxygen demand (COD) data were
used as a tool for methanol dose control during the acclimation and biomass development
phases. With the establishment of a COD-to-BOD
ratio, operations staff found a “sweet spot” in the
methanol feed rate.
As plant staff became comfortable with the
on-line NOx analyzer, it proved to be a valuable
tool to optimize methanol addition. By trending
the filter effluent NOx concentration over time,
the impact of small changes in methanol dosage
could be readily identified. It was noted that a
small change in dosage would affect the filter
effluent NOx concentration within 15 minutes. If
methanol dosage was returned to the previous
setting, the effluent NOx concentration would
return close to the original value.
On-Line NOx Analyzer Use and Cleaning
Influent and effluent NOx concentrations are
continuously measured. At many times during
startup, optimization, and performance testing
of the filter, the NOx analyzer was tested using a
variety of standards. Duplicate samples also were
checked in the plant laboratory. Without exception, the analyzer data were reliable. Periodically,
the analyzer unit tests for the need for flow cell
cleaning. It was agreed early in the initial operation that the analyzer flow assembly would be
cleaned and zeroed every 24 hours.
Although the analyzer manufacturer recommended using a 3% hydrochloric acid solution for
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cleaning, a yellow-colored
zoogleal biomass would
coat the inside of the sample flow cell and prevent
the analyzer from zeroing.
After consultation with the
manufacturer, plant staff
changed the cleaning solution to a 9% sodium hypochlorite solution, which
eliminated the problem.
The flow cell assembly required removal and cleaning twice during the first
year of operation. Once
removed, the flow cell was
cleaned using a mild soap,
distilled water, and soft
chemical wipes, with care
taken to not scratch the
cell quartz. The analyzer
unit indicates the need for
this maintenance cleaning
when the ultraviolet absorbance and intensity fall below a threshold defined
by the manufacturer.
There are two filter screens on the sample
lines located before the analyzer feed pump that
also require cleaning and periodic flushing. It was
noted during analyzer operation that biomass
accumulated inside the sample lines. Since the influent and effluent NOx concentrations measured
by the analyzer are used in the methanol dosage
calculation, it was imperative that these lines
were checked daily and cleaned as necessary.
It was noted by plant staff that a weekly flush of
sample lines and daily screen cleaning eliminated
the biomass buildup.
In addition, it was found that the peristaltic
tubing for the analyzer pump had to be checked
periodically for pumping capacity. This was accomplished by disconnecting the discharge tubing,
pumping for 1 minute into a beaker, and recording
the volume. For the Cheshire unit, the sample
pump should produce at least 400 mL/min. If less
is produced, the tube should be replaced.
Methanol Dose Control
The methanol dosing system uses a 4–20 mA
signal to control the variable-frequency drives
on the methanol hose pumps. Plant effluent
flushing water was added to the discharge from
the methanol pumps as carrier water. During
the optimization period, the control loop for the
methanol pumps could not be tuned sufficiently
to dampen spikes in effluent NOx concentration.
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Various modifications were made, but the cyclical spikes continued until the methanol carrier
water was eliminated. Without the carrier water,
the feed pipe was full of pure methanol, and any
change in methanol flow due to a pump speed
change resulted in a near-instantaneous change
in dose at the filters. The project team speculated
that variations in carrier-water system pressure
caused fluctuations in the amount of dilution of
the methanol dose. As a result, the effluent NOx
concentration also fluctuated, and the methanol
feed system controller was always “hunting.”
The system as designed contains two duty
methanol pumps and a common standby pump.
The discharge of each duty pump is conveyed to
one of the two filter influent headers. One header
feeds filter cells 1, 2, and 3, and the other feeds
cells 4 and 5. At initial startup of the methanol
pumps, drawdown testing of each pump was performed to calibrate the feed system. In the pump
control algorithm, the slope of the calibration
curve was used for each pump. During the optimization period, after all five cells were tested
individually, the effluent from cells 4 and 5 had a
higher effluent NOx concentration than those in
the other cells. Since cells 1, 2, and 3 were being
fed by one methanol feed pump and cells 4 and 5
by another, the programmed slope for the pump
feeding cells 4 and 5 was adjusted upwards in
10% increments. This adjustment lowered the
effluent NOx concentration in those cells. During

this period, COD data confirmed that methanol
overfeeding was not occurring. It was again noted
during these adjustments that changes in the
methanol addition rate almost immediately affected the filter effluent NOx concentration when
carrier water was not used.
Partial Denitrification
The Cheshire WPCP is required to seasonally
disinfect its effluent from May 1 through Sept. 30.
When the sodium hypochlorite system was first
started in the spring after the filter was placed
on-line, disinfection dosage problems occurred.
During periods of high nitrate loading to the filter, such as during peak daily flows, the chlorine
residual would decline to unacceptable levels as
filter effluent NOx concentrations increased. The
plant staff collected several samples to investigate the problem. It was not until samples were
analyzed for both nitrate and nitrite that the root
of the problem was found. During these periods
of low chlorine residual, the filter effluent NOx
was 70% to 80% nitrite, which was oxidizing the
chlorine. Previous pilot studies on denitrifying
BAFs had considered only NOx, not the partitioning of NOx between nitrate and nitrite. The
problem was initially addressed by adjusting the
methanol dosage at high flow rates and adjusting
the control system to respond so that as flows
increased rapidly, idle cells were brought on-line
quickly to achieve complete conversion of the
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The system has
allowed Cheshire
to meet and
exceed permit
limits, bringing
revenue to the
town through the
nitrogen trading
program.
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Figure 3. Plant Influent and Filter Effluent Total Nitrogen Concentration

nitrite to nitrate to nitrogen gas. It was concluded
that the nitrite levels in the effluent NOx were
due to insufficient biomass during the acclimation period to handle the peak NOx loading. This
problem diminished as the biomass matured and
became fully developed.
Backwash Control and Impacts
During the initial period of operation, various
filter backwashing approaches were tried. While
the system controls allow fully automated control
of backwash frequency (based on measured cell
headloss), it did not prove to be the most successful approach. Backwash frequency also can
be based on a cumulative filter run-time setting.
In effect, a time is set (for example, 24 hours), and
when a cell has a cumulative time of 24 hours in
filtration, the PLC will initiate backwash of the cell.
This control approach also proved problematic,
since the time of day that the backwash is initiated
could not be planned. It was found that multiple
cells were going into backwash mode during the
daily peak flow period, tripping cell-clogging
alarms. The best method for backwash control
proved to be setting fixed daily backwash times.
In this mode, cells could be programmed to backwash at night or during off-peak flow hours. It was
found that this backwash scheduling did not affect
the effluent NOx concentration.
Backwash water enters the mudwell, where it
is then pumped either to the head of the WPCP or
to the gravity thickener. The mudwell was sized to
contain two complete cell backwash volumes. If
the system is in automatic mode and the system
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calls for a cell backwash when
the mudwell is full, then that cell
is taken off-line until sufficient
mudwell volume is available. This
reduction in cells in filtration,
in turn, can increase the flow
through the remaining on-line filters, causing a high headloss condition in those cells. The timed
backwash frequency approach
also has been helpful in preventing this problem.
The Cheshire collection system is affected by infiltration and
inflow. Experience has shown
that during higher-than-normal
flow rates, the filter performance
is improved by manually initiating
backwashing and overriding the
programmed sequence. This is
done when rain is forecast. If cells
are manually backwashed prior
to the storm, the rapid storminduced increase in influent flow minimally affects
the filter system.
Each backwash generates approximately 98,000
L (26,000 gal) per cell, with a total suspended solids concentration of 600 mg/L. This recycle load,
which is returned to the WPCP influent, affects the
sludge settling characteristic in the WPCP’s primary settling tanks. The filter backwash solids are
light and fluffy in nature and do not settle well in
the primary tanks. WPCP staff have started a trial
of adding a very low concentration of polymer to
the primary settling tank influent to help settle and
concentrate these solids.
Plant Upset
During the filter’s initial operating period,
the WPCP experienced a biological upset. Large
amounts of white foam billowed from the reaeration zone of the chlorine contact chamber. Based
on past experience, this condition is evidence of a
toxic or inhibitory discharge to the plant that has
affected the secondary biological process. The
impact was confirmed by microscopic examination
of the mixed liquor.
Biomass was evident in the filter effluent by
its milky white color and the increase in turbidity.
This biomass affected the on-line NOx analyzer
results, which erroneously indicated a high level
of nitrate, causing an overaddition of methanol.
After consultation with the analyzer manufacturer,
it was agreed that the turbidity level of 8 NTU was
affecting the analyzer’s ability to read the sample
cell. Methanol addition was immediately changed
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in the SCADA system from a NOxloading basis to a NOx table, and
effluent COD was monitored. Partial
nitrification was noted in the aeration tanks, so immediate steps were
taken to improve nitrification. The
pH was raised through the addition
of lime, and enzymes were added
to the process. In less than 2 weeks,
the nitrification process was fully
restored. During the upset period,
the filter continued to remove a high
level of the incoming nitrate, but the
total nitrogen removal was affected
by the partial loss of nitrification.
Once nitrification was restored, the
denitrification filter was fully operational. It was noted that the filter
biomass was highly resilient and
came back with little to no effect on
performance.

Figure 4. Cell 4 NOx Profile at Different Filter Influent Flow Rates

Ongoing Performance
The filter continues to provide a high level of
denitrification. As indicated in Figure 3 (p. 54), once
the biomass acclimation and optimization period
were complete, the filter consistently achieved a
low level of effluent total nitrogen. The exception
was in April 2007, when the plant monthly average
flow was approximately 16,700 m3/d (4.4 mgd) due
to nearly 280 mm (11 in.) of rainfall.
When average daily influent flow is plotted
against influent total nitrogen, a trend appears: As
flow increases, influent total nitrogen concentration
decreases. This trend is likely due to dilution of the
base wastewater flow with infiltration and inflow
during higher flow periods. When average daily
flow is plotted against effluent total nitrogen, the
data show a strong correlation between increases
in influent flow and effluent total nitrogen. This is
expected due to the reduced detention time at the
higher flow rates, leading to a lower level of nitrogen
reduction. In addition, due to the diluted organic
loading on the aeration system during storm events,
the DO level in filter influent increases, which, in
turn, affects the level of denitrification. A comparison of filter influent and effluent total nitrogen levels
indicates that the effluent total nitrogen achieved by
the filter system is largely unrelated to the influent
concentration. This was confirmed by a review of
the filter performance during the initial period. The
only exception to this performance was during a
period of partial nitrification.

Ongoing Optimization Efforts

performance, plant staff have been collecting additional data. Two filter cells are equipped with
four sample points, enabling samples to be taken
at various depths through the bed at different
flow rates (see Figure 4, above). The data show
that 70% to 90% of the nitrate in the filter influent
is converted to nitrogen gas in the first 1 m (3 ft)
of the 3-m-thick (9-ft-thick) media bed.
Methanol use has varied due to variations in flow
and influent total nitrogen, as well as plant operating
conditions. Methanol use has generally followed
the stoichiometric requirement of 3 g methanol per
gram of nitrate to be reduced, but the plant staff
continue to fine-tune the methanol feed system.
The upflow BAF has proven successful in
achieving the targeted high level of denitrification, consistently achieving an effluent NOx
concentration of 1.0 to 1.5 mg/L. Operation of
the denitrification facilities has allowed the town
to sell, rather than purchase, nitrogen credits
under the nitrogen trading program. The profits
will offset some of the operating costs of the filter
system. As the WPCP staff gain more experience
with the filter operation, continued efforts at
adjusting the filter control parameters should
improve system operation.
Jon R. Pearson is a vice president, Donald
J. Chelton is a vice president, and Matthew T.
Formica is a project engineer at Metcalf & Eddy
Inc. (Wakefield, Mass.). Dennis A. Dievert is
superintendent of the Town of Cheshire (Conn.)
Water Pollution Control Department.

To better understand filter operation and
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