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EXECUTIVE SUMMARY

Full acale process modifications were conducted in an oxidation ditch system to
understand the kinetics of biological nitrogen and phosphorus removal in
activated sludge systems which may use high nitrate or internal recycles.
Design parameters and operating strategies with multiple contrecl parameters
were evaluated over a two-year period to help increase the efficiency of year
round biological nutrient removal in temperate climatea. The full scale
avaluation has helped identify the extent of nitrogen and phosphorus removal
which may be achieved, and tha corresponding changes in the kinetica of

reactions when nitrate recycle rates are increased to enhance denitrification

in activated sludge systems.

The Bowle WWTP, located on the Patuxent River in Princa George's County,
Maryland, was modified by the Research Diviaion of Virginlia Polytechnic
Institute and State University to maximize biolcgical nitrogen and phoaphorus
removal and satisfy year round permits of 1 mg/L for phosphorus and 6 mg/L for
total nitrogen (monthly averages) without the use of chemicals. The regearch

‘was sponsored by the Maryland Department of the Environment and the USEPA
Chasapeake Bay Cffice.

The Bowie WWTP is an oxidation ditch system which receives 2.2 MGD of flow. The
facility was modified in Phases to investigate biological nitrogen and
phoaphorus removal in oxidaticn ditches and optimize process design and
operations within the constraints of the structures available. The final
design utilizes two oxidation ditches connected in ser;es with a side stream
anaercbic cell. The anaarcbic cell receives only 40 to 60 percent of the raw
influent flow. The mixed ligquor recycle ie set at 30 to 45 percent. Tharefore,
the VI2-BNR process, as developed for thias facility, combines the capacity for

biclogical nutrient removal in oxidation ditches (i.e., without a separate




anaercbic cell) and enhances phosphorus removal capacity with the anaarcbic

cell. A schematic of the plant is presented in Figure 1.

Two oxidatlon ditches were necessary to maintain the MCRTa essential for winter
nitrification without overloading the clarifiers. With only one oxidation
ditch in operation, the ammonia-N levels averaged in excess of § mg/L in winter
(1988-89). When two ditchea were put in operation {in seriea or in parallely,

effluent TKN averaged 1 mg/L and total nitrogen averaged 3 mg/L.

By controlling the aerobic, anoxic and anaercbic volumes inside the oxidation
diﬁchas, it was possible to enhance biological phosphorus removal and average
less than 2 mg/L in thé effluent with about 4 perceant phosphorus in the bicmaas
on a volatile solids basis. To average less than 1 mg/L, it waa necsssary to
utilize an anaerobic cell whose volume was 10 percent of the combined volume of
the oxidation ditches. Effluent phosphorus levels averaged 0.5 mg/L in warm
weather and 0.6 mg/L in cold weather. Phosphorus removal has continued to
improve with improvements in process control. The system is expécted to average
leas than 0.5 mg/L annually at MCRTe between 15 and 35 days. Because of a
phosphate detergent ban, the influent BODy /P ratio averages 30/1 and the COD/P

ratio averages 70/1.

The plant utliizes gravity thickening and belt filter presses for solida
dewatering. Less than 10 percent of the waste sludge phosphorus is recycled
from the gravity thickeners. Precauticns are taken tc prevent excessive solids
losses in the supernatant. Non~potable water is not added to gravity
thickeners to minimize the volume of supernatant.

The phosphorus content of the plant recycle increases the influent phosphorus
concentrationa by 25 percent, This is because the belt filter presses are
overloaded and, therefore, are not very efflcient in dewatering the solida.
The BODg/P ratio in the influent to the oxidation ditch after it is mixed with
.the plant recycle averages 22/1.

The research has identified several parameters which can enhance process

contrel in oxidation ditches. These include parameters for the control of

filamentous bacteria and alternatives to dissolved oxygen measurement to

ii
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control aeration. SVI and filamentous bacteriz can be kept in check when
strict control is maintained over the anaercbic, anoxic and aerobic volume
fractions ineide the oxidation ditch. Since digsolved oxygen levels mea-
gure less than 0.5 mg/L at all accessible points in the ditch, altaernative
process control parameters were developed to correlate the pounds of oxygen
injected to the process performance. These include secondary and aeration

effluent alkalinity and turbidity measurements.

The available influent alkalinity at municipal wastewater treatment plants
(influent alkalinity + alkalinity released during deamination of organic
nitrogen) is a function of the influent TKN concentration. The effluent

alkalinity can be related to the influent alkalinity as follows:

Effluent Alkalinity = Available Influent Alkalinity = 3.57 (Influant TKN)
+ Effluent N forms effect

Effluent N forms effect = 3.57 (Eff Ammonia-N} - 3.57 (Eff Oxidized-N).

If non-biocdegradable ﬁorms of organic nitrogen are present in the influent,
they will be removed in the effluent or in the waste sludge. The contribution
of non-blodegradable organic nitrogen forms to the first and second terms on
the right hand side of the equation are equal. Therefora, they cancel sach
other out. The TKN test captures a very high percent of the unoxidized organic
and inorganic nitrogen forms, However, if a significant portion influent
uncxidized nitrogen is of a form that it is biodegradable but {s not captured
in the TKN test, the equation will have to be expressed in terms of unoxidized

nitrogen forms instead of TXN.

Nitrification and denitrification were controlled by adjusting the volume of
biomass present under aercbic and anoxic conditions. An operating range was
set up to maintain the effluent alkalinity between 72 and 75 mg/L to maintain
excellent nitrogen removal. Aeration was contrelled by changing the depth of
submergence of the brush aerators (altering the liquid level in the oxidation
ditches) or by adjusting the length of operation of the brush aerators with
timers. '

iv



The effluent turbidity increased with alkalinity when the amount of air
injected was not adeguate for phosphorus removal. In oxidation ditches, which
typically operate with very high internal recycle flows, biological phosphorus
and nitrogen removal can take place simultaneously. Therefore, a short term
reduction in the oxygen supply will affect both phosphorus and nitrogen
removal. Effluent ortho phosphorus will also increase when dissolved oxygen
and nitrate levels increase in the anaerobic sections of the oxidation ditch eor
in the anaerobic cell. The dissolved oxygen and nitrates were kept in check
with alkalinity and turbidity measurements, and with occasional dissolved
oxygen and ORP measurements in the anaerobic cell. Nitrogen and phosphorus
removals were maximized by minimizing the volume of biomass maintained under
aerobic conditions such that it was barely sufficient for nitrification and BOD
removal. This helped maximize the anoxic and anaerobic volumes for nitrogen
and phosphorus removal. The mixed liquor suspended solids had to be increased
in winter to maintain adequate aerobic, anoxic and anaerobic MCRTs within the

volume available.

The net annual saving after implementing the biological nutrient removal
process was calculated as $57,000 at a flow of 2.2 MGD. This was observed in
epite of an increase in nitrification of 10 ng/L. Of this, $30,000 was related
to the savingas in ferrous sulfate and was reflected directly in the operating
budget. Other savings were calculated indirectly. The cost for adding
supplemental alkalinity would have averaged $37,500 {as 30 percent caustic
‘soda) if chemical phoa?horua removal was pracﬁiced. The sum total of costs for
aeration, recycle pumping and aerobic digestion decreased by $7,500. Sludge
production after solids dewatering remained at the same level for a number of
reasons including the fact that aerchic digeastion was practiced prior to
biclogical nutrient removal when the plant was operated at a lower HCRT. An
additional §5,000 of savings in supplemental alkalinity was observed because of
excellant denitrification which reduced effluent nitrate concentrations from &
mg/L to 2 mg/L. Laboratory technician time and equipment expenses are expected
to increase by $23,000 each year because of additional tests which have to be

performed for the new NPDES permits for nitrogen removal.
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INTROLDUCTION

The Bowie WWTP is located on the Patuxent River in Prince George's County,
MD. The plant was designed in 1982 to operate as an oxidation ditch syastem
and satisfy a BODg (5 day Biochemical Oxygen Demand} and TSS (Total
Suspended Solids) permit of 30 mg/L each. In 1985, facilities were
installed for chemical phosphorus removal and caustic soda addition and the

plant was issued a total phosphorus permit of 1 mg/L.

As part of the Chesapeake Bay Agreement to which the State of Maryland is a
‘signatory, several plants in Maryland will be required to reduce the
nitrogen and phosphorus levels in their effluent. To examine the
feasibility of bilologlcal nutrient removal (biological nitrogen and
phosphorus removal}, the Bowie WWIP was selected bhecause therae were fow
full scale studies on biological nitrogen and phosphorus removal in

oxidation ditches under temperate weather conditicns.

The Bowie WWTP was upgraded for biological nutrient removal (BNR) in
~ several phases., For purposes of the final report, these phases have been

designated as followa:

Phase I Operation of the facility with one oxidation ditch and chemical P
removal (1985 to Aug 1987);

Phase II Analysis of aeration capacitiea for nitrogen removal while

continuing with chemical P removal (Sep 1987 to Jul 1988);

Phase III Operation of the facility with one oxidation ditch after
discontinuing chemical P removal (Sep 1988 to Jan 1989);




Phase IV Operation of the facility with two oxidation ditches in parallel
and no chemical P removal (Feb 198% to May 1989);

Phage V  Operation of the facility with two oxidation ditches in series
- VT2 BNR process (Jun 1589 to end of project, Jun 1990); and

Phase VI Permanant upgrade to VT2 BNR process (Planned for FY 1990-91).

During Phase II, the amount of air supplied to the oxidation ditch system
was not adequate for nitrification from September 1987 to May 1988. The
effluent ammonia-N averaged above 10 mg/L. 1In Jﬁne 1988, the oxygen supply
was increased to achieve good nitrification while maintaining a high level

of denitrification.

During Phase III, chemical P removal was digscontinued to examine the
potential for removing phosphorus biologically. The phosphorus levels in
the effluent averaged 2 mg/L. Problems with process contrel made it
difficult to maintain an adequate and consletent anaerobic volume in the
oxidation ditch. This prevented further improvements in effluent

phosphorusa.

The plant was able to maintain total nitrogen levels below 5 mg/L when air
and temperature did not limit nitrification. In November 1988, the MCRT
was increased to maintaln_nitrification during cold weather. However, it
was not possible to maintaln complete nitrification and good |
denitrification in Daecember 1988 and January 1989 because of a combination

of factors:

i) the secondary clarifiers were overloaded at total MCRTs of 15 days;

ii) it was difficult to maintain adequate aeroblc MCRTs for complete

nitrification because of ,
a) lack of sufficient aeration capacity to satisfy the demand during

high flows;
b} loas of anoxic MCRT when aeration was maximized during low flows

{lack of adequate process control).



This resulted in a simultaneous increase in ammonia and nitrates in the
effluent. The total nitrogen levels increased above 10 mg/L when licuid

temperatures dropped below 18 Celsius.

During Phases I, II and III, the plant utilized the second oxidation ditch
as an aerobic digester. Waste sludge was pumped to the aerobic digester
when the solids dewatering system could not handle the amount of biomass
generated. Between 5 and 15 percent of the biomass was pumped to the

digester.

During Phase IV, both oxidation ditches were put in service in parallel to
aensure excellent nitrogen removal 1n cold weather. The operating MCRT was
increased well above that required for nitrogen removal to reduce the load
on the solids dewatering system. Total Kjeldahl Nitrogen (TKN) levels
averaged less than 1.5 mg/L and Total Nitrogen (TN) levels averaged less
than 3 mg/L. Improvements in process control increased biological P
removal. The effluent Total Phosphorus levels decreased from 2 mg/L in

February 1989 to 0.9 mg/L in May.

The VT2-BNR process for operating two oxidation ditches in series with a
gide-strsam anaerobic zone was put in service in June 1989 (Phase V). The
process was developed after analyzing the limitations of the oxidation
ditch system. It uses a side stream anaercbic zone which receives between
40 and 60 percent of the raw influent flow, and a mixed liquor stream flow
between 30 and 45 percent of the raw influent flow (Figure 1). Using this
arrangement, the plant was able to maintain monthly average ammonia-N
levele of 1 mg/L and total nitrogen levels between 2 and 5 mg/L ovex a one
year period of operation. The effluent total phosphorus averaged leas than
0.6 mg/L during summer and 0.7 mg/L during winter. The plant performance
for phosphorus continues to improve., Effluent average for May 1990 was 0.4
mg/L and should improve to 0.3 mg/L after the final upgrade is completed.
The plant does not filter its secondary effluent. Filtration can decrease

the effluent total phosphorus tc 80 percent of observed levels.

The research attempted to understand some of the principles behind
biological nutrient removal in oxidatlon ditches to develop process design
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and operation criteria. The results from Bowie and other oxidation ditches
have shown that they can be designed to achieve the performance levels
gimilar to those attained in Phase V using one ditch with sufficient length
{(or liquid ecirculation time) and volume, and a side atream anaerobic zone

receiving less than 50 percent of the influent £flow.

Annual savings were calculated from the annual costs for chemical
phosphorus removal, the cost to supplement the influent alkalinity with
cauatic soda, and the savings generated in aeration energy and sludge
production as a result of excellent daenitrifiecation. For treating 2.2 MGD
(8,300 m3fday) of flow, 567,500 of savings are generated because of
bisological phosphorus reﬁoval alone. These are distributed between costsa
for chemicals for phosphorus removal (Ferrous Sulfate, $30,000) and
supplemental alkalinity added as caustic soda ($37,500). Additional
reduction in supplemental alkalinity requirements and aeration is generated
by excellent denitrification. The effluent nitrate-N averaged less than 2
mg/L. This is approximately 4 mg/L less than the concentrations observed
after modifications to activated sludge tanks using high rate processes.
The alkalinity recovered during the denitrification of an additional 4 mg/L
of nitréta-n reduced the cost for supplemental alkalinity by an additional
§5,000. Net saving in energy for aeration, recycles and solids handling is
§7,500 each year. By utilizing a BNR proceas with excellent nitrogen and
phosphorus removal, the Bowie WWTP is saving $80,000 annually, when
compared te a facility which may achieve the same degree of nitrification
and phosphorus removal through chemical precipitation and is discharging €
mg/L of nitrate-N in the effluent. Other than the cost for chemicals for
phosphorus removal (§$30,000}, individual items are not reflected in a
comparison of cperating budgets for 1987 in 1990 becauge the plant
discharged in excess of 10 mg/L of ammonia-N on an annual average prior to
the modification. Nitrification increases aeration energy costs and
alkalinity requirements substantially. This is offset partially by
denitrification and bioclogical P removal.

The laboratory staffing will have to be increased by 10 hours each week to
conduct certain testa which are essential for satisfying the NPDES permit

requirements for nitrogen removal. Operator tralning and certification




levels will have to be improved. These will result in expenditures of
$23,000 each year. The return on this investment will be from an increase

in the proceess efficiency.

The total volume available in the oxidation ditches is adequate for
achleving biological nutrient removal to satisfy permits of 6 mg/L for
Total Nitrogen and 1 mg/L for Toctal Phosphorus at the design flow of 3 MGD.
The nominal HRT will be 24 hours at deaign flow. However, the aeration,
clarifier solids handling and solids dewatering capaclities will have to be

increased to trea average flows above 2.5 MGD.



NUTRIENT REMOVAL PROCESSES IN OXIDATION DITCHES

) amoval Proceszes

Oxidation ditches have been used for BOD removal since the early 1570s.
Because they are constructed with nominal hydraulic retention times in
excess of 10 hours in ﬁost casesg, they can maintain MCRTs which are
adequate for nitrification in warm weather without exceeding the solids
handling capacities of the clarifiers. When an adequate amount of air is

supplied, the nitrifiera will oxidize the ammonia to nitrates.

Towafds the end of the 19703, attempts were underway to improve nitrogen
removal in oxidation ditches through biological nitrification and
denitrification. The key to improving nitrogen removal was proper control
of dissolved oxygen levels in different eections of the oxidation ditch
while maintaining adequate mass of bacteria under aercbic and anoxic
conditions. An anoxic condition is defined as an environment where the
bacteria have nitrate or nitrite but have no dissolved oxygen available as
electron accepﬁors for respiration. Several processes were developed for
nitrogen removal, some of which are patented in the United States {Table
1). The oxidation ditches were aerated by a varlety of equipment which
included brush aerators, diffusers and submerged propeller devices and

carousel aerators.

Enhanced Biological Phosphorus Remcval Procosses

Attempts to improve nitrification and denitrification in oxidation ditches
led to scme observations of increased biological phosphorus removal.
However, in a majority of the cases, the capacity for biolegical rhosphorus
removal was not comparable to those observed in modified activated sludge

gystems. Examples of modified oxidation ditch systems where P removal was




Table 1. Oxidation Ditch Processes

Type Manufacturer Removal Modifications
Carcusgels Envirotech BOD, Nitr Denitrification
Dwarsa BOD, Nitr
Heederick and Verhay, Ltd BOD, Nitr
Activox BOD, Nitr

Jat aezation Pentech Houdaille BOD, Nitr

channel : Fluidyne Corp

Orbal Processes Envirex BOD, N remv Bio-P removal

Draft Tube Inova Tech BOD, N remv

Aeratora

{Barrier Oxid Ditches)

Rotating Diffuser Schreiber BOD, N remv Bio~P removal

Arm CLR

Biobenipho Kruger BOoD, N, P rémoval

{anaerobic cell

+ SBR oxid. ditches)

Carousal + Eimco - modified '~ BOD, Nitr N remcoval

Anearobic + reair Bardenpho and bio~P removal

tanks with additional
tanks

CLRs with BOD, Nitr K removal

gingle loopa

Bio=P removal

CLR = continuous loop reactors
SBR = gequencing batch reactor
Nitr = Nitrification

N Removal = Biological Nitrification and Denitrification using influent

or endogenous carben sources



enhanced through accumulation of phosphorus in volutin granules (luxury
uptake) include the concentric three ring ORBALT! system developed by
ENVIREX and the BIODENIPHO system developed by Kruger Corp. The BIODENIPHO
system uses an anaercbic cell in series with two or four oxidation ditches
to enhance biclogical phosphorus removal. Multiple ditches are used to
allow each ditch to operate as batch tanks which can be switched between

aorated and non-aerated modes after certain intervals of time.
ca achanjisms

Biochemical mechanisms include reactions for BOD storage and remcoval under
anaerobic, anexic and aerobic conditiona and reactions for nitrification.

several references are avallable in the literature on the mechanisms for

1) BOD storage under anaerobic conditions using the energy released during

the breakdown of volutin (poly-P) granules;

2) Stabilization of BOD under anoxic conditions utilizing nitrates and

nitrites as electron acceptors;

3) Stabilization of BOD under aerobic conditions with phosphorus uptake and
formation of poly-phosphate granules, thereby increasing the phosphorus

content in the biomase and the amount of phoaphorus removed from the system

in the biological sludge; and

4) Nitrification by autotrophic bacteria (Nitrosomonas and Nitrobacter)
which respectively carry out a two step conversion of ammonia to nitrites
and then to nitrates. The reactions occur under aercbic conditions and

with the consumption of alkalinity as a carbon source.

A bicchemical model for enmhanced hiolegical phosphorus uptake is discussed
in Wentzel et.al. (1986). Mandt and Bell (1982) have discussed the

stoichiometry of bioleogical nitrogen removal.




PLANT AND PROCESS DESCRIPTION

The Bowie WWTP is an oxidation ditch system which receives 2.2 MGD of flow.
The design capacity of the plant is 3 MGD. However, the WWTP receives raw
influent whose BOD; concentrations are 50 percent in excess of those
received by several other wastewater treatment facilities in the vicinity.
The design capacity of.the plant, expressed in terms of influent loadings,
has not been included in the records. The capacity of the aerators,
clarifiers and the solids dawatering units are not adequate if average

flows exceed 2.5 MGD with BOD levels of 175 mg/L and COD levels of 450
mg /L.

Plan SCL n_an ~BNR_Process Flow Scheame

The plant receives wastewater flows from two geparate sewer lines at its
raw influent juncticon box. One line is pumped through force mains. The
second line flows under gravity. The raw influent f£low mixes with the
racycle from the WWIP‘s solids handling processes at the junction box. The

raw influent flow is not metered (Figure 2).

The "combined influent" (raw influent mixed with the plant recycle) is
discharged into a flow equalization tank. In the original design, the flow
equalization tank was operated with two separate tanks containing 315,000
gallons each. One of these tanks was modified to create an anaercbic cell.
Bach flow equalization tank has a slow speed mixer to keep the solids in
suspension. Diffusers are installed in each tank to introduce air to

increase the turbulence and avoid septic conditions.
Three variable speed pumps, sach capable of pumping 3.3 MGD, pump the

wastewater from the equalizatidn tank(s) to the bar screens and the grit

chamber. The pump speeds are set to pump between 2.5 and 3.0 MGD. Under

10
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nermal conditions, cone pump can handle all the flow received at the
facility. The pumps are controlled by a pressure transducer which ghuts
them down when the liquid level in the equalization tank drops below a

minimum set point.

A mechanical bar screen with 5/8 inch openings removes some of the fibrous
material and plastics in the influent. The flow travels through a grit
chamber where the organic material is kept in suspension with air bubbles
introduced by diffusers. Only one half of the grit chamber was used after
the modification to the VT2-BNR system. The air supplied by the diffugers

was curtailed as much as possible.

The flow equalization tank adjacent to oxidation ditch 1 was modified to
create-an anaerobic zone. A gravity flow line was installed to carry up to
2000 GPM of flow from the grit chamber to the anaerobic cell. A saecend
gravity flow line with a valve and metering device was installed to carry
mixed liquor from oxidation ditch 1 to the anaerobic cell. The volume-of
liquid which can be stored in the anaarobic cell is 300,000 gallons,
approximately.

Two submersible pumps were installed in the anaerobic cell to pump mixed

liquor to 6xidation ditch 1. Each pump is capable of handling 1100 GPM.

The pumps will be upgraded to handle 1500 GPM, each, as part of the Phase
VI modificationsa.

To operate the facility for bilological phosphorus removal using the BNR
process arrangement, it was determined that only 40 percent of the influent
flow had to be sent to the anaerobic tank. The reet of the influent
entered oxidation ditch 1 after it had mixed with the return sludge from
the clarifiers at the flow splitter box {Figure 1}).

Oxidation Ditch
Each oxidation ditch at the Bowie WWTP has a flow channel which is 660 feet

long and 34 feet wide, and can hold 1.65 million gallons of liquid. Threae

brush aerators are available in each oxidation ditch and are spaced 220

12



feet apart. At an average velocity of 1 fps inside the oxidation ditch,

the liquid circulation time is 11 minutea.

The flow splitter box can distribute the flow between the two ditches. In
the VT2-BNR process arrangement, the two ditches were connected in series
by cutting a 10 foot wide notch in the wall between them (Figure 1). The
return asludge and influent enter oxidation ditch 1 in which partial BOD and
nitrogen removal are achieved. The flow travels to ditch 2 over the
inter-connecting weir. The effluent weir in ditch 1 {Figure 1) is raised to
its maximum elevation to minimize the overflow from ditch 1 to the

elarifiers, which would short circuit ditch 2 in the process.

To control aeration, the ligquid level in the oxidation ditches can ba
adjusted by altering the level of the effluent weirs. Thig changes the
depth of submergence of the brush asrators. Each brush aerator can also be
operated on a timer. However, the RFM of each shaft and the number of

brushes on the shéfts ara fixed.

The liquid level in ditch 2 is adjusted with its effluent weir to control
the amount of air supplied in ditch 2. Indirectly, this controls the level
of liquid in ditch 1 because the inter-connecting weir which connects the

two ditches is fully submerged (that is, below the lavel of iigquid in both
ditches).

Clarifier and Solids Bandling

The two clarifiers are rim-feed as shown in Figure 3. The effluent from
ditch 2 is distributed equally between the two clarifiers. Each clarifier
has a diameter of 65 feet, aide water depth of 11 feet and a volume of
273,000 gallons, For an influent flow of 2.0 MGD, the neminal detention

time in the clarifiers is 6.5 hours.

Analysis of loadings proved that the capacity of the secondary clarifiers
is not adequate for the flows and solida loadings handled. During routine
operation, the combined influent is pumped at a rate of 2.8 to 3.1 MGD from
the flow equalization tank to the oxidation ditch. The plant operates at

13




Outer Ring
Inner Ring (Underflow)

Effluent weirs
{Overflow)

Plan

Secondary Effluent

Aeration -
‘ Effluent
Return Sludge= Section
T
Clarifier -1‘,
Blanket | h.__________-_‘LL-_  -
’ Waste Sludge

Figure 3. Schematic of Secondary Clarifier

14



MLSS concentrations between 2500 and 4000 mg/L. The surface overflow and
solids loading rates are very high at the flows and MLSS concentrations at
which the plant is operated (Table 2). It is necessary to maintain a emall

dose of polymer to enhance sludge settling rates and increase the capacity

of the clarifiers.

The return sludge is siphoned through a travelling rake arm off the hottom
of the clarifier. The waste sludge is drawn off a hopper at the bottom of
the clarifier (Figure 3). The return sludge is pumped back to the flow
splitter box. A temporary return sludge chlorination line was installed to
inject a maintenance dose of chlorine (less than 0.5 pounds per thousand

pounds of volatile solids) to control the populaticn of filamentous

bacteria.

The waste sludge is pumped from the clarifiers to gravity thickener # 2.
Until August, 1989, the thickened sludge from the bottom of this thickener
was purifaxed and stored in gravity thickener # 1 before dewatering on the
belt filter presses. The purifax system was taken out of service in

September 1989 and a lime stabilization unit was installed.

The plant hasﬂtwo belt filter presses. Their dewatering capacity controls
the minimum operating MCRT. When the belt pressaes are operated for 8 hours
each day and for 5 days each week, it is difficult to maintain MCRTa less
than 20'day9. Up until the end of 1988, the second oxidation ditch was
used as an aerobic¢ digester to reduce the solids loading on the clarifiers
and the filter press and maintain MCRTs of 10 to 15 days. The presses were
operated over two 8 hour shifts each day when sludge wag not wasted to the
aerobic digester. However, with two ditches in gervice since February
1989, the WWTP has operated at MCRTs between 20 and 35 days and has
eliminated the sacond shift on the fllter press.

The washings from the filter preas and the overflow from the thickeners and
scum handling tanks are returned to a plant drain tank. These flows are

pumped to the raw influent junction box.




Table 2, Actual and Recommendad

3

Secondary Clarifier Loadings

Actual Recommended
) Maximuml
No of secondary clarifiers 2
Outer Ring Diameter 65 feet
Side Water Dapth 10 feot
Surface Area per clarifier 3318 ft2/ clarifier
Flow to clarifier 3.0 MGD Influent
2.0 MGD Return
Surface Overflow rate at 3.0 MGD 452 gpd/ft? 400 gpd/ft2
Length of Weir per clarifier 367 feet
Welr overflow rate 4079 gal/ft
Solids Loading Rate at 3500 mg/L 22 lb/ft2 20 lb/ftz

1 Manual of Practice, 9, WPCF.

It is recommended that clarifiers be

designed for aclids loading rates of

15 1b/£t2. The plant has to operate at MLSS lsvels below 2400 mg/L to

satinsfy this criterion.

16



Secondary Effluent Treatment

The secondary effluent is chlorinated with chlorine gas for disinfection.
Sodium metabisulfite is added for dechlorination. The effluent ia
reaerated before discharge. A 24 hour composite sampler is used to sample

the effluent at 15 minute intervals of time.
Cheaical Addition
ust oda

Caustic soda was added to supplement the influent alkalinity between
September 1988 and May 198%. For some period of time, the caustic soda was
added directly to the oxidation ditches. At a later date, the caustic soda
was added to the plant drain tank, miked with the recycle from the sclids
handling units, and pumped back tc tha raw influent junction box. The
caustic soda solution was reduced from a 50 percent solution to 30 percent

in winter.

Discontinuation of chemical P removal, increased reliability and efficlency
of denitrification, and the reduction in the chlorine dose necessary for
filamentous bacteria control have helped reduce the alkalinity consumption
and increase the pH in the biclogical system. Since June 1989, the WWTP
has been able to eliminate supplemental alkalinity requiremenfs.

Ferrcus Sulfate

Parrous sulfate was added to remove phosphorus chemically (and supplement
excess biological uptake of phosphorus - as may have been the case at the
Bowie WWTP during Phases I to III) and satisfy a monthly permit of 1 mg/L
for total phosphorus. It was discontinued after August 17, 1988, to
initiate experiments which would examine the extent of biological
phosphorus removal possible in single lcop oxidation ditches.

17




Polymer

An anionic polymer was added to the oxidation ditch effluent to enhance
8ludge settling rates in the clarifiers when ferrous sulfate was added to
remove phosphorus. A cationic polymer was used after ferrous sulfate

addition was discontinued.

A cationic polymer i{s used for solids dewatering.

Sampli and An sis
Sampling

Raw Influent

The raw influent was sampled at the junction box (Figure 2). Saveral
attempts to determine the true concentration of the raw influent by
separately measuring the strength of the “"combined influent" {raw influent
mixed with the plant recycle from solida handling units) and the plant
recycle, and developing a mass balance using the flows and concentrations
failed to yield satisfactory results. In January 1989, a procedure was
developed to collect the raw influent from the Junction box, ten minutes
after switching the plant recycle pumps off. During the phasea when the
WWTP was manned through two shifts each day, a composite sample was
c¢ollected by sampling the raw influent three times over a sixteen hour
period. After the plant switched to operation with one shift only, the raw
influent was composited by collecting three samplas within an eight hour
period.

-] ant (Raw e ixed with ] a O -

ling)

A 24 hour composite sampler was used to collect a sample of the combined
influent after it had passed through the bar screen and before it entered
the grit chamber.

18



field measurements for dissolved oxygen, pH, alkalinity and temperature

were made at the grit chamber.
robic Ce Sam

A sample of the mixed liquor from the anaerobic cell was collected several
feet away from the points where flows entered the anaercbhbic cell to ensure
a representative sample of the mixad tank. Field measurements for D.O., pH
and oxidation reduction potentials were conducted on samples collected near

the center of the basin.

Oxidation Ditch 1

Samples were collected in ditch 1 at the point marked Y in Figure 4 for
analysis at the plant and the Occoquan Watershed Lab. This location was

salectad because

i} it was readily accessible, and

ii) concentrations of moat parameters of interest were fairly uniform

along the length of the ditch (see below).

Armonia, nitrate, ortho-phosphorus and soluble COD levels were relatively
constant across the length of the ditch because the internal recycla rate
wag about 90 times the influent flow (2.2 MGD). The ratio of the flow rate
acrogss a cross-section of an oxidation ditch to the influent flow ia a
measure of the internal recycle rate. At Bowie, the flow path in the
oxidation ditch is 30 feet wide and 10 feet deep. When the vaelocity of
liquid is 1 fps, the flow xrate across & gection of the ditch is 194 MGD.

During phases II and III, only one oxidation ditch was used for secondary

treatment. Samples were also collected priocr to brush aerator 1-2 (Figure
4). On several occasiona, digsclved oxygen levels were measured at several
points to obtain a profile along the length of each ditch. The measurements

were made between cne anﬁ five feet below the water surface.

19




£ o1qel
pajussaad suotlels

Buttdwes o3 xay

J1804Iv []

axxony 77 i

sSuoTIENg HUTIdes “JO UCTIEDOT "} ambrg

SoMg
J190U3IYNY ININTANT MY
JI8083VNY %00 - o .
SR o - TG | HIGHVHD LIHD
% 67 - of 3
z-1 | " ht
T Halid SzMg .\\ i/ | e
T...l[ ” ’ \\ 4 F

* semd

’ r
’ P .
s\\.\

.\\\ 7 . W
777 /770, ] Vs, 00 0
\\\\\\\ 42 2, “\“\I\lﬁ*\\s \u
Xyom \ﬂ‘\\\_\ /72 /]
L

DI,

\ 39007 NunL3y

o /QIOTIRADTD XOH)
TtoM uentiida

€T ¢-2

oemg L UP3Td

Tema

VAR T/ 7

\\%\u.. EoXPS \ “\\\ TTom
IRATZITY \\\ WSNIIFA Z UoITd

s S, sy s

ALY :\\\
S ARAPAI I
PRI REL? \\

- ——p—

ININI433 HILIq

2 HiLIg ¢C

; -
yOLYYIV Hsnull T2

20



Table 3. Sampling Stations

Station Code

Description

BWOS
BW10
BW1S
BW25
BW30
BW26
§W31
BW35

BW40

- BWS0

BWES

BWGO

BW6E2

BW6S

BW70Q

BW71

Raw Influent

Combined Influent (Raw Influent mixed with Plant Recycle)
Anaarobié Call

Oxidation Ditch 1, prior to brush aerator 1-2

Oxidatian Ditech 1, 100 feet after brush aerator 1-3
Oxidation Ditch 2, prior to brush aerator 2-2

Oxidation Ditch 2, prior to effluent weir

Return Sludge

Waste Sludge

Sacondary Clarifier Effluent

Gravity Thickener Effluent

Filter Press Influent

Balt Filtrate

plant Recycle (offluent from all solids handling unita)
Final Effluent Composite after chlor. and dechlorination

Final Effluent Grab after chlorination and dechlorination
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Oxidation Ditch 2

Samples were collected in ditch 2 at the point marked as X in Figure 4.
This location was within a few feet of the effluent weir. On several
occasions, dissolved oxygen profiles were measured along the length of this

ditch.

Secopdaxy Effluent

Secondary effluent samples were collected at the plant to conduet procegs

control tests for alkalinity, turbidity and ortho=-phosphorus.
inal Effluent

A 24 hour composite sample of the final effluent was collected after
chlorination and dechlorination. The composite sample was not flow

weighted.

Waste Sludge

The waste activated sludge was sampled on several cccasions. However,
because of the location of thae sampling port on the wall of a straight
length of pipe instead of a bend, wall effects caused an error in the MLSS
of the sample collected. The wall effact results in higher scolids
concentrations near the center of the pipe cross-section and lower solida

concentrations near the inner surface.
av Su t
The gravity thickener supernatant was sampled to determine the extent of

phosphorus released from the biomasa. Nitrogen and COD concentrations were

also measured.

22



Belt Filtrate

The washings from the filter press were sampled on a few occasions. The
concentration of COD and nutrients in the sample were a function of the

efficiency of the filter press at the loading experienced at the time of

collection.

Plant Recycle

Several composite samples of the recycle from the solids handling units to
the headworks were collected and analyzed. The composite samples of the
plant effluent had a wide range of values, posaibly because of the nature

of the processes involved.
The sampling stations and the corresponding codes are presented in Table 3.
Analysis

Disgolved Oxygen

Dissclved Oxygen measurements were conducted with an YSI D.C. probe and
mater. The measurements were made in situ to eliminate errors which may be
observed because of reaeration of, or oxygen uptake from, the samples after

they had been collected.
Oxidation Reductl Potenti

Samples were collected in small bottles after taking precautions to avoid
reaeration. A Platinum/Ag/AgCl Composite Electrode (Fisher 13-620-82} ORP
probe was used with a SA 250 pi/mV/C metar to measure oxidation reduction
potantial. The probe was soaked in warm water for several minutes before
its use to remove any coating of foreign material from the surface of the
electrode. This allowed the reading to stabilize within a few minutes after
it was introduced into the liquid.
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pH

All pH readings were taken on site within three minutes after the

collaection of the sampla.

Alkaljinity
A Hach digital titrator was used for field measurements. Laboratory

measurements were carried out with 0.02 N sulfuric acid and bromocreosol

graen indicator.
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PROCESS OPERATION AND RESULTS

) 198 o A 987

During Phase I, the plant was operated with one oxidation ditch to treat
flows of 2.2 MGD. Two brush aerators were operated over a 24 hour period
and the third aerator was operated for 12 hours each day. To adjust for
the increase in oxygen transfer into the liquid phase at lower
temperatures, the level of the liquid in the oxidation ditch was lowered
each winter to reduce the depth of submergence of the brush aeratore. The
operators had also observed that the pH levels in the effluent dropped
cloge to the permitted minimum of 6.5 when three brush aerators were
operated continuously. By limiting the air transferred by the third brush
aerator -operating it over a fraction of the day with a timer - they were
able to curtail nitrification and increase denitrification. This reduced
the alkalinity consumed during nitrification and increased the alkalinity
recovered during denitrification. Though a caustic goda tank was installed

in 1985, caustic soda was not used to supplement the influent alkalinity.

Since July 1986, phosphorus was removed chemically by adding ferrous
sulfate to satisfy a permit of 1 mg/L for total phosphorus. The plant was
able to operate with about 50 percent of the recommended dose for ferrous
sulfate because anaercbic conditions near the bottom of the oxidation ditch
ecreated conditions which enhanced biological phesphorus removal. Iron was
added at a rate of 10.9 mg/L (as Fez+) to the combined influent (raw

influent + plant recyele).

It had been observed that it was difficult to control the depth of the
sludge blanket in the clarifiers at MLSS levels above 3000 mg/L. Because
of the arrangement of the rim feed clarifiers, where the flow is introduced

along the rim and one foot off the bottom, increasing the return sludge




flow rate did not enhance the. sludge settling rates. The hydraulics are
discussed the following chapter. To maintain MLSS levels at 3000 mg/L angd
operate within the capacity of the gravity thickeners and the belt filter
presses, a fraction of the bhiomass had to be diecharged periodically to the
second oxidaticn ditch. The biomass was digested aercbically in the second
oxidation ditch. This reduced sludge handling and disposal expenses
because it reduced the sludge production. However, it increased aeration
enexgy costs because one or more brush aerators had to be operated in the

second oxidation ditch to digest the sludge.

In the first few yeara of operation, the plant had faced a number of
problems with the brush aerators. However, the initial problems were
gradually eliminated after new shafts were fabricated and a maintenance
program wae implemented. The reliability of the brush aerators was a key
factor in agsessing the options available for operating the plant with cne
oxidation ditch only.

The plant did not have a return sludge chlorination line to control
filamentous bacteria. The Sludge Volume Index {SV1) averaged between 100
and 230 mL/g (monthly average}. The SVIs were the lowest in winter and the
higheat between May and October {(Figure 5). In warm weather, the extent of
nitrification was limited by the oxygen supply. BEfficient scum removal
aleng the rim of the clarifiers helped keop the problems with foam and
Nocardia, a type of filamentous mirco-organism, in check (Figure 3).

[ Septambe 987 to Ju 1988

During this phase, the plant was operated with one oxidation ditch only.
The results are presented in Tables 4 to 7.

Between October 1987 and May 15, 1988, the method of aeration was modified
to inject most of the air in one section of the ditch. Analysis completed
towards the end of Phase II showed that the plant did not have sufficient

aeraticn capacity to nitrify with two brush aerators only.
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After May 15, all three brush aerators were put in service., The level of
liquid in the oxidation ditch was increased to maximize the depth of
submergence and the amount of air transferred by each brush aerator.
Nitrification increased over a two week period and the plant achieved

complete conversion of ammonia to nitrates by the end of May.

The lack of oxygen resulted in an increase in effluent BODg, SCOD, COD,
unoxidized nitrogen forms and phosphorus. The results are shown in Figures
6, 7, 8 and 9. The phosphorus levela increased because ferrous iron was
not oxidized completaly to ferric form. The ferrous iron was oxidized in
the post aeration basin where it formed a brown precipitate. Several
surfactants escaped breakdown and treatment and formed copious quantities
of foam in the post aeration basin. The quality of the effluent improved
after the supply of oxygen was increased to satisfy the demand (at the end
of May, 1988). The problem with the foam was not eliminated altogether

until the process removals increased in Phase IV.

. For a few days at the end of July, the aeration was increased to examine
the possibility of alkalinity limitation on nitrification. Complete
nitrification was maintained at alkalinity levels of 35 mg/L and pH levaels
of 6.4 at an MCRT of 10 days. The liquid temperature was 21 Celsius.

The SVI increased from 125 mL/g in mid-June, 1988, to 200 mL/g at the end
of July. The increase waa associated with an increase in the population of
certain types of filamentous bacteria (Sphaerotilus Natans). SVIs
increased when soluble COD levels increased due to the failure of cne or
more aeration devices over 12 to 36 hour periods. The growth of
filamentous bacteria is discussed later. A return sludge chlorination line

was not available to control the growth of filamentous bacteria.

‘ t 1988 ¢ 9

The plant was operated with one oxidation ditch during thia Phase. The
potential for blological phosphorus removal was examined after chemical

phoaphorus removal was discontinued since August 17, 1988. The results are
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pregented in Tables 4 to 7. The Phase averages for phosphorus are computed

for the resulte cbserved between September 1, 1988 to January 10, 1989.

Effluent total phosphorus increased to 0.67 mg/L in July to 2.2 mg/L in
September. However, biological P removal increased gradually from
September to November 1988 as with better control over the distribution of
aerobic, anoxic and anaerobic volumes in the oxidation ditch. The

improvement in effluent phosphorus is shown in Figure 10 and Table 7.

With chemical P removal discontinued, the alkalinity consumption decreased
by 25 mg/L. A temporary return sludge chlorination line was inatalled in
September 1988. Chlorination at the rate of 4 pounds per thousand pounds
of volatile solids, an increase in operating pH, and centrol over anoxic
and aercblc volumes resulted in a gradual reducticon in the population of
filamentous bacteria and an improvement in the SVI from 220 mL/g in August
to 160 mL/g in September (Tabla 4).

In September, 1988, one of the brush aerators was taken out of aervice for
repairs, The ammonia lavels increased becauae the other aeratori could not
transfer an adequate amount of oxygen to satisfy the demand (Figure 11).
Effluent ammonia-N levels improved after the aerator waa put back in
servica. This verified that if the plant were operatad with one oxidation
ditch only, it would be difficult to satisfy ammonia and total nitrcgen
permits unless standby aeration devices were available. Installation of
standby.acration devices would require new electrical and mechanical

equipment and were outside the scope of this project.

The effluent ammonia levels increassd from 0.18 mg/L in November to 5.84
mg/L in December, 1988 {Figure 11 and Table 7). Two changes were made in
an attempt to increase nitrification. Tha MLSS in the oxidation ditch wae
increased from 3600 mg/L to 4100 mg/L, increasing the MCRT from 12 to 14
days in the process. Since nitrification ie controlled by the aercbic
MCRT, the amount of air injected was also increased to increase the aerobic
volume. Though this helped iﬂcroale nitrificaticon from December to
January, the level of nitrates increased because the anoxic volume (and

MCRT) was not adequate. The clarifier solids loading exceeded 25 pounds per
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square foot of surface area between 0800 to 2200 hours sach day. An
increase in the effluent suspended solids at the high clarifier loadings

increased the organic-N concentrations in the effluent.

In January, 1989, it was evident that complete nitrification with good
denitrification would require operation with two oxidation ditches. Much
of the digested sludge in the second oxidation ditch was dewatered over a
30 day period between January 15 and February 15, 1989 to make the second
ditch available for treatment puposes.

Bhase IV (Pebxuary 1989 to May 1989)

During this phase, the plant was cperated with the two oxidation ditches
operating in parallel. In April, 1989, one half of the flow equalization
basin was modified to an anaerobic cell and connected to oxidation ditch 1
{Pigure 12). However, the piping from the anaerobic cell was not extended
to oxidation ditch 2. The results from Phase IV are presented in Tables 4
to 7.

When flow was introduced into the second oxidation ditch, there wag an
immediate reduction in the effluent ammonia-N from 5 mg/L to less than 0.5
ng/L. 8ince oxidation ditch 2 had been used as an aerobic digester, it
contained a large population of nitrifiers. When soma of the digested
sludge was mixed with the biowass in oxidation ditch 1, the population of
nitrifiers was sufficisnt to convert all the ammonia to nitrate.

This mode of operation reached “steady state” in March, 1989. The system
was operated at an MCRT of 15 to 20 days. During this phase, it became
evident that it would be extremely difficult to control the aeration in the
‘exidation ditch system using D.Q. as the sole control parameter. This was
bacause D.O. measured less than 0.5 mg/L at all accessible points in the
oxidation ditch. Two alternative paraneters were evaluated. The oxidation
ditch and secondary effluent alkalinities were used as the primary control
paramster, and oxidation ditch supernatant and secondary effluent
turbidities wera ussd ag a secondary contrcl parameter. These parameters






and thelir equivalence to the amount of oxygen supplied are diascussed in the
following chapter.

There was some improvement in the effluent phoaphorus levels when both
oxidation ditches were cperated in parallel. The effluent phosphorus
imp;ovod from 1.7 mg/L in March 1989 to 0.9 mg/L in May (Table 7 and Figure
10). The sffluent soluble COD decreased from an average of 35 mg/L in
Phasae III to less than 25 wg/L in Phase IV (Figure 6}.

For the flow arrangsment utilized in Phase IV, the anaercbic cell was
connected to oaidatiou_ditch 1 only (Figurs 12). As a result, the raw
influent was not distributed equally between the two oxidation ditches. If
20 percent of the influent flow was divertad to the anaerocbic cell at the
grit chamber and then pumped to oxidation ditch 1, the other 80 percent was
distributed equally at the flow splitter box between the two ditches. The
return sludge was also distributed equally between the two ditches. This
resulted in a higher solids concentration in ditch 2 than in ditch 1. 60
percent of the influent flow was allowed to mix with 50 percent of the
return sludge in ditch 1 while only 40 percent of the influent £low mixed
with the other 50 percent of the return sludge in ditch 2 (Table 8).
Calculations presented in Table 8 show that the resulting difference in the
amount of biomass gensrated during growth compensated for only 5 pesrcent of
the difference in MLSS at a nominal HRT of 36 hours and an operating MCRT
of 20 days.

Ehase V (June 1989 to May 1930)

In May, 1989, final approval was cbtained from the Maryland Department of
Environment to connect the two oxidation ditches in series. A 10 foot wide
notch was drilled below the minimum level of liquid which could be
maintained in the oxidation ditches. Construction was completed during the
first two weska of June lnd the ditches were connected in series (Figure
1).
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Table 8. 8clids Distribution Between Ditches in Phase IV

Ditch 1 Ditch 2

l. Influent Flow 60% 40%
2. Influant Flow 1.8 MGD 1.2 MGD
3. Return Solids 508 508
4. Return Flow 1.0 MGD 1.0 MGD
5. Return MLS8 (mg/L) 7500 7500
6. Actual HRT . 14.14 hours 18 hours
7. Ditch MLSS from

Return lludg.l 2680 ag/L 3410 ag/L
8. Biomass gnncratadz 115 mg/L 58 mg/L
9. Total MLSS 2795 mg/L 3508 ng/L
10. Loss due to decay’ 82 mg/L 132 mg/L
11. Biomass from decay? 54 »g/L 84 mg/L
12. Aezation Effluent

Biomass 2767 mg/L 3460 mg/L

13. Second Iteration 2766 mg/L 3461 /L

Return Sludge MLSS * (Return flow to ditch)
lutss from return sludge =

{Return Flow + Influent Flow to ditch)

Influant Flow * 400 mg/L COD * .45 (Yield)
zmg/L of biomass produced =

{Return Plow + Influent Flow to ditch)
3Decay of biomass (mg/L} = . MLSS * Decay rate/day * actual HRT (day)
4Biomass from COD released by decay (mg/L) = Decay biowass (mg/L) * 1.42 ; 0.45
Second Iteration (13) calculates new values for decay (10) and the bi;masl from

decay (11) using the aeration effluent biomass from the first iteration (12) as
the Total MLSS (9).

43




The operating procedures were developed after analyeis of the performance
in Phases II, III and IV. The Operating Strategy is cutlined below and is

summarized in Table 9.
Geanaral Oparating Principles

1) Sufficjient oxygen has to be transferred to complete nitrification in a
biological system whose aerobic MCRT is adequate for nitrification at the
1iquid temperature of concern, i.e. the mixed liquor temperature.

2) The anoxic MCRT shoulid be adequate for denitrification to achieve
acceptable total nitroéon lavels at the ligquid temperature of concern.

3) To the sxtent that it is feasible, the aeration in ditch 2 (to complete
BOD stabilization and nitrification, with simultaneous credit for
denitrification} should be maximized. The aeration in ditch 1 should be
determined by the mixing roqulremsnts.-

4) 1f the air supplied in ditch 2 is at its maximum available capacity, the
difference batween the requirement (for BOD stabilization and aitrification
with credit for denitrification) and that supplied in ditch 2 should he
supplied in ditch 1. The maximum aeration capacity should datermined after
allowing for sufficient atandby aeration capacity (0.5 to 1 brush aerator

under normal circumatances).

5) Every attempt should be made to maintain anoxic or anaercbic conditions
in the firet leg of ditch 1. Unleas brush asrators 1-2 and 1-3 are both

out of service, it is recommended that asrator 1-1 not be cperated at all
(Figure 1). Spare gear boxes, shafts and bearings should minimize the
probability of simultanscus failure of two aaerators.

6} Unless walntenance activities dictats, aerator 1-2 should ba oparated

all the time. Aerator 1-3 should ba operated continuously when aerator 1-~2

is out of service.
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Table 9. Aeration Strategy, Concepts and Instructions
Air Requirement = Requirement for BOD stabilization
+ Requirement for nitrification
- Credit for denitrification.
Air Supplied = Air Supplied in ditch 2 + Air Supplied in ditch 1.

Conditionst: 1) a) Maximize air supplied in ditch 2 while maintaining
denitrification

b) Minimize air supplied to ditch 1 but ensure adequate
mixing

2} Operate at least two aeraters in ditch 2 and one aerator
in ditch 1 all the time.

3) Flow pace aeration ueing one aerator in ditch 1 and/or
one aerator in ditech 2.

4) Maintain unaerated section in the first paas in ditch 1.
{FPigure 1).

Down time situations:
One asrator in ditch 1 is out of service -
1) Maximize aeration in ditch 2 by increasing liquid level
in ditch and operating two aerators all the time. The off
tima on the third aerator should be minimized (0 to 6 h}.

2) If asrator 1-2 is out of service, aerator 1-3 should be
operated all the time. Do not flow pace in ditch 1.

- 3) Ensure adequate asration for weekend high flowa.

Raise welr or increase the on time on third aerator in
ditch 2 by 4 h. up to a max. of 24 h. during weekends.

4) Aerator 1l-1 should not be operated unless 1-2 and
1-3 are both out of sarvice. P removal will detaeriorate
and filamentous bacteria will increase if 1-1 ia operated.

Aerator in ditch 2 out of service

1) Raige welr as far as possible and operate two
aerators in ditch 2 all the time.

2) Bring alkalinity to cperating range by operating one
aerator ditch 1 in ditch 1 all the time {(1-2) and use
a second aerator (1-3) to flow pace aeration.

Simultanecus failure of one aerator in each ditch:

Operate aerator 1-1 part of the day as a last resort.
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7) At least two aerators in ditch 2 and one aerator in ditch 1 should
always be in operatiocn. A third aerator in ditch 2 and/or a second aerator

{aerator 1-3) in diteh 1 should be used to flow pace aesration.

8) The level of liquid in ditch 2 should be adjusted up to a maximum of
three times each day tc ensure that the air transferred by the aeratora (in
both ditches) ls within a range which is adequate for nitrification and
denitrification. Alkalinity and turbidity measurements on the supernatant
-from ditch 2 and the secondary clarifier effluent should be used as the
control parameters to make this determination. Alkalinity and turbidity
measurements on the secondary effluent should be conducted two times each
day. The alkalinity in ditch 2 should be measured once each day on the

supernatant from the aludge settlometer test.

9) The aeration should be increased during weekends when the plant receives
higher flows. Results from Monday afterncon should be used to determine the

magnitude of the adjustment for the following week.
10) RAeration should he increased for holidaya if higher flows are expected.

Operating Principles for Teaperaturs Compansation

A key focus of this rassarch was to determine operating procedures which
would allow oxidation ditches (and activated sludge processes in genaral)
to maintain performance levels in cold weather which would be similar to
those observed at warmer temperatures. The following reactions are

affected by temperature:

a) Rates of BOD storage and stabilization which affect specific oxygen
uptake rate;

b) Rate of nitrification which affects specific oxygen uptake rate;

©) Rate of denitrification which affects specific nitrate uptake rate;
d) Rate of fermentation in sewers which will determine the amount of
readily available BOD avallable for storage under anaerobic conditions;

and
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e} Oxygen transferrsd by each brush aerator which is affected by
i) the liquid temperature {determines the solubility of oxygen in the
wagtewater), and
ii) atmospheric temperature (determines the partial pressure of watar

vapor and air in the saturated layer of air above the water surface).

The following adjustments have to be made to compensate for temperature

changes:

1) With a seasonal drop in temperature, the MLSS concentrations are
inqrnalsd to increase the oxyger and nitrate uptake rates (mg/L-~hr),
thereby compensating {bartially) for the drop in specific oxygen and
nitrate uptake rates.

2) Dissolved oxygen levels in the grit chamber are minimized to reduce the

amount of oxygen in the influent to the anasrobic zone.

3) Because of reaeration of liquid in the anaercbic cell at the peoints
where the influent from the grit chamber and the mixed liqueor recycle from
ditch 1 enter the anaercbic cell, thase flows are reduced in winter. This
increases the anaerobic detention time and compensates for the drop in
oxygen uptake, nitrate uptake and fermentation rates.

4) A greater fraction of the air is supplied in ditch 2. The cperating
hours for the aerators in ditch 1 are decreased and/or those in ditch 2 are
increased while malntaining good nitrification and denitrification. This
helps maintain sufficient pounds of biomass under an&erobic conditiona in
ditch 1 and sustain biological phosphorus removal.

Increasing the air supplied in ditch 2 reduces the anoxic volume. This may
result in an increase in effluent nitrates from lavels below 2 mg/L in
summer to 3 mg/L in winter. The aystam MCRT is increased if nitrate levels
exceed 3 mg/L to increase the anoxi¢ MCRT and denitrification in diteh 2.
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Temperature determines the operating MCRT range for any activated sludge

system because it controls

a) the minimum MCRT at which nitrification, denitrification and
biological P removal can be sustained; and
b) the maximum MCRT beyond which the capacity of the aeration system

is exceeded.

It is preferable that the "operating window™ between the minimum and the
maximum MCRTe be large enough to avoid process limitationa from sudden

. changes in temperaturea. At a flow of 2.2 MGD, tha Bowie WWTP can maintain
MCRTs between 15 and 25 days in summer and up to 40 days in winter with one
standby aerator. Since thase are above the minimum MCRTs required for
nitrogen and phosphorus removal, the plant can operate reliably at this
flow. Unhless aeration capacity is increased, the operating window will

ghrink at higher flows.

The rasults for a 12 month period of operation in the VI2 process mode are
presented in Tables 4 to 7. Effluent phosphorus levels averaged 0.6 rg/L

in cold weather and 0.5 mg/L in warm weather (Figure 13). The performance
will improve if process control can he enhanced. Effluent phosphoruz levels

in 1990 are expacted to average 0.1 mg/L less than those cbhserved in 1989.

In September, 1989, the anaercbic cell was taken out of service. Phosphorus
levels increased to 1.2 mg/L. The experiment was discontinued after
September, 1989, bacause the plant was expected to meet a permit of 1 mg/L
for total phosphorus. The SVI increased during this period (Figure 14).

During Phass V, the monthly average nitrogen levels werse majintained balow
0.5 mg/L for ammonia-N, at 1 mg/L for TKN and 3 mg/L for total nitrogen
(Figure 15). The process is being optimized to maintain effluent total
nitrogen levels below 3 mg/L in warm weather and 4 mg/L in cold weathex.
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Phase VI

Phase VI is designed to increase the efficiency of the VI2-BNR process. The
following upgrades are planned:

1) Two chutes will be {nstalied to enclose the liquid flowing through the
influent and mixed liquor recycle linea at the points where it enters the
anasrobic cell;

2) The pipes carrying liquid from the anaercbic cell to exidation ditch 1
will be extended below the surface of the liguid to eliminate reaeration at
the oxidation ditch;

3) A chlorination system will be installed to chlorinate the oxidation
ditch at multiple points. This will allow the biocmass to be exposed to
chlorine at least three times each day if and when there is a problem with
settling rates because of a high population of filamentous bacteria. The
actual HRT of the biological system (oxidation ditches, clarifiers and
anasrobic cell) is 22 hours when 4 MGD of flow {influent + return sludge
flow). The biomass is exposed to chlorine ohly once sach day if chlorine is
injected into the return sludge stream. This frequency is not adequate for
controlling the population of filamentous bacteria.

4) Iacreasing the level of the effluent weir in ditch 1 will eliminate the
overflow across it. In the present configuration, mixed liquox from ditch
1 overflows the weir during high flows, short circuiting diten 2 in the
process, and releases ammonia and unstabillized BOD into the clarifiers.

5) The timers on each brush aerator will be improved.

Tt is expected that the phosphorus levels will decrease by 20 to 30 percent
below the present day averages of 0.5 og/L for summer and C.6 ng/L for
winter. Effluent nitrogen levels will be maintained at 3 mg/L total
aitrogen in summer and 4 mg/L total nitrogen in winter., The system will be
able to handls 2.5 MGD of flow at BODg levels of 160 mg/L and COD levels of
400 mg/L using the available aeration and solids handling capacities.
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DISCUSSION

The biological nutrient removal aystem developed at the Bowie WWTP was
designed to optimize nutrient removal within the constraints of the basin
structure and the locatiocn of the aeration devices. The biochemical
reactions involved in BOD removal, nitrification, denitrification and
exceas biological phosphorus uptake are similar to those in other activatad
gludge systems. The following improvements in process performance were

achieved by optimizing aeration, mixing and recycle rates:

a) reduced effluent ammonia-N from levels above 10 mg/L ﬁo lesa than 0.5
mg/L (monthly average) all year round;

b) reduced effluent TKN from levels above 10 mg/L to 1 mg/L (monthly

average) all year round;

€) reduced effluent nitrates from levels above 15 ng/L, as would be
observed in the absence of denitrification, to than less 2 mg/L all year
round without the use of methanol;

d) eliminated the need for supplemental alkalinity (which would be
necessary if the denitrification had not reduced effluent nitrate levels
balow 5 mg/L);

@) reduced effluent phosphorus levels from 3.0 og/L to 0.5 mg/L using
axcess biological P removal with no chemical supplements; supplemental
alkalinity requirements were cut back in the procesa; and

f) achieved better control over filamentous bacteria and settling rates by

controlling anaerobic, anoxic and aerobic volumes within the oxidation

ditches.
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Process operation for the yT2-BNR process has been discussed earlier.
Several guidelines related to its dasign and operation were developed after
experimental work on BNR processes in other oxidation ditches and in
modified activated slﬁdge tanks.

Process Control Parameters
pissolved Oxygen

Disaolved oxygen is the best known contzol parameter for aasration in
activated sludge eystams. Oxygen is ossential for BOD stabilization and
for the conversion of ammonia to nitrate. In a single stage ayetem which
has an adequate population of nitrifiers, the oxygen supplied is considered
to be adegquate if the ammonia level in the effluent is below the degired
operating average. The minimum operating dissolved oxygen level (MODO), ad
meagured at a particular locaticn in the activated sludge basin, is the
minimum set point at which gatisfactory BOD stabilization and nitrification
are achieved.

Several parameters will influence the MODO for nitrification. It should be
noted that at the MODO, the aerobic MCRT is equal to the minimum required
for nitrification. The minimum aitrifier MCRT is influenced by:

a) Operating D.0. levels - when nitrifiers grow at D.O. levels below that
required to achieve their maximum growth rate (ug), the minimum nitrifier
MCRT will have to be increased to compensate for the reduction in growth

rates (u);

u = ug [ D.0./(Kp g, * D:0:)] [ NHg-N [ Ky + NHgH)

Saerobic ™ 1/u
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whare

D.0., = operating D.0. level for & completely mixed system;

Kn.o. = half saturation congtant for dissolved oxygen on
nitrification;

NH4-N = ammonia-N concentration

Ky = half saturation constant for ammonia-N,

eanrobic = MCRT required for nitrification

These equations are valid for & completely mixed asystem. They have to he
modified for an oxidation ditch in which the D.0. decreases with distance
from the aerator. The ammonia-N leval remains fairly constant because of
high internal dilutions. Though the Kp.o, ®ay be higher in sections of the
oxidation ditch where higher concentrations of unstabilized BOD are
avallable (Hanaki et.al., 1990 a,b), the vomputation may be performed for a
constant Kj o because high internal recycle rates result in fairly uniform
BOD levels across tha oxidation ditch. A computer model can be daveloped
to simulate nitrification across thin gections of tha oxidation ditch. A
Plug flow equation can be developed if Kp.o, and Ry are held constant,
Apprapriato equations will be develcped in the near future.

b) Operating temperature ~ at lower 1iquid temperatures, the minimum
nitrifier MCRT will have to be increased to compensate for the reduction in
the growth rate of the nitrifiers;

€) Operating ammcnia-N concentration after dilution with recycle flows
containing low levels of ammonia~N;

This may occur in oxidation ditches where the ammonia-N concentration
is diluted by the internal recycle {flow through a cross section of
the ditch) to levels below 1 ng/L immediately after the influent ig
introduced into the oxidation ditch (0.04 to 0.5 mng/L Nig-N). Low
levels of ammonia-N way reduce growth rates and increase the minimum
nitrifier MCRT.
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d) Operating BOD concentration after dilution of influent BOD with the

internal recycle}

mhis occurs in oxidatien ditches where the BOD is diluted to levels
close to those in the gsecondary effluent. As a result, nitrifiers
#ace less competition for dissolved oxygen from heterctrophs in the
£irst part of the aerobic zone. Nitrification may occur
gimultaneously with BOD stabilization. This may he represented
mathematically as a reduction in Kp o, fer pitrifiers and may help
reduce the minimum aitrifier MCRT.

Thers is strong evidence that Ky values are lower in oxidation ditches
pecauge the nitrifiers face less competition for ammonia-N from
heterctrophs. This can reduce the minimum MCRT required for
nitrification and can offset the effect of (c) above. Low levels of
ammonia~=N can reduce the growth rate of heterotrophs in biological
systems where the organic compounds are hydrolyzed prior to
hetarotrophic growth. Hydrolysis of TKN to ammonia-N prior to
biological uptake may be prevail in BNR systems bacause of
formentation and enzymatic activity on substrates in the anaerobic
call(s).

The results from the oxidation ditches at Bowle and Patuxent have ahown
that nitrification and BOD removal can proceed similtanecusly if dissolved
oxygen is available. This indicates there is a reduction in Kp o, and Ky
lavels becauge of the dilution effect of high internal recycle rates, very
similar to recent observations in CSTRe where the Kp o Wwasg observed to be
a function of influent BOD to TKN ratios (Hanaki et.al., 1990 a,b). Pilot
scale research has to be conducted to guantlify the reduction.

The of minimum operating D.O. level (MODO) for BOD gtabllization,

nitrification and denitrification is a function of several parameterd.



1) Por a basin with a constant volume, loading, flow and total system MCRT,

the MODO at a certain temperature ix negatively correlated to the
magnitude of return sludge recycle and nitrate racyecla. These
recycles increase the flow through a cross-section of the tank. For
the same pounds of oxygen supplied per day, this dilutes the oxygen
supplied per unit time into a higher volume of liquid. The actual
hydraulic retention time ig equal to the circulation time - the time
required for the ligquid to flow once arocund an oxidation ditch.

Clrculation time = Volume of tank / (Influent + Return Sludge +
Internal or Nitrate Recycle Flow Rates)

2) For a conatant volume, loading, flow and total MCRT and recycle rates,

the MODO will be a function of temperature.

If the MCRT of the bicuass contained in the asrobic tanks is higher than
the minimum required for aitrification, MODO will depend on existence of a
D.0. gradient between the points of aeration.

If a D.O. gradient exista between the aerators, dissolved oxygen
levels measured close to the aerator will increase with temperature.
Becausa of high oxygen uptake rates, they will drop rapidly with
distance from the aeratora. The oxygen'demand and oxygen uptake rates
will decreass in winter if the system is operated at the same MCRT., As
a result, D.O. levels measured close to the aerators may be less than
those measured in summer. However, [.0. levels measured further away
from the aerator may increase in winter (Figqure 16). Therefore, the
NODO will depend on the location of the D.O. probe relative to the
polnt of aeration.

In a system which achieves complete mixing within the aeration tank
(thereby eliminating any D.O. gradient between aerators), the MODO may
decrease with an increase in temperatura, Since nitrification rates
increase with tamperature, it may be possible to obtain complete

nitrification under circumstances where thae growth rate for nitrifiers
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is partially constrained by the dissolved Oxygen concentration., In
winter, as temperature reduces the rate of nitrification, disasclved
oxygen levels cannot be used to constrain nitrification ratas to the
dane extent as in summer. The MODO will then have to be increased in

winter.

The aerobic MCRT will have to be increased by increasing the pounds of
biomass under aeration L{f the MODO i3 well above the Kp_g. for nitrifiers.
This can be accemplished by increasing the MLSS or by introducing fixed
film media in the asration tank to increase the population of nitrifiers by
cultivating them ag attached growth.

3) Por a system with constant loading, flow, MCRT and recycle rates, the
MODO is a function of thae volume of the aeration tank « i.e., the nominal
HRT of the system. Thig ig because the pounda of oxygen required have to
be supplied within a gmaller volume.

4) Por a syetem with constant volume, loading, flow ang temperature, the
MODO will be a function of MCRT. The ratio of heterotrophs to nitrifiers
is higher in a high rate system in comparison to a low rata syatem.
Therefore, a high rate system (lower MCRT) may have a higher Kp. g, for.
nitrifiers than a low rate system bacause of greater competition for oxygen
from the heterotrophs. Soluble COD levels tend to be higher at low MCRTs.
This can also increase Kp.o, because it increases heterotrophic growth
rates (Hanaki et.al., 1990a). Therefore, it is expected that the MODO
will increase at a lower MCRT.

It is difficult to predict the cbange in the MODO when MCRT is changed in
conjunction with temperature in a high rate system. Initial analysis
indicates that the MODO may remaln fairly constant all Yoar round. PFurther
ressarch has to be conducted into this phencmencn,

A diffuse versus compact flog structure can alter the minimum set point. In
a4 compact floc, the D.O. levels drop rapidly along the radiue of the flec.
However, in a diffuse floc structure, the gradient within the floc is not
as high. Wwhen a system is Cperated at lower D.O. levels, floc structure
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will be more diffuse. Filamentous bacteria tend to increase the diffuse
nature of the floc (Jenkins at.al., 19%986). It ie possible that at
operating levels close to the MODO, the population of filamentous bacteria
may increase in the system. (Data will be presented later in the discussion
which will relate the population of filamentous bacteria to the variation
in control volumes uander agrobic, anoxic and anaerobic conditions). Under
these circumstances, the capacity of the clarifiers to settle sludge which
contains a certain population of £ilamentous bacteria may have €0 be taken
{nto account. A higher D.O. set point may be selected within the
acceptable operating range to prevent the pacterial floc from attaining a

diffuse structure.

§) In an oxidation ditch, the use of multiple points of aeration will
reduce the MODO when anoxic conditions have to be created between the
aerators to waintain denitrification., As the number of points for aeration
are increased, it is possible that nitrification and BOD gtabilization
rates will be limited by lower digsolved oxygen levels existing cover 2
larger fraction of tha oxidation ditch. This will increase the minimum
aercbic MCRT required for nitrification. Therefore, the minimum set point
may not decrease llni&rly with the number of points of aeratien. If the
minimum set point meagured adjacent to a point of aeration {(y~axig) is
plotted againet the number of points of seration (x-axis), its alope will
be asymptotic to the x~axis (FPigure 17). The maximum number of points of
aerationlwill be limited by the minimum amount of biomass which must be
maintained under anoxic and anaercbic conditions within the volume

avalilabla.

The situation is complex and attempts have not been made to quantitatively
predict the effect of a combination of factors on the MODO in oxidation
ditches or in completely mixad aeration tanks. At most facilities, D.O.
probes for process control are located close to the aerators. Under these
conditions, the minimum operating D.O. lavel will increase with
temperaturse, provided that complete nitrification is maintained all year
round. This has been observed at the patuxent Water Reclamation facility
{barrier oxidation ditch) and the York River WWTP (UCT/VIF and A?/o

process). However, at Bowia WWTP and at Seneca WWTP in Maryland, where
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Failure (Loss of Anoxic
Volume)

- J Resolution
- Tof Control Device

Operating D.O.

Number of Pointg ‘of Aeration ——4.
(with anoxic zoneg inbetween)

Figure 17. Minimm and Maximum Operating D.0. plotted
against Number of Points of Aeration
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anoxic conditions are established between points of aeration, the reduction
in the D.¢. gradient with the drop in temperature increagsed MCDO levels in
winter because measurements are taken further away from the aerator (Fligure

16}.

since the MODO drops and the magnitude of the operating range shrinks in
size ag the number of points of aeration is increased, it bacomes
increasingly difficult to automate aeration and flow pace it off dissolvad
oxygen measurements (Figure 17). Such a situation has been experienced at
Scwlia, whera, with as many as five polints of agration between the two
ditches, D.0. meabures less than 0.5 mg/L at accessible points of
measurement (Flgure 13.and Table §). Therefore, alternative process
control parametaexs which would be equivalent to the amount of oxygen

puppllied were evaluated.

Alkalinity as a Control Paramster

Model

puring Phase IV, the alkalinity of the oxidation ditch effluent was studied
to determine its feasibility for use as a control parameter. Results
observed at Bowie have shown that it is more versatile than D.0O. in low

rata systems.

The effluent alkalinity can be related to the alkalinity of the influent to
the biological treatment system using the following relationships:

1) Por an influent Total Kjeldahl Nitregen of Ny mg/L, of which N, is
organic nitrogen, and Npj, mg/L of organic-N is non-bicdegradable,

Alkalinity released during the deamination of organic nitrogen in the
influent wastewater = 3.57 (Np = Nppd -

Total alkalinity available after deamination (As)
= Influent alkalinity + 3.57 (Np = Ngp)e
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2) If K5 mg/L of the influent nitrogen is incorporated in the bicmass as
organic nitrogen (during aerobic and anoxic BOD stabilization and growth of
autotrophs),

Alkalinity generated during biomass production = - 3.57 HNj.

3) MWitrogen available for nitrification = Ny - N3 = Nppe

It Ny mg/L of ammonia-N is discharged in the effluent, the
alkalinity generated in nitrification = - 7.14 (N; - N3 - Nop = Ng)e

Note: Alkalinity consumption is expreseed as (- genaration}

4) If Ng mg/L of nitrate-N is discharged in the affluent, nitrate available
_ for denitxrification = (lll - “3 - Nnb - N‘ - Ns)-

Alkalinity generated during denitrification = 3.57 (Nl-Na-Nnb-N4-N5).
§) Effluent Alkalinity = Step 1 + Step 2 + Step 3 + Step 4

= Influent Alk + 3.57 (Ny - Npy) = 3.57 Ny
- 7.14 (R4 - Hy - Hpp = Hy) + 3.57 {Nl - Ny = Npp — Ny = Ng).

= Influent Alk + 3.57 {(Np) = 3.57 §;
+ 3.57 “4 - 3-5’ Ns eaned

6) If Ng mg/L of nitrate is present in the influent because of recycle from
solids handling, a term (+ 3.57 Ng) should be added to the right hand side

of Step 5 to account for its denitrification.

gince [ Influent AlKk + 3.57 (Ngy = Npyp) ) is the total available alkalinity
(A2} and (3.57 Ny = 3.57 Ng} is the effect of effluent nitrogen forms,

eguation 5 can also be written as
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Eff Alk = Total Avail Alk - 3.57 Ny + Bff N effect ««. 5a.
Therefore the effluent alkalinity is a function of:

Crganic N in the influent;

Total Kjeldahl Nitrogen in the influent;
Total available alkalinity; and

Effluent ammonia, alkalinity and nitrates.

The computation is summarized in Table 10. The relationship is independent
of MCRT because nitrogen removed in the sludge has the same effect on
alkalinity as nitrogen.ramcved through nitrification and denitrification.
This is shown in Table 11.

The non-biodegradable organic nitrogen in the influent to the secondary
treatment system will leave the plant in the waste sludge or in thq
effluent. Equation 5 shows that the non-biodegradable organic nitrogen
does not affect the final form of the equation.

Eifect of Njtrites

The alkalinity consumed across the secondary treatment aystem does not
change if nitrite-N is discharged in place of nitrate-N. If the alkalinity
consumed during the synthesis of biomass in nitrifiecation {nitrifiers) is
calculataed Beparately (Step 2 of the model), the stolichicmetry shows that
all the alkalinity consumed during the transformation of ammonia to nitrite
and then to anitrate is in the first step of the two stap reaction. The
oxidation of nitrite to nitrate dees not congume any alkalinity (Sen
‘et.al., 1990)

Denitrification of nitrite-N will generate the same amount of alkalinity as
observed for the denitrification of nitrate-N when the alkalinity consumed
during the production of biomass during denitrification is acecounted for

separately (as in Equation/Step 2 of the model). Tha stoichiometry of the
alkalinity balance model at steady and non‘stcady states will he published

Baparately.
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rable 10. Alkalinity Balance at & Treatment Facility

Nitrogen ' mg/L Alkalinity mg/L as CaCOy
Influent TKN N1 Influent Alkalinity Al
Influent Organic-N N2 Alkalinity from Deam. 3.57 N2

Avail Alk (A2) Al + 3.57H2
sludge N! : N3 Alkalinity Generated -3.57 N3
Effluent Ammonia-N N4

_ Nitrificaitlon (NT) N1-H3-Ni Alkalinity Generated -7.14 (N1=-N3-N4)
gffluent Oxidized-N NS
penitrification (N8) N1-N3-N4-N5 Alkalinity Generated 3.57 (N1-N3-N4-K5)
Effluent Alkalinity A2 - 3.57 Nl

xffluent Alkalinity = Available Alkalinity - 3.7 (Influent TKN) - Effl X effect

1l 1n terms of influent flow

Note: The effect of nitrite and nitrate-N forms is discussed later.
Non-biodegradable organic N does not affect the final form of the squation.
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Table 11. Effect of MCRT on Effluent Alkalinity (Constant Temperature)

Nitrogen iz in mg/L as N in terms of influent flow
Alkalinity is in ng/L as CaC03 in terms of influent flow

MCRT1 NCRT2
days days
Influent TEN N1 Nl
Available Alkalinity A2 A2
Sludge N 1 N3 N3 -1
Alkalinity Generated -3.57 N3 - 3.57 (N3-1)
Effluent Ammonia-N N4 N4
Nitrification 2 N7 N7 + 1
Alkalinity Genarated =-7.14 N7 =7.14 (N7 + 1)
Effluent Oxidized-N N5 NS
Denitrification N8 N8 + 1
Rlkalinity Generated 3.57 N8 ~ 3.57 (N8 + 1)
Effluent Alkalinity AZ - 3,57 N3 A2 - 3.57 N3
- 7.14 N7 + 3,57 N8 - 7.14 N7 + 3.57 N8

MCRT2 > MCRT 1

1sludqa Production is leas at MCRT2 than at MCRT1
The calculation shows a net reduction of 1 mg/L in the amount of nitrogen
removed in the biomass.

2rhe dacrease in sludge production increases ammonia available for nitrification.
at MCRT2.

3since effluent oxidized-N remaina constant, denitrification increases with
nitrification at MCRT2.
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precautions must be taken if equation 5 is to be applied to final effluent
alkalinity at a plant where the secondary effluent is chlorinated. A short
term increase in aeration effluent nitrite will result in an increase in
the chlorine demand because chlorine will be consumed during the oxidation
of nitrite to nitrate in the contact chamber. This will result in a drop
in the final effluent alkalinity of 3.57 mg/L for each mg/L of nitrite-N
oxidized by chlorine in the contact chamber.

Application Scenarics

For most municipal wastewaters, the effluent alkalinity will be independent
of the concentration of nitrogen in the {nfluent or the influent
alkalinity. The influent alkalinity measured will fluctuate with the
axtent of deamination. However, the total available alkalinity ise
proportional to the influent TKN. An increasa in influent TKN
concentration of y mg/L results in an increase in the total avallable
alkalinity of 3.57y mg/L. This is shown in Figure 19 where the total
avallable alkalinity (A2} measured at the Bowie WWTP increases by 3.57 mg/L
for every ug/L increase in influent TKN. The additional influent nitrogen
is removed in the biomass or through denitrification, both of which have
the same net effect on effluent alkalinity. The effluent alkalinity for
complete nitrogen resoval can be computed from equation 5a to determine an
operating set point and range. The deviations from the set point will be a
function of the effluent ammonia-N, oxidized-N (nitrite-N + nitrate-N)

levels.

This discussion has outlined how effluent alkalinity may be used to control
ammonia and oxidized-N levels in the effluent. An increase in ammenia
levels of 1 mg/L as N resgults in an increase in effluent alkalinity of 7.14
mg/L. A reduction in the amount of nitrate-N denitrified by 1 mg/L for N
reduces the effluent atkalinity by 3.57 wg/L. ohis is shown in Column 3 in
Table 12 where the effluent ammonia-N has increased by 1 mg/L over that in
+he reference scenario while the nitrate-N level remains conatant at Ng
mq]L (column 2). This may be typical of a temperature limitation on
performance in which nitrification has been affected but denitrification

has not. As a result, the effluent total nitrogen has increased by 1 mg/L.
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Figure 19. Relationship Between Available Alkalinity and

Influent TKN at the Bowie WWTP
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Table 12. Partial Loss
on Alkalinity

(Sludge Production is maintal

of Nitrification due to Temperaturs and Air Limitations

ned constant for the simulation)

All nitrogen concentrations are in terms of influent flow.

Normal Temperature Alir
Limitationl Limitation?
Influent TEN Nl N1l Nl
Available Rlkalinity A2 A2 a2
Sludge N N3 N3 N3
Alkalinity Generated - 3,57 N3 - 3,57 N3 - 3.57 N3
gffluent Ammonia-N N4 S NE+ 1 N + 1
Nitrification N7 "7 -1 N7 -1
Alkalinity Generated - 7.14 N7 - 7.14 (N7-1) -~ 7.14 (N7-1)
zffluent Oxidized-N NS N5 ‘N5 - 1
penitrification N8 NS - 1 N8 - 1
Alkalinity Generated 3,57 N8 ' 3.57 (N8-1) 3,57 {N8-1)
Effluent Alkalinity A9 A9 + 3.57 A9 + 7.14

1 ohis may be the predominant factor.

2 This may be the predominant factor.

Temperature may algo cause this change.
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In column 4, the effluent ammonia-N has increased by 1 mg/L. However, the

effluent nitrate decreaged by 1 mg/L from that in reference column 2. This

maintained the amount of nitrate-N denitrified at the asame lavel as that in
the reaference scenario. The effluent total nitrogen remains constant. This
may be typical of an air limitation on nitrification. In this case, the

effluent total nitrogen increased by 7.14 mg/L.

With an increase in the amcunt of air supplied and in temperature, the
changes outlined in Table 12 will be raversed. During a time pericd when
an increase in nitrification ia accompanied with an increase in
denitrification, the effluent ammonia-N decreases by 1 mg/L but the
nitrate-N remains constant. The total nitrogen decreases by 1 mg/L for
each additional mg/L of ammonia nitrified. The increage in nitrification
consumes an additional 7.14 mg/L of alkalinity for each ©g/L of ammonia
nitrified and the corresponding increase in denitrification recovers 3.57
mg/L. As a result, the effluent alkalinity decreases by 3.57 mg/L for each
mg/L reduction in total nitrogen. This represents the upper portion of the
graph shown in Pigure 20, where the effluent ammonia-nN {and TKN)
concentrations are decreasing and the effluent nitrate-N is close to 0
mg/L. After a certain polnt, the capacity of the Bystem to denitrify the
nitrate~N is exceeded, Any increase in air beyond this point results in an
increase in nitrate-N with further reduction in ammonla-N. This results in
4 consumption of 7.14 mg/L of alkalinity for each additional mg/L of
nitrificatien and no additional recovery in denitrification. This is the
lower portion of the graph in Figure 20. At the Bowie WWTP, the change in
slope takes place at ammonia~N of 1 mg/L in summer and 2 mg/L in winter,
The total N level where thig change occurs can be interpreted as the point
where the denitrification capacity of the system is exceeded. Any further
decrease in ammonia~N level below that for the change in slope will result
in at least an equal increase in effluent nitrate-N.

A simulation of conditions at the Bowie plant, based on actual operating
conditions, is shown in Table 13. The reference effluent alkalinity for _
cempleta nitrification and denitrification wag 75 mg/L. Bffects of changes

in effluent ammonia and nitrates, extent of deamination of organic
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Table 13, Simulation of Effluent Alkalinity Conditions at Bowis WHTP,

Combined Influent Sacondary Effluent Sldg DN Eff
Alk TKN Org-N cCoOD NH3 NO3 Alk ~ Aarn ! o
=== AgfL  ==—— == mg/L -- inches == mg/L =—-—
Optimumy; 146 30 10 500 V] 4] 75 o - 10 20 o
Alr Limit 146 30 10 500 1 0 78.5 +0.25 10 19 1
Air Exceas 146 30 10 500 Q 1 71.5 =0.25 10 19 1
Less Deam. 140 30 12 500 0 1 71.5 ~0.25 10 19 1
High Deam, 153 30 -] S00 0 1 71.58 -0.25 10 13 1
High conec 161 32 8 560 0 1 71.5 -0.25 12 1% 1
High MCRT 181 32 8 560 o} 1 71.5 -0.25 10 21 1

Aerchic MCRT not adequate for temperature ~ experienced in December 1988

-

Cage 1 146 30 10 500 5 0 93 0 10 15 5

Aerobic and anoxic MCRTs are both inadequate for temperature < December 1988

Cage 2a 146 30 10 500 2 2 75 ~0.25 10 16 4
Case 2b 146 30 10 500 5 5 75 -1.25 10 10 10
Case 2¢ 160 30 10 500 7 3 89 -0.75 10 10 10

1 pffluent Alkalinity = Available Influent Alk (A2} - 3.57 (Influent TKN)
+ Effluent N effect

When effluent TN = @
Effluent Alkalinity = Available Influent Alkalinity = 3,57 {(Influent TXN).

Under Optimum conditions
Effluent Alkalinity = 146 + 3.57 (10) - 3.57 ([ 30)
= 75
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nitrogen, influent alkalinity and MCRT on the secondary effluent alkalinity
have been computed. The influent characteristics and nitrogen removal in
the waste sludge are bagad on actual parameters observed in the VT2-BNR
procesa. This BNR process was operated at MCRTS which were adequate for
nitrification at the liquid temperatures experienced. The reaults of the
gimulation may be compared to the results for the VI2-BNR process presented
earlier in Tables 4 (ditch alkalinity) and 7 (effluent nitrogen forms). The
recommended changes to the aeration are expressed in terms of changes in
the depth of liquid in the oxidation ditch. This controls the depth to

which the brush aerators are aubmarged.

The liquid level was adjusted when the effluent alkalinity measurements
were cutside an operating range of 72 and 75 wmg/L. TFor every 3 mg/L
devliation from this range, the weir was adjusted by 0.25 inch. The timers
on aerators were adjusted if the alkxalinity deviated 6 or more units
outside the normal operating range. Appropriate adjustments were made
prior te weekends during which high flows were expected. consideration was
also given to weather foracast to fine tune some changes. Changes had to
be mgde more frequently for the bruah aeration system because the amount of
air transferred is more sensitive to changes in atmospheric temperature
than a system which uses diffused aeration (where the air supplied by
blowers). Liquid temperatures are more sensitive to changes in atmaspheric
temperature because of turbulence and fnpid heat loss at the liquid
gurface. The atmospheric temperature also affects the partial pressure of
oxygen in the gaturated layer of air above the oxidation ditch.

Two cages are listed at the end of rTable 13, Case 1 shows a loss of
nitrification due to inadequate MCRT. This is experienced during cold
weather at several high to modorate rate (4 to 12 hour nominal hydraulic
retention time) activated gludge plants whare gsacondary clarifier
capacities may be & limiting factor. Effluent alkalinity levels increased
becausa of incomplete nitrification. A similar situation was experienced
at the Bowie WWTP in December, 1988, when the plant operated with one
oxidation ditch only.
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Three scenarios are included for the case 2. They may be observed when
attempts are made to increase the aercbic MCRT in winter by increasing the
aercbic volume. The simulation presented in 8cenaric 2¢ ia occurs
trequently because denitrification ias less sensitive to temparature than
nitrification. However, partial loss of anoxic volume at higher operating
D.o. levels may show results similar to those presented for scenarioc 2a.
Recycle of disaolved oxygen into the anoxic zona {cells) decreases the
pounds of biomass under anoxic conditions. Scenario 2b may be interpreted
a8 an extreme example of acenario 2a. It may be characteristic of
oxidation ditchea which operate with high internal recycle rates and any
increase in dissolved oxygen in winter can have a significant effact on the

anexic volume.

A simultaneous iancrease in effluent ammonia-N and oxidized-N as simulated
in scenario 2b is not indicated by the efflueat alkalinity. The analysis
for scenario 2b in an alkalinity balance model ig pPresented in Tahle 14.
Fortunately, there are a number of secondary parameters which can i{ndicate
8imultanecus loss of nitrification and denitrification. These include:

a) Dlesolved oxygen lavels in the oxidation ditch / aeration tank;
b} Secondary effluent or ditch effluent supernatant ortho-p

¢) Secondary effluent or ditch effluent supernatant turbidity, and
d) Volatile aolids fractien.

A partial loss of nitrification due to a drop in temperature rasults in a
drop in the oxygen demand. If the oxygen supply is not reduced, it may
result in an increase in the concentration dissclved oxygen. Recycle of
oxygen will reduce the anaerobic volume available for substrate storage in
the mechaniam for biological P removal. Effluent ortho-P levels will
increase as a result. Turbidity may increase because the mode of substrate

storage and stabilization is affected.,

The aeration will have to be reduced over a short period of time to recover
the anaercbic volume fraction. This is the basis for the "change in
aeration” in Table 13. Aas phosphorus removal recovera, MCRT should be

increased to increase the aerobic and anoxic MCRTa. An improvement in
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Table 14, Effect of gimultaneous Increase in Effluent Ammonia and
Ooxidized-N forms on Alkalinity
{Sludge Production is maintained constant for the simulation)

All nitrogen concentrations are in terms of influent flow.

Normal Process Upset
condition Condition
Influent TRN ‘ N1l Nl
Available Alkalinity A2 A2
Sludge N N3 N3
Alkalinity Generated - 3,57 N3 - 3.57'N3
Effluent Ammonia-N N4 N4 + 1
Nitriflication N7 N? -1
Alkalinity Generated - 7.14 W7 - 7.14 (N7-1}
Effluent Oxidized-N N5 NS + 1
Denitrification N8 N8 - 2
Alkalinity Generated _ 3.57 N8B _ 3,57 (N8-2)

gffluent Alkalinity A9 A9
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denitrification will increase the effluent alkalinity. The air Bupply
should be increased when the alkalinity increases above the normal
operating range. Subsequent increase in alkalinity may result in an oxygen
limitation on nitrification, 1f phosphorus removal and turbidity
deteriorate when aeration is increased, the total MCRT is not adequate and

Bhould be increased further.
Turbidity as a control parametar

Turbidity can be used as an effective control parameter for phosphorus and
nitrogen removal in low rate systems operating at high nitrate recycle
rates. When aeration is less than, turbidity tends to increase because of

one or more of the following:

a) soluble COD is not reduced to levels which may be observed during effi-
cient treatment; and
b) particulate matter is not captured efficiently in the bacterial floc

because of reduced extracellular enzymatic activity.

Monthly average values for effluent COD and turbidity from the Bowie WWTP
are plotted in Pigure 21. Total COD measurements are used in this figure
because turbidity is a composite of the clarity of the liquid phasa
(affacted by smolyble COD) and the particulate pPhase (affected by
particulate cop), During Phase 11, the turbidity levels ilncreased when
oxygen availability limited COD removal. Turbidity levels improved from

Phases III to V ap better control over aeration was attained and effluent

Coba droppad helow 20 mg/L (Table 7},

During bioclogical phoephorus removal, the increase in effluent turbidity
was reflected in an increase in effluent ortho and total Phosphorus. 1In
Figure 22, the effluent rhosphorus ia plotted againast effluent turbidity
for Phases III to V {(after chemical phosphorus remcval was discontinued).
The results show that turbidity levels reflect extent of rhesphorus removal
in a ayatem in which aeration for BOD removal and nitrification are
optimized to maximize denitrification and bloiogical P removal.
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An increase in turbidity due to insufficient aeration is observed in most
activated sludge systems. However, to utilize it as a control parameter,
changes have to be made in response to small increases in turbidity to
prevent an increase in ammonia levels in the effluent. Turbidity control
may be easier in certain low rate systema with low F/M ratios and high
recycle rates, than in high rate systems containing CSTRs in series such as

the AZ/0 and VIP processes.

Low Nitrate Recycle, High Rate System

In an activated sludge system with low recycle rates and multiple aercbic
cella, turbidity decreases rapidly in the first cell where heterotrophic
pacteria stabilize soluble and stored forme of BOD. Nitrification is
iphibited in the firast cell unlesa sufficlently high levels of oxygen can
be maintained or bilofilms dominated by nitrifiers are placed in contact
with dissolved oxygen. A nitrifier located in the vicinity of a
heterotrophic bacteria inside a pacterial floc is starved of oxygen and
ammonia. As a result, the effluent from the first cell contains a high
concentration of ammonia-N. However, if most of the BOD is stabilized in
this cell, the turbidity (of the settled mixed ligquor) from this cell will
be close to that in the clarifled affiuent.

In the following aercbic cell, heterotrophic growth rate is limited by the
. lack of available BOD. Nitrifiers grow readlly in the presence of

available oxygen and are the principal contributors to the cbserved oxygen
uptake rate. However, the change in turbidity across this cell may not be

significant.

A significant increase in effluent turbidity may result in & pubgtantial
logs of nitrification because ehig would indicate the failure of the first
aerobic section to supply enough alr, extending its reactiona into the
second aaerobic section. Therefora, it may be difficult to contzol nitrogen
and phosphorus removal unless turbidity is measured in the first aercbic

cell to control aeration to this cell.
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High Nitrate {or Internal) Recycle, Low Rate Syatem

In an activated aludge syatem operating with a high nitrate recycle, the
influent cOD is diluted extenaively by the recycle. This can reduce the
heterotrophic growth rate and increase the growth rate of nitrifiers in the
first cell. 1If the gystem is operated at a low F/M, a higher fraction of
bicmasa is composed of nitrifiers. This may alsoc increase the extent of
nitrification in the first cell. Therefore, BOD atabilization, P uptake,
nitrification and the reduction in turbidity tend to occur simultaneously.
A significant increase in sffluent turbidity affects nitrogen and
phosphorua removal but does not cause a radical as that in the low recycle
syatem. Therefore, turbldlty control of nitrogen and phosphorus removal is

more effective as the recycle rate is increased.

At the Bowie WWTP, it was observed that high flows on weekends were
followad by higher effluent turbidities, alkalinities and phosphorus laevels
in the secondary effluent on Monday unlass the aeration was increased to
compensate for the increase in loadings. The actual HRT of the oxidatien
diteh and clarifier system is 20 hours. An example of a short term
increase in alkalinity following a weekend is shown in Figures 23 and 24.
On the average, an increase in turbidity of 0.5 NTU resulted in an increase
in effluent ortho~P of 1 mg/L, effluent alkalinity of 10 mg/L and effluent
ammonia of 2 mg/L in Phase V {VIT2=-BNR procesa).

The aeration can be controlled by turbidity by setting up a low and & high
level for an operating turbidity range. The air supplied is increased Lf
the turbidity exceeds the high level. It is reduced when the turbidity
drops to the low level. This principle is used in the D.O0. MinimizerTM
daveloped by Schreiber Corporation and used with Schreiber Counter Current
diffusers (Figure 25). These tanks operate at high MCRTs and with high
internal recycle rates. The internal recycle {IR) in the counter current

diffuser system can be calculated as followa:
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Secondary Eff. Alkalinity and Nitrogen Forms
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Figure 23. Secondary Effluent Alkalinity and Nitrogen Forms, July 1389
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Figure 25. Schematic of Schreiber Counter Current Diffuser Systemm



IR-(vd-vw)*alQ
where

Vq i8 the tangential velocity of the diffuser arm at the mid-point
{radially) of the outer ring,
v,, i8 the tangential velocity for water at the mid-point of the

cuter ring

A = Cross sectional area of the outer ring

Q = Raw Influent Flow Rate

The internal recycle rates are in excess of 200Q in the Schreiber Counter
Current Diffuser Process at 1 day nominal HRT (Maryland City WRF, 1990).
The high internal recycle makes the Schreiber Counter Current Diffuser
Process an excellent candidate for turbidity control for nitrogen and

phosphorus removal.
Volatile Solids and Nitrogen Removal

The volatile golids fraction increames with the loas of nitrification. The
volatile solids fraction decreases with an increase in the rate of
endogencus decay. Endogenous decay rates are higher under aerchbic
conditions than under anoxic and anaerobic conditions. Therefors, a
raduction in the-aarobic volume due to air limitation reduces the volume

weighted avarage rate of endogenous decay.

An increase in volatile sclids fraction during a time period when the
liquid temperatures are increasing is reflected in a loss of nitrification.
Temperature increases the rate of endogenous decay. Therefore, if the
volatile solids fraction should decrease with temperature, it is indicative
of air limitation. This trend has been confirmed at the Patuxent WRF
(1950).
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horus Releas n_th lagifier

Analysis of results from Phage III {during which the plant was operated
with only one oxidation ditch} showed significant levels of phesphorus

. release across the secondary clarifiers. In the rim feed clarifier system,
where the flow is introduced at the rim, one foot off the bottom of the
side wall of the clarifiers, the secondary effluent has to travel through a
part of the sludge blanket (Figure 3). Therefore, some of the phosphorus
which was released into solution in the sludge blankets wasa carrled out in

the secondary effluent.

The phosphorus release correlated well with the depth of the gludge blanket
in Phage ITI (Pigure 26). Howaver, it did not appear to have any

correlation with oxidized=-N concentrations below 2 mg/L.

After the facility switched over to operation with two oxldation ditches in
geries, phosphorus release in the clarifiers dropped to very low levels,
even at moderate sludge blanket depths. The soluble COD level in the
effluent dropped from an average in excess of 30 mg/L in Phase IIT to 20
mg/L during Phase V (Table 7). Though it was difficult to determina the
conceantration of non~blodegradable COD since soluble BOD concentrations
were not measured, the lowest concentration of goluble COD recorded was
9.95 mg/L in July 89. The BODg levela dropped from 18 mg/L in Phage III to
3 mg/L in Phasa V. |

Phosphorus release may occur under anaercbic conditions in the secondary
clarifier aludge blankets when readily availabla forms of COD are present
in the aeration effluent. Between 10 to 15 mg/L of biodegradable goluble
COD was present in the ditch effluent in Phase ITI but dropped to O to 5
mg/L in Phase V. The increase {in MCRT for the same level of MLSS in Phase
V (because of a doubling in the volume of mixed liqueor) raduced oxygen and

nitrate uptake rates (by about 40 percent for the same MLSS).

These changes reduced the rate of release of phosphorus in the sludge

blankets. It was not necessary to reaerate the aeration effluent before
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Figure 26. Graphs of Phosphorus Release Across the Secodary Clgr:?.fiers
plotted against Blanket Depth and Ditch Effluent Oxidized-N
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the secondary clarifiers. HNo significant release was measurad acress the

clarifiers at sludge blanket depths of five feet.

Approximately 6 percent of the phosphorus removed in the secondary
treatment system was recycled to the headworks during gravity thickening of
wagte activated sludge. Precautions were taken to minimize solids recycle

with the supernatant from the gravity thickeners.

Average volume of supernatant = 30,000 gpd
concentration of phosphorus in supernatant = 30 mg/L
Influent flow = 2.2 MGD
Contribution to combined influent phosphorus concentration
= (30,000 * 30)/(2.23 + 105)
= 0.4 mg/L. '

An additional 14 percent of the phosphorus removed during secondary
treatment was recycled with the filtrate and the washings from the belt
presses (contributing 0.95 mg/L to the combined influent phosphorus}. -
Thegse recyclee increased the influent phosphorus concentration from 5.6
mg/L to 7.0 mg/L. Biological phosphorus remcval removed 6.5 mg/L of the

phoaphorus.

Batween 10 and 15 percent of the nitrogen removed in the waste sludge was
recycled from the solids dewatering units. Since only 10 mg/L of the
influent TEN, is removed in the waste sludge (20 /L was removed by
denitrification), the recycle increased the influent nitrogen
coencentrations by 1.5 mg/L only. Therefore, nitrogen recycle is not aa

much of a concern as phosphorus recycles from aclids handling units.

A the key finding during the full scale retrofit modification has been that
gravity thickeners can be sequenced with activated asludge units used for

enhanced biological phosphorus uptake if the influent COD/P ratio is still
adequate after the additional phosphozua load imparted by the recycle. In



parte of the U.S. where a phosphate detergent ban has been implemented,

this ratic should ba adequate.

Analvsis of Filamentous bacteria and SVIs

The population of filamentous bacteria was monitored on a day to day basis
at the Bowie WWTP by observing samples under a microscope and measuring
changes in Sludge Volume Index {SVI). The population of filamentoua
bacteria and SVI increased with the liquid temperature if the aeration was

not regulated to maintain strict contrel over aerobic and anoxic volumes.

The data from 1985 shows that monthly average SVIg correlated well with
liquid temperature (r2 = 0.8) [Figure 27]. However, the correlation was
not as strong in 1986 (Figure 28). To understand the conditions which
result in an increase in filamentous bacteria, the daily changes in SVI,
alkalinity (and therafore, nitrogen forms and soluble BOD) and temperature
were studied closely. During Phase V, it was observed that the population
of filamentous bacteria could be controlled if excellent nitrification,
denitrification and COD stabilization were maintained. A sudden loss of
nitrification and an increase in effluent soluble COD due to deficit in tha
amount of air supplied at warmer liquid temperatures resulted in an
increase in the population of filgmentous bacteria {Figure 29).

Filamentous bacteria gain a competitive advantage if there is a lack of
dissolved oxygen and a relative abundance of products from cell decay
(Jenkins et.al. 1986). Growth and decay rates of bacteria increase with
temperature. This increases the concentration of the products from cell
decay. Between May and October, a short term deficit {12 to 36 hours) in
aeration (reflected in an increase in effluent alkalinity in Figure 29)
resulted in an increase in SVIs. The SVIs decreased over a period of time

when proper aeration and control volumes were maintalned.

The resultas have shown that it is necegsary to maintain a strict control
over the relative volumes upder aercbic, anoxic and anaerobic conditions.

Lack of flow pacing, sudden loss of part of the aeration, or less than

89




686T ‘ornaexadun], JonbTT PaXTW pue (IAS) Xepul sumfoa abpn(s -£Z sambrd
9 ‘dwa)
91 vi r4
||
\. |$F
e
s
- \" o= 091 »
- - =
Ve -081 3
- Iy
< ooz ©
e
-
- 7 1022
v
e
ove

Gg6L ‘dwal pinbry s/A IAS dLMM amog



9¢

9867 ‘omjeradwsy aonbry POXTH pue (IAS) Xapul aumyop =bpnis *gz ambtg

D ‘dwo])

V2 2% 0 8 9 p g

i 1 1 '

\

08

-001

-0cl

atid!

-091

-081

9861 ‘dway PINbI] /A IAS :dLmM aimo

00c
g

6/w ‘InS

91




066 ‘SOOURGINISTA SS9001d pue pusxl AFTUTIENIV ‘IAS 62 oanbta

omlm \.Q.N .\-@.c. Lig 13 .o.m_\.qp—..\.w.o_ L1 114t mm-\_o.ﬂ\.m_o. 1.0 1 1 1 .opm.\.m.—.\.M%
. | -09
| eyt 7}
m 0. % .f<wv+-°w ,w
O
u e
A N wopzesoe” oot T
5 Jo sso1 TerTired v ? 0
£ 021 3
& Of- 3
g | opL B
2 .?11 N/ \ L0911 .W
o 0¢ , =
. -081
dws] — AV —— IAS ¥
11> 00¢

puai] Ajuneyy pue |AS ‘dLMM almod

92



adequate temperature compensation can affect the fractions of biomase under
aerobic, anoxic and anaerobic conditions. If the disturbance is large
enough (in magnitude and in time) to affaect the mode of COD stabilization,
it will result in an increase in the population of filamentous bacteria.
The obmervations have been confirmed during comparative studies on barrier
oxidation ditches at the Patuxent and Broadneck Water Reclamation
Facilities in Maryland. The Patuxent WRF has excellent automated D.O,
control and low SVIs (110 mL/g} at 12 day MCRT. The Broadnack WRF lacks
automated control, suffers from large fluctuations in the asrobic and
anoxic volumes cver a 24 hour period, and operates at SVIs above 200 mL/qg
at 15 day MCRT.

Oxyqgen and Nitrate Uptake Rates and Anaerobic Volume in Oxidation Ditches

" The specific oxygen and nitrate uptake rates were very low in the oxidation
ditch system at Bowie because of the long nominal HRT in the system (36

. houre) and high internal recycle rates in each ditch. The specific oxygen
uptake rates were the lowest in ditch 2 in which the soluble BOD; levels
measured less than 4 mg/L. The specific susbetrate utilization rate {qa)
for COD stabilization is affected by the concentration of available COD as

followa:
q = qy (COD/ X, + COD) (C.0./(Kp o, + D.0.)]}
The reported values for aercbic COD stabilizatlon are as follows -

9y = maximum specific substrate utilization rate, 11.2 COD/mg vss-day
and K, = half saturation constant, 60 to 80 myg/L as COD,

Under anoxic conditions, the values arae:

9n = 6.7 mg COD/mg VSS~day,
and K, = 60 to 80 mg/L as COD.

These values of gy and K, were measured at 24 to 26 Celgius {Hanaki et.
al., 1990, McClintock et.al., 1988). The maximum specific substrate




atabilization rates may decrease by 40 percent at 10 Caelsius {Nutrient
Control Manual, WPCF, 1983).

The specific substrate utilization rate in the second oxidation ditch will
be between 5 to 10 percent of the maximum rate. The specific oxygen uptake
rate is a reflection of the specific substrate utilization rate because

oxygen is consumed during substrate gtabilization under aerobic conditions.

A number of observations are listed in Table 15.

Analysis conducted in March, 1990, showed that the nitrate uptake rate at
16 Celsius and 3000 mg/L of volatile suspended solids {(MCRT of 30 days
approximately) was 0.035 mg/L/min in ditch 2. 1In ditech 1, the nitrate
uptake rate for the same temperature and volatile suspended solids msasured
0.0375 mg/L/min. In the anaercbic cell, the nitrate uptake rate was 0.06
mg/L/min at a volatile suspended solids concentration of 1600 mg/L at a
temperature of 16 Celsius.

At an average nitrate uptake rate of 0.035 mg/L/min and a volatile solids
concentration of 3000 mg/L in the oxidation ditches {total volume of 3.3
MG), denitrification of 20 mg/L of oxidized nitrogen (generated during
treatment of 32 mg/L of influent TKN} at an influent flow of 2.2 MGD

requires
( (2.2 * 20) / (0.035 = 3.3 * 1440} } * 100
= 26 percent of the volume of the oxidation ditches.
Anoxic stabllization of COD during denitrification of 20 mg/L of the
influent nitrate will consume (20 * 2.8 mg/L = 56 mg/L) of COD. If the
influent COD averages 450 mg/L, 394 mg/L has to be stabilized under aerobic
cenditions (assuming no anaerocbic gtabilization of BOD). This will

generate approximately 90 mg/L of biomass at an aerchic MCRT of 15 daysa.

Biomase produced = 394 * Y., /] (3 + kg * 15)
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Table 15. Specific Oxygen and Nitrate Uptake Rates at the Bowies WHTP

Date Temperature Anaercbic Ditch 1 Ditch 2
Cell

) Ditch 2

SOUR NOUR SOUR SNUR SOUR SNUR MLVSS

Celsius day'l mg/L
8/08/89 23 0.204 1900
8/18/89 23.5 - 0.232 0.153 1930
B8/25/89 23 0.204 0.203 1770
1/22/90 15 0.12 3200
3/11/90 16 0.256 0.052 0.131 0.016 0.102 0.015 3490
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where
Yimax = maximum heterotrophic yield = 0.50 mg VS8/ mg COD
kq = 0,08 fday at 16 Celsiue

Biomass produced = 90 mg/L VSS
COD in biomass = 90 * 1.42 = 128 mg/L
A total of 128 mg/L of COD will be removed in the bicmasa.

This leaves (394 - 128 = 267) mg/L to be atabilized under aercbic
conditions. At an oxygen uptake rate of 0.3 mg/L/min at an MLVSS of 3000
mg/L, asrobic stabilization of 267 mg/L of COD and oxidation of 22 mg/L of

ammonia will require
[ [2.2 * (267 + &4.57 * 22)] / (0.3 * 3.3 * 1440) | * 100
= 56 percent of the volume in the oxidation ditches.

The remaining 18 percent of tha total oxidation diteh volume (100 - 26 ~56)
can be maintained under anaerobic conditions. A majority of the anaercble
volume is in oxidation ditch 1. It helps enhance bioleglical phoaphorus

removal in the oxidation ditches.

To increase the nitrate uptake rate (donitriticatién rate) and reduce the.
volume regquired for denitrification, it will be necessary to increase the
concentration of available COD. Denitrification may be conducted at a
higher rate in a separate anoxic tank outside the oxidation ditech if the
caw influent is not diluted by a large nitrate recycle. Howaver, the
effluent oxidized-N concentration cannct be raduced to the concentrationsa
cbserved during efficient treatment in oxidation ditchas unless the nitrate
recycle rate is increased above 300 percent. (A high recycle rate will
reduce the concentration of available COD, decrease the rate of

denitrification and increase the volume required for denitrification.)
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trofit dification anad - ing Costs

Cost for the Modification

The total expenditure for the modification of the Bowie WWTP will be
§400,000, approximately. This excludes process development, process
engineering and start-up costs which were provided by the Univeraity

through a separate grant program.

Though the facility is rated at 3.0 MGD, the available air supply,
clarifier and sclids handling units will not be able to handle the loadings

at flows in excess of 2.5 MGD.
Calculation of Net Savings in Annual Operating Costs

The cost savings from biological phosphorus and nitrogen ramoval are
calculated for two categories. The first category can be observed diractly
by comparing budgets for Phase I and Phase V. The second category was
calculated for the expenditure for supplemental alkalinity and energy if
the performance results for Phase V were attained with chemical phosphorus

removal and denitrification reduced oxidized-N to 6 mg/L.

Rirect Savings

Diacontinuation of ferrous sulfate for chemical P removal results in

savings of $30,000 per year;

ethey fesimulated or jndirect) Savings

1) Discontinuation of ferrous sulfate generated an annual savings of
$37,500 in supplemental alkalinity which would be added as caustic soda.
Iron was added at the rate of 10.9 mq/L as Fe?t to the combined influent.
Precipitation of iron as ferric hydroxide or ferric phosphate consumes 30
mg/L of alkalinity. To recover this alkalinity, the addition of 30 percent
caustic soda at 70 cents per gallon (1989 costs) will coast $37,500.

97




2) During Phase I, an average of 58.85 dry tons of sludge (398.7 wet tons)
were generated each month (between October 1986 and September 1987). Thie
includes 7 dry tons of iren sludge each month. The dry ton value ig
caleculated after aerobic digestion in diteh 2. The total suspended solids
concentrations in the final effluent averaged 15 mg/L and is included in

the dry ton per month number (Table 16).

During Phase V, an average of 56.98 dry tons of sludge were generated each
month between June 1989 and May 1990. This excludes dry solids added as
lime. The flow and loadings have not changed since 13986. The final
effluant suspended solids averaged 4 mg/L. The contribution of effluent
suspended solids has been included (Table 16).

Several factors need to be considered to compare aludge producticn Ln Phase
T with that in Phase V. Phosphorus was removed chemically in Phase I but
was removed biclogically in Phase V. Aercbic digestion of some of the
waste sludge helped decrease the quantity of sludge in Phase I. The amount
of iron added to remove phosphorus to levels below 1 mg/l was not large
because a phosphate detergent ban reduced phosphorus levels in the influent
by 40 percent. During Phase V, the plant was operated without aerobic
digestion but at a higher MCRT. The net effect was that gludge production
numbers did not change significantly. However, the data has to be examined

in conjunction with the energy requirements.

During Phase I, 2.5 brush aerators ware cperated in the oxidation ditch
utilized which was used for secondary treatment. At least one brush
aerator was operated in the second oxidation ditch to digest waste Bludge
sarobically. The energy calculations for Phase I and Phase V are shown in
Table 17. The aeration energy was not metered during Phase I. Therefore,
the aeration energy consumption from September tc December 1988 in Phage
III, when only one oxidation ditch was operated for secondary treatment,
was used to simulate the consumption for the corresponding period in Phase
I. To detarmine a ratio of year round aeration energy cost to the geaacnal
cost from Saptember to December, the ratio of energy costs from September
to December, 1989 ({Phase V) to the annual cost for Phase V was used as the

convereion factor.
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Table 16. Comparison of Sludge Production in Phass I and Phase V

Phasge I Phase V
Per month Par month Par month Per month
dry ton wat ton dry ton wet ton

Dewatered Sludge 55,04 398.7 55.97
Solids in effluent 3.84 1.01
Dry Solids Procduction 58.88 56,98

Oparating Characteristics
MCRT (days) 8 to 12 15 to 3o
Aarcbic Digestion Yas No

Yes {included above, No

Fe ppt. aludge

Lime Stabilization

EBffluant NH4;-N (mg/L)
Effluent Nitrates

Effluent SCOD

avg of 7 dry tons)
No

>10

»35

Yea (avg of 15 dry
and 15 wet tons,
not included above)
0.2
2.5

15

0a



mable 17. Elsctrical Energy Requirement for Reration, Aercbic Digestion

and Sludge Recycle

October 88 to December 88

Phase V

October 89 to December 8%
June 89 to May 90

RATIO (Fall to Annual)

Anaerobic Cell Pumps
Phase X

Phage I {Oct 86 to Sep 87)
Phase I {Oct 86 to Dec 86)

Annual for Phase I

Aerobic Digeation energy

Aeration Energy
Aeroblc Digestion Energy
Anaercbic Cell Pumps

Total

2.5 rotors uged
1 Ditch in operatien

Aeration energy = 1930 KWH per day
MCRT = 12 days

Aeration energy = 2010 KWH per day
Aeration energy = 1565 KWH per Day

201071965 = 1.023

Pumping energy = 330 KWH per day

2.5 rotors used for secondary treatment
1 ditch used for secondary treatment
MCRT = B to 12 days

1930 KWH/day (asaumad equal to Phase III)

1930 /RATIO = 1930/1.023
= 1885 KWH per day

1.0 rotor operation {(a conservative estimate)
Energy required = 1/2.5 * 1885
o = 750 KWH per day

Phase I Phase V
1885 1965
750
330
2635 2295

Net Savings in Bnergy (Phase I ~ Fhase V) = 2635 = 2295

= 340 KwH/day

= §7500 per year at $0.06
per KwH
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During Phase V, an average of 330 KWH/day of was required for pumping mixed
liquor from the anaercbic cell to ditch 1. This cost would have been lower
if the anaercbic cell and the oxidation ditch were at the same alavation.
At Bowie, the difference in elevation was 15 feet. Pumping costs ware
minimized by reducing the flow influent and recycle flow to the anaercbic

cell to 30 to 60 parcent of the average influent flow,

The total energy conaumption for pumping, aeration and aerobic digestion
decreased by 340 XKWH per day from Phase I to Phase V. At a cost of 0.06
cents per KWH, this generated an annual savings of $7,500 (Table 17).

J) 3.57 mg/L of alkalinity is generated for each mg/L of nitrate-N
denitrified. Several biclcgical nutrient removal processes average 6 mg/L
of nitrate-N in the effluent. DPenitrification of nitrate-N from & mg/L to
2 my/L at the Bowie WWTP generated an additional 14 mg/L of alkalinity.
This reduced the annual expenditure on supplemental alkalinity added as
caustic soda (30 percent at 70 cents per gallon) by 517,500 (Table 17).

The Bowle WWTP can operate at effluent alkalinity levels 10 mg/L less than
the current operating range of 72 to 75 mg/L without viclating the effluent
PH permit. Since this buffering capacity is potentially available, it will
reduce the cost for supplemental alkalinity by $12,500 annually (Table 17).

An annual net savings of 557,000 was observed in espite of the increase in
nitrification which reduced the year round average for effluent ammonia-N
from concentrations in exceas of 10 mg/L in Phase I to 0.2 mg/L in Phase V.
The effluent nitrate-N concentration was maintained at about the same level

{(between 1 and 3 mg/L)}. Annual net savings are computed in Table 18.

To operate the plant after new NPDES parmits for nitrogen are implemented,
. laboratory technician time will have to be increased for nitrogen analysis.
The level of training available to operators will alaso have to be
increased. The maintenance procedures will have to be streamlined to
increase the reliability of the aeration devices, The cost for additional”
laboratory facilities and technician time is estimated at sza,odo per year.
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Table 18. Annual Savings in Operating Costs Generated by the BMR Frocass

ITEM SAVINGS

Direct (difference betwesn 1987 and 19950)
[2.2 MGD influent flow])

Chemicals (Ferrous Sulfate) $ 30,000

Indirect [2.2 MGD influent flow]

Caustic Soda for Chemical P Removal § 37,500
slﬁdga Handling excluaing lime stabilization § 0
Aeration (from Table AERC) [ 7,500
Caustic Soda for Denitrification from
6 mg/L to 2 mg/L NO3N § 17,500
Buffer Available . i $ -12,500
Total § 80,000

Additional Lab Tech Time for

Nitrogen wonitoring (10 hours per weak) $ -17,000
Laboratory Instruments (Depreciation) $ - 3,000
Chemicals for Nitrogen Monitoring

Operator Training + Technical Assistance $ - 3,000

Net Savings $ 137,000
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A judicicus investment LIn process control features, malntenance and
operator training should reduce maintenance and operating costs in future.

It will decrease problems with filamentous bacteria and increase process

efticiency.
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CONCLUSIONS

1. Biological nitrogen and phosphorus removals can be enhanced in
oxidation ditch systems by controlling aeration to maintain reliable

aercbic, anoxic and anaarcbic volumes in the oxidation ditch{es).

2. The VI2-BNR process developed at Bowie uses a side gtream anaerocblc cell
which receives between 40 and 60 percent of the influent flow. The
anaerobic cell supplements biological phosphorus removal reactions which

take place in the oxidation ditches.

3. The BNR process at Bowle is capable of maintaining less than 0.3 mg/L
total phosphorus and between 3 and 4 mg/L for total nitrogen all year
round. In its first year of operation, the effluent phoaphorus averaged
lees than 0.7 mg/L (monthly average) in cold weather and 0.5 ng/L (monthly
average) in warm weather. The annual average was 0.6 mg/L for total

phosphorus without secondary effluent filtration.

The effluent ammonia-N averaged less than 0.5 mg/L (monthly averagaj. The
effluent TKN averaged 1 mg/L. The total nitrogen averaged 3.2 mg/L over a

one year period of operation.

4. SVI can be controlled by installing process control features to
continuously regulate the anaerobic, anoxic and aercbhbic volume fractions
inside the oxidatien ditches. Fallure to control the volume fractions over
a 12 to 36 hour period in warm weather can lead to significant increase in

population of filamentous bacteria.

5. Several parameters determine the minimum operating D.O. set point of a
BNR system at which operations may be optimized for BOD, nitrogen and
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biclogical phosphorus removal. RAdditional control parameters such as
alkalinity and turbidity may be used in a low rate, high nitrate recycle

ayatem.

6. A mathematical procedure was developed to determine an operating range
for effluent alkalinity which weould reflect the ammonia and oxidized

nitrogen levels in the effluent.

Effluent Alkalinity = Available Influent Alkalinity - 3.57 (Influent TKN)
+ Effluent N forms effect

Effluent N forms effect = 3.57 (Eff Ammonia-N) - 3.57 (Eff Oxidized-N)

7. heration effluent turbidity can be used as a control parameter for
nitregen and phoaphorus removal in a low rate system operating with a high
nitrate recycle. The effectiveness of turbidity control increases with the
magnitude of the nitrate recycle (internal recycle for oxidation ditches
and counter current diffuser systems). Turbidity control may also be used
in a high rate, low nitrate recycle system if turbidity is monitored in the

firat part of the aerobic zone.

8. Though the Bowie WWTP uses two oxidation ditches in series, a BNR
proceas can be deaigned for a single loop oxidation ditch if it has an
adequate circulation time and the capacity to maintain MCRTs which are
adequate for nitrogen and phoephorus removal. Circulatiocn time is the
average length of time for the mixed liquor to flow {once) around the
ditch. The minimum circulation time at which efficient treatment can be
accomplished will depend on the resolution necessary on the control

parameter to maintain aercbic and anoxic volumes.

9. There were significant reductions in operating costs for electrical
energy, zeration, chemicals for phosphorﬁs removal, and supplemental
alkalinity. Supplemental alkalinity would have to be added if chemical P
removal was practiced and biological denitrification was not as efficlent.
Total savings of $80,000 were observed for treating 2.2 MGD of flow {8300
m3/day) containing an average of 175 mg/L of BODg, 450 mg/L of COD and 35
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Appendix A

Kay to Abbreviations for Monthly Average Tables

CFlow (MGD)
Recire (MGD)
FFPlow (MGD)
RetF (MGD)

WASD (1000 GPD)

AnaBn (KWH)

RotEn (XWH)
AtmT (F)
Th (NTU)
ThMax

TbMin
DL1Ad (turns)

FDL2Ad (turns}

NaOH (GPD)
sVI (mL/g)

Dry Solids {lb/day)

‘AlkDl (mg/L)}
AlkD2 (mg/L)
85D1 (mg/L)
58D2 (mg/L)
AnaFl (MGh)

MLRF1 (MGD)

WaterT (F)

Nota:

Combined Influent Flow
Plant Recycle from Solide Handling
Final Effluent Flow
Return Sludge Flow
Waste Sludge Flow
Energy consumed by Pumps in Anaerobic Baein per day
(An energy expense related to bio-P removal)
Energy consumed per day in aeration
Atmospheric Temperature {Fahrenheit)
Secondary Effluent Turbidity
Maximum Secondary Effluent Turbidity
{monthly average of maximum per day)
Minimum Secondary Effluent Turbidity
Adjustment to effluent wair of Ditch 1
{1 turn = 0.5 inch}
Adjuatment to effluent weir of Ditch 2
Average NaOH consumption {25 percent)
Sludge Volume Index (measured in Ditch 2 in Phasa V)
Dry Solids Production (after dewatering)
Alkalinity of mixed liquor supernatant in ditch 1
Alkalinity of mixed liquer supernatant in ditch 2
Suspended Solidas in ditech 1
Suspended Solids in ditch 2
Average Flow Rate to Anaaerobic Zone
This flow is not continucus. It operates at thls rate
for 16 hours each day. The flow shuts off for 6 hours.
To get 24 hour average, multiply flow by 0.66
Averaga Mixed Liquor Racycle (Continous flow over 24
hours}
Mixed Liquor Temperature (measured in ditch 2 in
Phage V)

Individual Station Parameters

D.0. (mg/L)
pH

ORP (mv)

T {C)

Alk (mg/L)
OP (mg/L)
TSP (mg/L)
TP (mg/L})
NH3N (mg/L)
SKN (mg/L)
TKN (mg/L)
NOZN (mg/L)
OxN (mg/L)
SBOD {mg/L}

Disaolved Oxygen

pH

Oxidation Reduction Potential
Liquid Temperature
Alkalinity

Ortho-Phosphorua

Total Soluble Phosphorus
Total Phosphorus

Ammonia-N

Soluble Kieldahl Nitrogen
Total Kjeldahl Nitrogen
Nitrite-N

Oxidized~-N (Mitrite~N + Nitrate-N)
5 day soluble BOD
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Individual Station Parameters, Continued

BOD (mg/L) S day total BOD

sSCOD (mg/L) Soluble COD

cop  (mg/L) Total COD

TSS (mg/L) Total Suspended Sollids

vss (mg/L) Volatile Suspended Solida

T3S {mg/L) Total Solids - Measured for thickenad and dawats:ad

sludge samples (instead of TSS)

Calculated Parameters

™ (mg/L) Total Nitrogen (TKN + Ox-N)

MCRT (days) Mean Call Residence Tine

% P, TSS basis Percent Phosphorus in sludge, TSS basis

& P, VS5 basis Percent Phosphorus in sludge, V5SS basis

% N, TSS basis Parcent Nitrogen in sludge, TSS baais

% N, VSS basis Percent Nitrogen in sludgae, VSS basis

LR (#) Pounds of Nitrogen Denitrlfied per day

DN (mg/L) ng/L of influent nitrogen denitrified
(mg/L calculated in terms of influent flow)

% Vol Sclids Percent of Volatile Solids in Ditch 1 for

Phase II and III, Ditch 2 for Phase V and
average of two ditches for Phase IV.
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Appendix B. Expanded Table of Monthly Averages
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