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ABSTRACT

This dissertation examines the degree of nitrification which
can be accomplished in combined and separate activated sludge systems
over a temperature range of 5° to 25°C and a system solids residénce
time range of 4 to 10 days under both steady and non-steady operating
conditions.

Treating municipal sewage under steady flow conditions, it
was found that the rate of nitrification was independent of the |
concentration of filterable TKN or ammonia. Temperature and solids
reténtion time significantly affected filterable TKN removal. The
degree of nitrification obtained in both combined and separate sludge
systems was comparable.

The parallel pilot -plant systems were subjected to a number
of non-steady influent conditions.- The responses to a pulse change in
influent pH and a step-down in temperature indicated that the separate
sludge system had a greater capacity to withstand such conditions.
Transfer function models, together with time series models, were
developed to describe the dynamic responses of the n1trify1ng systems
to changes 1n influent flow, and organic carbon and ihorganxc nitrogen

_concentration. The observed and model results indicated gredter

effluent filterable TKN variation can be expected from nitrifyi
systems operated under variable flow and concentration inputs th an\

for variable concentration inputs alone.
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INTROBUCTION

The original approach to waste treatment was to provide processes
for the removal of settleable solids, the reduction of biochemical oxygen
demand (BOD), and the elimination of bacterial contaminants. In recent years,
eutrophication problems have focused attention on the requirement for nutrient
control; phosphorus or nitrogen are considered to be the nutrients limiting
algal production. As phosphorus was identified as the major pollutant, an
intensive research program conducted over the past decade, has resulted in
the development and full scale evaluation of phosphorus removal processes which
are practical and economical.

Recently, research has led to the development of nitrogen removal
technology. Deficiencies in process design for nitrogen removal still exist
as clearly pointed out in this quotation from the Report of the WPCF Research
Committee (1975);

"There have been many studies on the removal of nitrogen

from wastewaters, but clear-cut design parameters that

permit the application of treatment processes without

difficulty have yet to be established. Pilot or large

scale studies are now required to demonstrate the efficiency
and reliability of ava11ab1e processes and attendant operational
problems and their remedy."

Nitrogen control can be divided into two categories. The first
involves processes which convert organic and ammonia nitrogen into nitrate
nitrogen. The second category involves processes resulting in the complete
removal of nitrogen from the wastewater.

The first category normally is termed nitrification and is
effective in eliminating many problems associated with organic and ammonia
nitrogen. The biochemical oxygen demand {BOD) of municipal wastes will be
substantially influenced by the presence of ammonia. The conversion of
ammonia to nitrate requires 4.6 parts of oxygen for each part of ammonia
nitrogen. Therefore, ammonia in the effluent at concentrations of 20 mg/1
as N would give a theoretical nitrogenous oxygen demand of 92 mg/1.

Additional reasons for ammonia nitrogen removal include:

1) NH3 at low concentrations is toxic to fish,

2) NHj is corrosive to copper fittings,

/



3) NH3 increases C]z breakpoint requirements and contact

time for adequate disinfection, and

4) eutfophication problems are associated with high nitrogen

effluents.

Nitrogenous compounds enter the aquatic environment from natural
and man-induced sources. Natural sources include dustfall, precipitation,
nonurban runoff, and biological fixation. The quantities from natural
sources can be increased by man's activity. For example, the combustion of
fossil fuels can increase rainfall concentrations of nitrogen substantially.
Nitrogen sources which can be directly attributed to man's activity include:

1) municipal wastewater,

2) industrial wastewater,

3) runoff from urban areas,

4) runoff from livestock feedlots, and

5) drainage from agricultural lands.

The significance of each source will vary depending on the popplation
density, the degree of industrial development, and the farming practices
in each particular area. An estimate of the nitrogen quantities, from
various sources discharged in the San Francisco Bay Basin, California, is
given in Tablé 1. Owing to the high degree of industrialization and large
population density, municipal and industrial contributions are most
significant.

Nitrogen control can be accomplished by either biological
or physical-chemical means. A review of the advantages and disadvantages
of a number of control alternatives (Sutton; Murphy, and Dawson, 1974)
indicates that biological nitrification-denitrification may be the preferred
approach. The popularity of this alternative is evident from the recent
IAWPR conference proceedings (1975) entitled “Conference on Nitrogen as a
Water Pgllutant”.

Biological nitrogen removal is essentially a two-step process,
nitrification followed by denitrification. In the nitrification step, under
aerobic conditions, autotrophic nitrifying organisms oxidize ammonia to
nitrate. In the denitrification step, nitrate is reduced to molecular
nitrogen by heterotrophic organisms in the absence of molecular oxygen.



TABLE 1 NITROGEN LOADINGS FOR THE SAN FRANCISCO BAY BASIN

(Brown and Caldwell, 1975)

Nitrogen Discharge Percent
Nitrogen Source 1%00 kg/yr g tgzal
Municipal wastewater, before treatment 26,000 49
Industrial wastewater, before treatment 16,000 30
Vessel wastes, before treatment 60 0.1
Dustfall directly on Bay 590 1.1
Rainfall directly on Bay 390 0.8
Urban runoff 1,400 2.7
Non-urban runoff 1,900 3.6
Nitrogen applied to irrigated agricultural land 900 1.7
Nitrogen from dairies and feediots 6,000 N
Total 53,000 100




Nitrification occurs in the activated sludge process when
conditions are suitable for the retention and accumulation of nitrifying
bacteria. The solids retention time (SRT), or sludge age, is a measure
of the average retention time of the bacterial cells in the system. Successful
nitrification depends on adherence to a sludge wasting program which results
in an SRT adequate to retain and prevent the wash out of the slower growing
nitrifying bacteria. Two basic process schemes available can be designated as:

1) a combined sludge system, and

2) a separate sludge system.

The combined sludge system may be a single or multi-stage system,
while the separate sludge system is normally a two-stage system (Figure 1).
In the combined sludge process, simu]tanéous carbon removal and nitrification
are carried out. Provided that the rate of growth of nitrifying bacteria
is sufficiently rapid to compensate for the organisms lost through sludge
wasting, nitrification can be maintained. Consequently, nitrification depends
upon the relationship of the growth rate of the nitrifying bacteria to the
net solids production rate for the process. In the separate sludge system,
carbon removal is carried out by heterotrophic microorganisms, separate and
distinct from the subsequent nitrification step carried out by autotrophs.
Thus separate sludge wasting procedures for each removal step can be
incorporated.

There are advantages and disadvantages to both the combined and
separate sludge systems. A separate system could be expected to offer more
stability, less temperature sensitivity, and some buffering capacity to
compounds toxic or inhibitory to nitrifieation. These advantages must be
balanced against the possible overall increases in solids production and
capital cost.

Parameter values derived from time averaged pseudo "steady-state"
(constant flow with normal diurnal variations in organic and inorganic
concentrations) data allow predictionAof the average effluent concentration
of filterable TKN (Sutton, Murphy, Jank, and Monaghan, 1975). This form of
analysis may not be sensitive tnough to differentiate between the alternative
carbon removal-nitrification systems operating under “non-steady" conditions.

\
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Nitrification systems, like all activated s]Judge processes, are dynamic
systems subject to time varying loadings and exhibiting a response to
their environment which varies with time. Pseudo "steady-state" parameter
values are not capable of describing the temporal relationships between
inputs and outputs. The stability of the nitrification alternatives can
be obtained only by using techniques which elucidate the responses to non-
steady operation.

Significant changes in raw wastewater pH are encountered
periodically at municipal treatment plants receiving quantities of
jndustrial wastes. Variations in temperature may be anticipated in
treatment facilities in continental climates. The reported sensitivity
of nitrification to temperature and pH (Wild, Sawyer, and McMahon, 1971)
‘emphasizes the importance of defining the tolerance of such systems to
abrupt changes in these factors.

This study has examined, at pilot-scale, the carbon removal and
nitrification efficiencies obtained from three differing process configurations -
a "single" and "two-stage" combined sludge systems (denoted SSC and TSC
respectively) and a two-stage separate sludge system (TSS). The alternatives
(Figure 1) were compared as to their effectiveness, in terms of nitrification,
under a range of operating temperatures and solids retention times, at
pseudo "steady-state" conditions.

Experimental observation, mathematical model building and
simulation, and time series analysis are techniques by which the behaviour
of dynamic processes can be assessed. In this study, these methods were
utilized to compare the alternative carbon removal-nitrification schemes and
provide a befter understanding of factors affecting nitrification under

non-steady conditions.



BACKGROUND

Principles of Biological Nitrification

Microbiology and biochemistry

Biological oxidation of inorganic nitrogen is almost entire]y
carried out in the aquatic environment by bacteria belonging to the family
Nitrobacteraceae. The major well defined autotrophic bacteria which are known

to oxidize ammonia to nitrite are the genera Nitrosomonas and Nitrosococcus.

The genera Nitrobacter and Nitrocystis have been shown to oxidize nitrite to
nitrate. The ability to oxidize inorganic nitrogen is not restricted to
autotrophic bacteria. Verstraete and Alexander (1973) have demonstrated that
heterotrophic nitrification occurs in soils, in sewage treatment plants, and
in river and lake waters. Although a large number of heterotrophs have been
identified as nitrifiers (Painter, 1975), heterotrophic nitrification appears
to be of much less jmportance than autotrophic nitrification.

The autotrophic nitrifying organisms derive all their energy
requirements for growth and cellular metabolism from the free energy
released by the oxidation of an inorganic nitrogen substrate. The source
of carbon used for growth is obtained from carbon dioxide or bica¥bonate.

The bacterial oxidation reactions of ammonia to nitrite and nitrite to
nitrate can be represented by the following equations:

+ + -
NH4 + 1.5 02 +2H + H20 + NO2 RO
NOE + 0.5 02 + NO% ....... (2)

In the oxidation of ammonia to nitrite, nitrogen undergoes an
oxidation state change from -3 to +3. This suggests that the reaction
takes place in three steps since all known biochemical reaction mechanisms
transfer one pair of electrons at a time. Kluyver and Donker (1926)
postufated a three step sequence according to:

+ -
NHy ~ NH,OH +H,N,0,+ N, (3)



The intermediate, hydroxylamine (NHZOH), was reported first by Hofman

and Lees (1953) and has since been demonstrated as an intermediate by

several other researchers. The formation of the second oxidation product,
hyponitrite (H2N202) has not yet been verified. In the oxidation of

nitrite to nitrate, the nitrogen atom changes its oxidation state from +3

to +5 suggesting a one step reaction mechanism. No intermediates have been
found in this enzymatic oxidation. The difference in free energy released in
the oxidation reactions, 65.2 to 84.0 kcal/mole for ammonia oxidation and
17.5 to 24.0 kcal/mole for nitrite oxidation (Gibbs and Schiff, 1960) indicates
that nitrite oxidation proceeds through a much simpler mechanism. The
chemical energy released is stored or used in the form adenosine triphosphate
(ATP). The generation of reducing compounds enables the nitrifiers to

reduce carbon dioxide to the oxidation level of cellular components thereby
removing the need for an organic carbon substrate as a carbon source.

Reaction kinetics

The growth rate of a bacterial culture is a function of the
concentration of some limiting substrate. For many biological systems the
Monod kinetic model has been found to represent this growth rate and
limiting substrate relationship:

where u = growth rate (T']),
u*= maximum growth rate coefficient (T'1),
$ = substrate concentration (M/L%), and
Ks= substrate concentration at one half maximum growth
rate (M/L3).

Downing, Painter, and Knowles (1964), Poduska and Andrews (1975),
and Knowles, Downing, and Barrett (1965) used the Monod kinetic model in
their rate expressions in analyzing nitrification results. Applying the
expression to the ammonia oxidation by N1trosomonas the K values

determined were small (0.2 to 1.7 mg/1 NH -N, Knowles, Down1ng and



Bérrett, 1975). A greater range of KS values have been reported for Nitrobacter
but generally indicate that the oxidation reaction can be considered
independent of N0£ -N.

The maximum growth rate coefficient (u*) represents the mass of
organisms produced per unit mass of organisms per unit time when growing at
non-1imiting substrate concentrations. A wide range of values of the
coefficient for both Nitrosomonas (Loveless and Painter, 1968) and
Nitrobacter (Boon and Laudelot, 1962) have been reported. The difference
in culture conditions (pH, temperature, etc.) may account for the varying
results. The substrate utilization rate (K) can”be related to the growth
rate coefficient by consideration of the yield coefficient (Y):

*
K=—EYL— ) ¢

Using reported values of actual cell yields and C5H702N as an
empirical cell formula for nitrifying bacteria, Haug and McCarty (1972)
proposed the following overall mass balances combining nitrification
assimilation:

Nitrosomonas 55 NHZ +5 CO2 + 76 02 -

- +
C5H702N + 54 NO2 + 52 H20 + 109 H  ........ (6)
] - +
Nitrobacter 400 NO2 + 5 CO2 + NH4 + 195 02 * H20
- +
™ CeH, 0N + 409 NOg +H . (7)

On the basis of the equations, 20 mg of ammonia nitrogen would produce
only 3 mg of Nitrosomonas and approximately 0.5 mg of Nitrobacter.

These yields are less than 10 percent of that normally observed for
heterotrophic bacteria.

The growth of microorganisms may also be expressed in terms of
their doubling or generation time (td). This coefficient is related to the
substrate utilization rate (K) according to:



10

K = ‘ln Z/td Y ...... (8)

Substituting appropriate K and Y values it is found that the generation
times of the autotrophic nitrifying bacteria are in the range of 10 to

30 hours. Generation times for heterotrophic bacteria are frequently
reported as 20 to 40 minutes. In a suspended growth or activated sludge
system, a direct consequence of the slow growth rate or long generation

time of nitrifiers, is the requirement to provide a sufficient solids
retention time (SRT) or sludge age to retain an adequate population of these
organisms. Solids retention time is a measure of the average retention time
of the bacterial cells in the system. The SRT and the growth rate of
organisms in an activated sludge plant are related according to:

21
SRT = T e (9)
SRT is normally defined as the total mixed liquor suspended solids under
aeration divided by the daily solids lost in the efflué;t or through sludge

wasting.

Environmental factors

Autotrophic nitrifying organisms are obligate aerobes. Numerous
reports indicate that in order to ensure that dissolved oxygen is not a
limiting nutrient for nitrification, a level not less than 2.0 mg/1 must be
maintained (Wuhrmann, 1963, Painter, 1975). The stoichiometric oxygen
requirements based on equations 1 and 2 are 3.43 mg oxygen/mg NHZ-N and
1.14 mg oxygen/mg NOE—N. Jeffrey and Morgan (1959) found that oxygen uptake_
values in BOD tests for nitrification were within 2.5 percent of the
theoretical values. _

Nitrification, like most bacterial processes, is affected by
pH conditions. Generally optimum conditions have been found to exist between
pH 8.0 and 9.0 (Figure 2). Variations in pH optima could be due to shock
effects in adjusting culture conditions or improper acclimation. Haug and
McCarty (1971) using a submerged aerobic filter found that the rate of
nitrification at pH 6.0 approached rates at higher pH conditions (7 to 8.5) .
after an acclimation period of approximately 10 days.

—_—
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Nitrification is a hydrogen ion producing reaction (equation 1).
Since pH values less than 6.0 would likely affect the nitrification rate
the alkalinity of the waste' is an important consideration. Assuming the
pH is less than 8.5, the hydragen ions produced during nitrification react
with the bicarbonate in the wastewater, resulting in an increase in CO2
concentration and a decrease in bicarbonate alkalinity according to:

H' + HCO3™ 2 CO, + H,0 L (10)
Based upon equations 1 and 10§ approximately 7 mg of bicarbonate alkalinity,
expressed as CaCO3, are requited to neutralize the hydrogen ions produced
during the oxidation of 1 mg df NH4 -N. Calculations involving carbonic acid
equilibria show that for wasteWater with an alkalinity of 200 mg/1 as CaCO3,
approximately 20 mg/1 of NH4 -N could be oxidized before the pH dropped below
6.0 if all the 002 produced remained in so]utIQn (Haug and McCarty, 1971).
In most nitrifying reactors'the CO2 is stripped from solution tending
to help maintain a neutralt”pH. In operating a rotating biological contactor
for carbon (BOD) removal-nitrification of a municipal sewage with moﬁerate
a]ka]inity (approximately 120 mg/1 as CaCO ) Witson (1975) found that 15 to.
20 mg/1 NH4 -N were nitrified and the pH was never less than 6.8.

The process of n1tr1f1cat1on occurs over a range of approximately
4% to 45°C with optima at about 35°C fbr Nitrosomonas (Buswell, Shiota,
Lawrence, and Meter, 1954) and 35° to 42°C for Nitrobacter (Deppe and Engel,
1960, Laudelot and Van Tichelen, 1960). It has been shown to be stfong]y
dependent on temperature. In a suspended growth nitrification system

differences in the reported temperature sensitivity (Figure 3) may be due to
differences in reactor SRT. Increasing SRT resuits in a decrease in the ,
temperaturé sensitivity. Supported growth systems (trickling filter, rotating
biological contactor, etc.), which could be expected to be operating at high
SRT's, show reduced temperature sensitivity for nitrification (Wilson, Murphy,
Sutton, and Jank, 1975, Huang, and Hopson, 1974).

Nitrifying organisms, especially Nitrosomonas, are susceptible to

a number of inhibitors which may be present in municipal and industrial
wastewaters. A number of metals are toxic to nitrifiers but the concentration
required to cause inhibition is dependent on the state of the culture. Copper,



13

1.00
&
L0
Q]
.
£ 080
= 080
o
z
>
=
LL! 0.60_'
c
\:\
OO
}..
YK o040
1
<
c
=
= 0.20
O
=
T
0
o)

DOWNING AND KNOWLES (1967)
---------- WILD, SAWYER, AND McMAHON (1971)
— . —— BROWN AND CALDWELL (1974)
- SUTTON, MURPHY, AND JANK (1975)
——— SRT= 4 DAYS
=== SRT = 10 DAYS RY/

5 16 \ 1l5 20 25
TEMPERATURE, °C

FIG. 3 EFFECT OF TEMPERATURE ON NITRIFICATION RATE




14

silver, mercury, nickel, chromium, and zinc all may inhibit nitrification
under certain conditions. Downing, Tomlinson, and Truesdale (1964) identified
a large number of organic materials which caused a reduction in nitrification
rates in suspended growth systems. Thiourea, phenol, phenolic compounds,
cresol, and halogenated solvents were some of the potential inhibitors
identified. In screening the organic materials as nitrification inhibitors,
unacclimated organisms were used and therefore the results may not reflect
what actually would occur in a treatment plant.

Substrate and product inhibition has been reported for nitrification.
Concentrations greater than 2500 mg/1 nitrite-nitrogen have been found to
inhibit Nitrosomonas (Meyerof, 1916, Lewis, 1959). At 1400 mg/1 nitrite-
nitrogen the growth of Nitrobacter has been affected (Boon and Laudelot,

1962). Such conditions are unlikely to be encountered in the treatment of
municipal wastewaters but could occur in the treatment of nitrogenous
industrial wastes.

Carbon Removal-Nitrification Treatment Alternatives

The process reactors available for carbon removal (BOD) -
nitrification can be classified according to the nature of their
biological growth. Activated sludge systems can be regarded as suspended
growth reactors whereas systems in which growth occurs on, or within a
solid media, can be termed supported growth reactors.

The two basic process schemes available for nitrification in
the activated sludge process are the combined sludge process and the
separate sludge process. In the combined sludge process, carbon removal
and nitrification are carried out using the same sludge. In the separate
sludge process, the biological reactions are carried out by different
microorganisms in separate reactors.

A number of comhined and separate sludge treatment plants have
recently been designed to provide conditions for carbon removal and
nitrification. Design has been based on criteria developed from studies
during which wide variations and fluctuations in the nitrification efficiency
were obtained. Mulbarger (1971), in the only intensive comparative
experimental assessment of a combined and separate nitrification system to
date, stated in reference to his experimental results that "Firm design
and operational recommendations cannot be made at this time." Based on
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daily composite sampling and nearly steady flow of a municipal sewage,
he did find that his combined sludge system failed to exhibit the same
degree of soluble effluent TKN stability as the separate system. More
recently Lawrence and Brown (1973) concluded that nitrified effluents of
essentially identical quality could be produced from separate and
combined sludge systems based on limited data from a pilot plant study.

Although nitrification has been obtained for many years in
combined sludge systems similar to the configurations previously noted
(Figure 1), the reported results indicate little more than conditions
necessary to achieve nitrification. Furthermore, there are many
contradictions in the literature regarding these conditions. Beckman,
Avendt, Mulligan, and Kehrberger (1972) utilizing laboratory and full-
scale treatment facilities found at 10° to 18°C, sludge ages greater
than six days were required for optimum nitrification. Wuhrmann (1968)
stated that at a temperature above 14°C, a sludge age of two to three
days will yield a stable nitrification system. Prakasam and Loehr (1972)
found complete nitrification at sludge ages greater than three days in
treating a high nitrogen strength poultry waste at 20°c.

Several investigations have been made to determine the feasibility
of nitrification in the separate sludge system. Wild, Sawyer, and
McMahon (1971) studied batch nitrification in the separate sludge unit.

A continuous nitrification unit operated under controlled conditions was
used to provide sludge to conduct the batch studies on the effects of
"temperature and pH on the nitrification rate. Barth and Brenner (1968),
operating at 185 gpd three-stage N removal pilot plant, obtained an
average 87% conversion of reduced nitrogen compounds to nitrate in the
separate nitrification stage. Operation was over a temperature range of
12° to 22°C and at an average salids retention time of 22 days.

Although optimization of separate sludge systems has not been
performed to any great extent, as reflected by the wide variations in
efficiency, the high values frequently obtained indicate the potential
and encourage further research. ’

A limited number of supported growth systems have been utiliZed
for carbon removal and/or nitrification including trickling filters, submerged
aerobic filters, and rotating biological contactors.



PROCESS MODELLING FOR NITRIFICATION SYSTEMS

Pseudo "Steady-State"™ Modelling

Process design requires rate data to be expressed as
parameters which are useful from an engineering point of view. In order
to describe the substrate removal rate in any biological waste treatment
process an overall kinetic expression compatible with the fundamentals
of microbiology, kinetics, and transport phenomena is necessary.

For a given reaction environment, substrate removal rate is
a function of the concentration of substrate (S) and active biological
solids (X):

L= fxs),
g%. = KXS%, (1)

where K i§@ﬁhe substrate removal velocity, and the unit rate of substrate
\ -
removal can\kf expressed as:

-t (12)

This normalization procedure has been used by numerous authors (Wuhrmann
and Mechsner, 1965, Busch 1971), and in fact forms the basis for most
engineering design work in biological treatment. Although strictly
empirical the unit rate concept is fundamentally related to biological
growth kinetics.

The relationship between substrate removal and biological
growth can be expressed by:

dX .y dS
adt ' dt e, (13)

16
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where dX
dt

Y
Using the monod kinetic model to repreésent the kinetics of biological
growth:

net growth rate of microorganisms (M/T), and

apparent yield coefficieqt.

Ly = LdX _urs
Xdt "Ks+S . (14)

where u = net growth rate (T'l),

u*= maximum growth rate coefficient (T']),

S = substrate concentration (M/L3), and

Ks= substrate concentration at one half maximum growth rate

(M/L3).

Combining equations 13 and 14:

Ta _1
X d& Y Ks+5S

Under such conditions the model is zero order independent of substrate
concentrations. The zero order nature of the nitrification reaction,
down to very low NHZ-N values, has been illustrated by numerous researchers
(Wild, Sawyer, and McMahon, 1971, Huang, 1973, and Kiff, 1972). It is
reasonable to anticipate that the reaction rate will be zero-order with
respect to substrate concentration at all practical NHZLN levels allowing
the unit rate of removal to be expressed as a constant.

In order to relate the unit rate of ammonia removal to
biological growth kinetics a measure of the active nitrifier poputation (X)
is necessary. Techniques for determination of the autotrophic nitrifier
fraction in a heterogeneous biological system are presently being developed
(Srinath, Prakasam, and Loehr, 1974). The critical factors affecting the
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autotrophic-heterotrophic population dynamics in an activated sludge
system are the solids retention time and influent wastewater organic
carbon to inorganic nitrogen (C/N) ratio., Combined sludge systems
operating under similar environmental conditions (reactor pH, dissolved
oxygen and temperature) will contain the same number of nitrifiers at
equal SRT's. Combined sludge systems operating under similar
environmental conditions will contain the same fraction of nitrifiers
at equal SRT's and influent wastewater C/N ratios.

In order to maintain consistent ammonia removal or
nitrification under pseudo "steady-state" conditions the fractional increase
in Nitrosomonas during aeration must be greatér than or equal to the

corresponding fractional increase in sludge age. The growth rate of
Nitrosomonas and consequent rate of ammonia removal can be strong function
of temperature. Knowles, Downing, and Barrett, (1965) claimed that the

maximum specific growth rate of Nitrosomonas was increased by approximately

9.5 percent for each degree celcius increase in temperature. For many
reactions, the variation of rate with temperature under pseudo "steady-
state" conditions may be represented by an Arrhenius relationship. This
relationship can be represented as:

K = Ae E/RT, : e (17)
where

K = reaction rate constant (day']) ~

A = frequency factor (day'])

E = activation energy (cal g-mo]e'])

R = universal gas constant (cal g—mo]e"] 0K-])

T = temperature (%)

Because temperature is a parameter that varies throughout the year in nearly

n

every treatment plant, its effect on nitrification is important. In a
particular operating alternative, the solids retention time may have to be
significantly increased to compensate for low temperatures (1.e. below 10°C).
If a plant does not have this capability, nitrification may be partially or
completely lost.
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Dynamic Modelling

The effects of fluctuations in many variables on the
dynamic behaviour of nitrification alternatives cannot be predicted
from pseudo "steady-state" parameter values. A sudden rainfall may
result in‘a hydraulic impulse to a treatment plant. Little insight
into the expected profile of recovery and time to return to normal
operation would be gained by examination of the pseudo"steady-state"
process design parameters.

While dynamic models for the activated sludge processes
have been and are being developed (Blackwell, 1971, Smith and Eilers,
1970), these models do not extend to systems for carbon removal-
nitrification. In one study, Downing, Painter, and Knowles (1964)
used batch nitrification data and computer techniques to model the
time dependent results. Lijklema (1973) used a limited amount of steady-
state literature data to substantiate his model for nitrification in a
single-stage activated sludge process. Poduska (1973) presented the most
extensive dynamic study of the nitrification process. Using a synthetic
feed and bench scale apparatus, the transient responses of the nitrifying
culture were investigated for various dynamic forcings at constant
temperature. The dyanamic model developed considered only a single-
stage system and did not account for the presence of heterotrophic
bacteria and subsequent organic carbon degradation.

In assessing the effectiveness of the combined and separate
sludge systems under non-steady operating conditions the variables of
concern are fluctuations in hydraulic, organic, and inorganic loading, and
variations in raw wastewater pH, and the temperature levels. By quantifying
the effect of these variables an evaluation of the ipabi]ity of the
nitrification alternatives will be afforded.

The pseudo "steady-state" effect of temperature on many
biological systems has often been represented by Arrhenius type expressions.
These expressions could not be expected to predict the transitional or
short term response to sudden changes in temperature. Similarly the
transitional or short term response of biological systems to pH changes
cou]d‘not be expected to be predicted by pseudo "steady-state"



expressions (Downing, and Knowles, 1967). Little or no information
exists in the literature regarding transitional responses to changes
in temperature and pH, on combined and separate sludge systems
operated for carbon removal-nitrification.

When adequate experimental facilities are available,
qualititative comparisons can be made between process alternatives.
The wastewater feed can be varied in temperature and pH level,
in organic and inorganic concentration, and in flow rate, and the
resulting effluent response observed. Mathematical modelling and
simulation, and conventional time series or spectral analysis are some
basic tools by which process response can be interpreted quantitatively.

Deterministic dynamic models

The purpose of seeking a deterministic or mechanistic
model .is to allow an explanation for the response of a process to
variations in the input variables. If such models can be determined for
the combined and separate sludge carbon removal-nitrification alternatives,
the response of the processes to input variables which cannot be examined
experimentally due to equipment or time limitations, can be examined.
Deterministic models nearly always have empirical qualities and it is
unlikely that a system as complex as a biological wastewater treatment
plant will ever be described exactly be a theoretical model.

Through consideration of the following an attempt can be
made to develop a mechanistic model for the activated sludge process,
operated for nitrification:

1) the flow regime in the aeration basin,

2) the oxygen requirements of the system,

3) the representation of the performance of the final

settler,

4) the effect of secondary parameters such as wastewater

temperature, pH, and toxic substances,

5) the form of the equation expressing the time rate of

synthesis of substrate into new cells, and

6) such factors as cell lysis, basal metabolism, and

solubilization of particulate degradable organic carbon.

20



In modelling, the separate and combined sludge systems described

here (Figure 1) ordinary differential equations are used to express

the dynamic behaviour of each of the following: heterotrophs,
Nitrosomonas, Nitrobacter, degradable organic carbon, ammonia nitrogen,

nitrate nitrogen, and nitrite nitrogen. It is assumed that all the
heterotrophic organisms can be represented by a characteristic organic
carbon substrate utilization rate described by a linear correlation.

The available carbon substrate is that measured as filterable degradable
organic carbon. Substrate utilization by the nitrifying bacteria is
assumed to follow Monod kinetics. One of the powerful advantages of Monod
kinetics is that it is a continuous function reducing to first order at

low substrate concentrations and approaching zero order at high substrate
concentrations. One inherent weakness of the Monod function often sited
(Powell, 1957) is that it shows the growth rate to be only dependent on the
instantaneous substrate concentration exhibiting no lag in response to changes
in concentration. The lag in growth rate exhibited by nitrifying bacteria
for changes in ammonia and nitrite concentrations has been shown by Hofman
and Lees (1953), Lees and Simpson (1957), and Laudelggxisd Van Tichelen
(1960) to be very small.

In the expressions for the growth rate and consequent
substrate utilization equations, no account will be given for variations
in dissolved oxygen (DO), temperature or pH. The parameter values in
these equations will be assumed constant reflecting constant DO,
temperature, and pH.

In the organism material balances, reduction in cell growth
due to lysis or endogeneous respiration is represented by a combined decay
coefficient for each of the organism groups involved. _

While, in developing the dynamic models, no attempt will be
made to express the kinetic growth coefficients as functions of the
transient loading condition, this assumption, as applied to the yield
coeffficient for heterotrophs, is questionable and a relation expressing
the variation with loading may be necessary (Smith and Eilers, 1970).
The small yield values reported for nitrifiers (Painter, 1970) makes any
correction for ammonia ahd nitrite loading unnecessary. Similarly the
insignificant yleld value for Nitrosomonas allows the neglection of the
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small amount of ammonia used in cell synthesis that does not appear as
nitrite. The remaining coefficients, the linear coefficient describing
heterotrophic growth and the maximum growth rate and saturation coefficients
in the Monod models for nitrification, will be assumed constant over a

given transient period. Providing the dynamic investigations involve
relatively short term temporal periods, the possibility for changes in these
parameters should be small.

In the initial model development, each aerator will be assumed
completely mixed. Residence time distribution studies, may indicate that
a different hydraulic model is necessary.

An adequate representation of the performance of the final
settler is a complication in any model for the activated sludge system.
Since the interactions between the aeration basin and the solid-1iquid
separators are not of p#ime importance in this research, we will consider
the settlers to be zero volume devices whose efficiency can be described
" by a separation coefficient determined experimentally. No bacterial growth
or changes in organic carbon, ammonia, nitrite, and nitrate are assumed to
occur in the settler and the return flow and effluept streams contain equal
proportions of all biological groups.

The dynamic model describing the single-stage combined sludge
carbon remova]—nitgification alternative is represented in Figure 4. 1In

this figure:

V = volume of reactor (L3),

F = flow rate (L3/7),

§ = limiting substrate concentration (M/L3),
X = organism concentration (M/L3),

0,1,2,3,4,R1,Wle= notations which relate to flow streams,
H,NS, NB = notations which relate to heterotrophs,
Nitrosomonas , and‘Nitrobacter, and

NO

C,NH,,NO notations which relate to filterable degradable

,NO,,, =
s organic carbon, ammonia, nitrite, and nitrate.
In the model development, substrate and organism material
balances are presented assuming the nitrification reactions follow the
stoichiometric equations 1 and 2 and the general materijal balance for

completely mixed reactors applies:
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rate of : rate of material rate of appearance
material - rate of material - flow out of + or disappearance oj
accumulation flow into reactor reactor material due to

growth or utilza-
ation by organisms.

Details concerning the material balances are presented in Appendix A.

Similar models involving substrate and organism balances can
be developed for the TSC and TSS sltudge systems.

Before the equations which comprise the proposed dynamic models
can be solved, values for the various parameters must be determined. Methods
are discussed in Appendfi A for determining;ﬁhe‘parameter values.

Having developed a dynamic mathematical model, the equations
which comprise the model must be solved in order to predict behaviour with respect
to time. Simulation packages which can be used in solution of the
differential and algebraic equations comprising the dynamic models include
DYNSYS AND CSMP. DYNSYS is a modular dynamic system simulation developed
by A.I. Johnson and associates at McMaster University. Using this modular
routine, a particular process can be simulated by assembling a number of
modules representing the individual processes within the plant. Both
differential and algebraic equations can be handled. CSMP (IBM, 1972) is
an equation oriented approach differing from the modular approach in that
equations are not integrated one at a time but simultaneously. CSMP is
highly user oriented allowing concentration on model development and
simulation results rather than on details of the computations.

Linear dynamic stochastic models

The activated sludge system is a heterogeneous culture
system containing a wide spectrum of organisms interacting and compéting
for the many organic and inorganic substrates. In describing the single-
stage combined sludge (SSC) carbom-removal-nitrification alternative, the
heterogeneous system was simplified by considering independent organism
groups growing on defined substrates. A number of other assumptions are
inherent in the model development to reduce the complexity of the process

including: |
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1) the neglection of synergism or antagonism resulting
from organism and substrate interaction,
2) the utilization of empirical functions to describe
biological growth and consequent substrate remaval,
3) the neglection of any lag in growth rate exhibited by
both autotrophic and heterotrophic organism groups in
response to changes in substrate concentration.
4) the assumption that kinetic growth coefficients are constant,
unaffected by variations in loading conditions to the treatment
plant, and variations in D.0., temperature, and pH within the
aeration basin, and
5) the neglection of the effect on substrate removal of any
physical-chemical mechanisms such as adsorption.
It is apparent that the highly complex nature of the activated sludge process
makes it most unlikely that a "true" unified model, allowing extrapolation
of process performance from one system to another, could be developed. The
obscure, undefined processes will lead to output results not accountable by
the model. Even if the proposed model for the SSC activated siudge system,
with its stated weaknesses, was sufficient to describe the carbon removal-
nitrification performance, there results a considerable number of time
dependent growth and substrate removal functions complicating the
usefullness of the model.

When dealing with systems that do not behave according to
a relatively simple deterministic model and are complicated by unexe]ainab]e
output variation or noise it may be more useful to utilize linear dynamic-
stochastic models. The activated sludge system may wé]l tend to act as a
linear system because of a central limit or averaging effect of the many
growth and substrate removal functions controlling the process. Consequently,
linear transfer function models should describe the time-dependent behaviour
adequately. Such models, together with linear time series models to account
for the unexplained output variations, can be used to describe the response
of the combined and separate sludge systems to input variations.

!
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It is accepted that the levels of the inputs, such as

concentration of NH3-N and organic carbon to the alternative carbon
removal-nitrification systems (Figure 1) will result in a delayed response
in the output levels. Such a change is referred to as a dynamic response
and a model describing this dynamic response is referred to as a transfer
function model. )
‘ These models are of the form:

Ye=Iso % Xo.t-b ... (18)
(1—6]8.. -8,.8 i)
i
=f_¥1(8)xi,t-b

where Yt = output deviation from the mean at time t,
w48 = mode] parameter values,
r,s = model orders
b = delay period,
Xit = the deviation from the mean of the ith

variable at time t,

8 = backward shift operator, and
V.(B) " discrete transfer function model relating

Yt and Xi,t

Other influences whiéﬁ affect the output levels, referred
to as noise, can be taken into account by a noise model:

q
M L 2, e (19)-
t d P
(1-8)"(1-418... -6 8")
where Nt ‘ = disturbance in the output due to all

sources other than the xi
model parameter values,
mode] orders, and

t's

0,¢
’ P,d;q
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a, = a white noise sequence (independent
random variables).
Therefore, the combined transfer function-noise (TF-N) model can be

written:

The building of these models is accomplished by an iterative procedure
involving:

1) didentification of the transfer model polynomial

orders (ri, s; =1, 2...) and delay period (b),

2) estimation of the parameters of the tentatively

identified transfer function model,

3) identification of the noise model,

4) re-estimation of the parameters of the combined

transfer function-noise model, and

5) diagnostic checking of the fitted model to verify

adequacy.

In the identification stage of the transfer function model
building sequence, cross correlation technigues may be used to indicate
r,s, and b and estimate the impulse response values (Vi) of the transfer
function model. The cross correlation function between two input-output

series (x and y) separated by a constant interval or lag (k) is given by:
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Y, (k) -
~ ny(k) - po! k 0, i], 22 veh ireeesseees (2])
X'y
where yxy(k) = cross covariance function between x and
Yy, and
Py and py = constant standard deviations of the x and

y series.

Determination of the cross correlation functions also allows a preliminary

assessment of which input and output characteristics are most related.



In place of using cross correlation techniques to estimate the Vi values

of the transfer function model, they can be determined directly through a
relationship with the autocovariance function of the input series and the
cross covariance function between the input-output series (Box and Jenkins,
1970a). Once Vi values are obtained, preliminary estimates for the model
parameters (w,8) can be determined thrSugh use of an identity to equation 18
(Box and Jenkins 1960b). Beginning with the preliminary estimates, an
efficient estimation procedure is used such as non-linear least squares to
determine the parameter values.

The noise component of the combined TF-N model is identified by
examining the residuals of the transfer function model using autocorrelation
techniques.

Once diagnostic checking has varified the adequacy of the fitted
model, it is possible to forecast future values of the output series
Yt+i using Xt as a leading indicator. This is accomplished by using the
"difference" form of the combined TF-N model (Box and Jenkins, 1970c}.

&



EQUIPMENT AND PROCEDURES

Pilot Plant Design and Operation

To evaluate the combined and separate sludge carbon removal-
nitrification alternatives a pilot plant was designed by P.M. Sutton
and K.L. Murphy and constructed at the Wastewater Technology Centre,
Burlington, Ontario by Sutton and members of the pilot plant staff of
the Environmental Protection Service. This facility, designed for a
maximum hydraulic loading of 32.7 m3/day (7,200 1gpd), permits study of

.both suspended and supported growth carbon removal-nitrification systems
(Figure 5). '

The suspended growth systems for carbon removal-nitrification,
designated as plants A and B,consists of two 2.81 m (480 1g) plexiglass,
dispersed air aeration tanks. Plant A contains a removable divider
allowing either the two-stage or the single-stage combined sludge system
(TSC or SSC) to be operated in parallel with Plant B. Plant B forms
the two-stage separate sludge system (TSS), a fixed divider separating the
reactor into two aeration tanks (Bl and B2). Three additional removable
dividers were added to Plant B when required to form a five-stage combined
sludge system (FSC). The circular clarifiers are 0.76 m (2.5 ft) in
diameter providing a surface settling rate of 28.9 m3/day/m2 (590 1gpd/ft2)
and a hydraulic detention time of 1.0 hr at a feed rate of 9.1 1/min
(2.0 1gpm). ' ]

Variable speed positive displacement pumps deliver the wastewater
to the reactors from a cooling unit capable of cooling to 3°C or heating to.
25%C with a precision of +1°C. The biological solids retention time is
controlled in the reactors by wasting from return sludge lines.

By control of the SRT and temperature, a pseudo "steady-state"
operation point was approached. Using 24 hr time-averaged sampling, and
parallel operation, the performance of any two alternatives could be
assessed. In order to determine the kinetic removal rates used to describe
the pseudo "steady-state" performance of the nitrification systems, the
effluent from the reactors must contain residual filterable ammonia. When
complete ammonia conversion was obtained, additional amounts of ammonia

ﬂzigyu€1) were added as the nitrification rate was considered to be substrate
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limited at effluent NHZ-N values less than 1.0 mg/1. Bicarbonate

(NaHCO3) was added to the feed when necessary to avoid any alkalinity
Timitation on the ammonia removal rates. The dissolved oxygen in the
reactors was maintained above a minimum level of 2.0 mg/1. ‘

To assess the dynamic behaviour of the carbon removal-nitrification
alternatives., the input variables had to be artificially disturbed. The
degritted raw municipal wastewater pumped from the Burlington Skyway
treatment plant contained normal diurnal variations in organic and inorganic
concentrations (Table 2). The pilot plant variable speed pumps provided a
means of delivering the wastewater to the reactors in any hydraulic pattern.
This, together with supplementing the wastewater with organic carbon (dextrose)
and inorganic nitrogen (NH4C1), allowed any combination of hydraulic, organic,
and inorganic loading to be obtained.

Experimental Plan

The pilot plant program was divided into four phases covering
the period from May 1973 to June 1975. Phase 1 consisted of the design and
construction of the pilot plant facilities extending from May until
October, 1973.

Start-up of facilities and preliminary experiments constituted
Phase 2. Initially mixed-liquor suspended solids from the Burlington
Skyway activated sludge plant were added to the aeration sections of
Plants A and B (Figure 5) and continuous operation began immediately.

The preliminary experiments which followed determined the operating
Timitations of the carbon removal-nitrification alternatives, allowing
formulation of a concise experimental program designed to compare the
systems under pseudo "steady-state" conditions. This experimental period
designated Phase 3 extended from November 1973 until February?,1975. During
Phase 3 preliminary non-steady and variable loading experiments were
conducted,

Phase 4 concluded the experimental program and involved
experiments designed to assess and compare the dynamic behaviour of the
carbon removal-nitrification systems. Duriﬁg this phase, additional
pseudo "steady-state" experiments were completed.
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TABLE 2 RAW WASTEWATER CHARACTERISTICS

Characteristic mg/1 Mean 90%*
CoD 325 460
B0Dg 120 200
Filterable Organic Carbon (FOC) 28 37
SS 240 450
Filterable NHg-N .15 .18
Filterable TKN 17 25
Alkalinity (as CaCO03) 118 130

Note: *90% of observations are equal

to or less than stated value




Pseudo "steady-state” experimental design

. The primary factors considered to affect the pseudo "steady-
state" performance of the nitrification alternatives in treating
municipal wastewater were the solids retention time (SRT) or sludge
age and temperature. Three levels of system SRT and five levels of
temperature were selected (Table 3). The SRT levels were determined on
the basis of practical design considerations for full scale facilities.
The temperature levels reflect values under which treatment plants may
operate in continental climates.

The system SRT was determined by a combination of hydraulic
residence time and intentional solids wasting. Details concerning the
calculation of the system SRT for each alternative appear in Appendix B.
The experimental design, formulated to compare the operating alternatives
(Table 4), allowed for a complete assessment of the two-stage separate
sludge system (TSS) and a comparative assessment, through statistical
methods, of the other alternatives (TSC and SSC). ,Additional pseudo
"steady-state” experiments were undertaken to increase the precision of
certain design parameter values derived for each alternative.

Pseudo "steady-state" was achieved by operating the reactors
at the predetermined levels of SRT and temperature. After a sufficient
period for temperature acclimation (Benedict and Carlson, 1973) and a
minimum time of one and normally two or three system SRT's, the performance
of the operating systems was assessed.

Non "steady-state" experimental design

To assess the dynamic behaviour of the combined and separate
sludge systems, the parallel TSC and TSS systems were subjected to a
variety of non-steady conditions (Table 5). Previous to each experiment
the systems were operated at solids retention times of three to four days
and at a temperature of approximately 15°C, conditions critical for
nitrification, to ensure measurable responses"would be observed. To
assess the effect of hydraulics on combined sludge.systems operated for
carbon removal-nitrification under non-steady conditions the single-stage
system (SSC) was compared to the five-stage system (FSC) in experiment D9
(Table 5).



TABLE 3 EXPERIMENTAL DESIGN LEVELS

Factor Operating Value Design Level
System Solids 4 -
Retention Time 7 0

days 10 +

5 1

10 2

Temperature 15 3
°C 20 4

25 5

/7

34



TABLE 4 EXPERIMENTAL DESIGN FOR SYSTEM COMPARISON

Run No. Temperature System Solids Retention Time Level
Level Single-Stage Two-Stage Two-Stage
Combined Separate Combined
(sSC) (TSS) (TSC)

PSS-15 + +
=17 ] 0 0
-01 0
_08 - -

PSS-T1 - -
=21 2 0 0
-20 0 0
=57 + +

PSS-13 + +
=23 3 0 0
-25 0 0
-29 - -

PSS-44 - -
=31 4 0 0
-34 0 0
~16 + +

PSS-54 + +
-53 5 0 0
-52 0 0
=61 - -

Repeats

PSS-07 1 - -

-14 1 + +
-59 2 + +
-58 2 - -
-12 3 - -
~60 3 + +
~63 4 +
-49 4 - -
-62 5 - -
- 55 5 + +
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The high degree of correlation between the input variables,
typical'of the daily input to wastewater treatment plants, made it
necessary to artificially disturb the inputs in a designed manner in
order to properly assess their individual effects. Two levels of flow
rate, filterable organic carbon, and filterable TKN were chosen (Table 6)
and an experimental design formulated (Table 7). During this experiment
(D5) the temperature and system SRT conditions were maintained at the baseline
conditians.

Sample Preparation and Analyses

Samples for organic carbon were prepared by filtration through
0.45 micron Gelman glass fiber filters followed by acidification to pH 2
with concentrated hydrochloric acid. Unfiltered TKN and COD samples were

acidified with concentrated sulphuric acid. N03-N, NOE-N, filtered TKN,
NHZ-N and COD samples were prepared for analyses by filtration through
0.45 micron Gelman glass fiber filters. All samples were stored at 0°
to 5°C in polyethylene bottles while awaiting analyses excqulﬁor BOD
samples which were frozen.

The analytical procedures utilized are detailed in Appendix B.



TABLE 6  EXPERIMENT D5 DESIGN LEVELS

Influent Factors

Operating Value

Design Level

Flow Rate
1/min

Filterable 0OC
mg/1

Filterable TKN
mg/ 1 )

30
10

20

L RVe)
[ e

40
20

30
15




TABLE 7 EXPERIMENT D5 DESIGN

Time Period Flow Rate Filterable OC Filterable TKN
- hrs Level Level Level
24 - 36 + + +
0- 12 - + +
84 - 96 + - +.
36 - 48 - - +
12 - 24 + + -
60 - 72 - + -
48 - 60 + - -
72 - 84 - - -
96 - 120 - + -
120 - 144 + + -
144 - 168 - +
168 - 192 + - +
192 - 204 - -
204 - 216 + -
216 - 228 - - -
228 - 240 + -
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DISCUSSION OF RESULTS

Pseudo "Steady-State" Behaviour T

\ Appendix B contains a computer listing of the complete day to day
operating and analytical results during each phase of the experimental plan.
The results of experiments, designed to compare the separate and combined
sludge systems (Table 4), are tabulated in Appendix C (Table C1). Included
are the results of other pseudo "steady-state" experiments undertaken to
increase the precision of the derived design parameter values. Any
experiments repeated, at equal SRT and temperature conditions are considered
"genuine" repeats (Appendix C).

Evaluation of combined and separate sludge systems

The three carbon removal-nitrification systems were compared
first in terms of their ability to remove filterable TKN. The results
from the analysis of paired data over a system sJudge age range of four
to ten days and temperature range of 5° to 25° using a "t-test" indicated
comparable removal of filterable TKN by the separate (TSS) and combined
sludge systems (TSC and SSC) at equal system solids retentio imes. While
the data might appear to favour the separate sludge systemff?gzzre 6), a
"t" value less than the critical value (95% level) for the differences (D1
values) in effluent TKN is indicated in Table 8. The lack of interaction between
the differences in filterable TKN removal of the parallel operating systems
and the solids retention time and temperature allowed the paired data to beé.3
statistically analysed as one data set.

The paired data from the operation of the TSS sludge sysfém in
parallel with either the SSC or TSC sludge system allowed a straight
forward statistical assessment. In comparing the two combined sludge.
systems (SSC and TSC) such a procedure was not possible. The mean
differences in treatment between the SSC and. TSS sludge system and the
TSC and TSS sludge system were determined. The two mean values were
examined statistically to determine if they were significantly different
from each other. Normal statistical procedu}es assume the populations from
which the two means were derived, have equal variances. In this instance,

40
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FIG. 6 FILTERABLE TKN REMOVAL IN COMBINED AND SEPARATE SLUDGE SYSTEMS



TABLE 8 DIFFERENCE IN EFFLUENT RESULTS FROM PARALLEL OPERATING
SEPARATE AND COMBINED SLUDGE SYSTEMS

- 2 t t
Parameter mg/l D Sp/n t «=.95 o=.99
TSS vs SSC
Filterable TKN -0.06 0.87 0.06 1.77 2.65
NO3 + NO2-N 1.47 1.43 1.23 1.81 2.76
SS 5.85 27.45 1.12 1.78 2.68
Alkalinity (as CaCO3) 1.79 10.32 0.54 1.78  2.68
TSS vs TSC
Filterable TKN 0.51 1.09 0.49 1.75 2.60
NO3 + NOo-N 0 0.66 0.41 1.76 2.62
SS 10.50 35.61 1.76 1.75 2.60
Alkalinity (as CaC03) 2.87 21.90 0.61 1.76 2.62
Note: Sg -
— estimated variance of D, where
2 _ z(Di-D)?
S ¢ - -, and
D = mean difference in effluent parameter value
(separate-combined sludge value), -
n = number of paired data points, and-

(nd
1

D
§B7(n§;2 )

42
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the ratio of the variances when compared to the "F" statistic indicated

that such an assumption was warranted (Table 9) and allowed the use of

a "t-test" for the comparison of the means. The resulting "t" value

was not significant implying that equal filterable TKN removal was

obtained with both SSC and TSC s]udgé systems (Table 9). This allows an
evaluation of the effect of reactor configuration on nitrification. The

use of dye studies to approximate the hydraulics of the systems (Appendix D)
indicated that the single-stage reactor could be considered a completely
mixed system characterized by a large value of the dimensionless dispersion
parameter D/ul. The mixing regime in the TSC sludge system can be

approximated by a value of D/ul equal to 0.2, closer to conditions characteristic

of full-scale basins with large length to width ratios. The results and a
summary of the procedures used in conducting the dye studies is presented

in Appendix D. The lack of difference in filterable TKN removal in the

two combined sludge systems (Table 9), with substantially different mixing
regimes, supports the "zero-order" nature of the nitrification reaction

down to very low filterable TKN or NHZ-N values. This lack of concentration
dependency is further demonstrated in Appendix C (Table C, Figure C1).

In biological wastewater treatment plants designed for nitrogen
conversion and removal, denitrification will normally follow the )
nitrification process. An important variable in design of denitrification
systems is the influent nitrate concentration. The paired data analysis
indicated that the alternative carbon removal-nitrification systems will
produce equal amounts of NOB + NO%—N (Tables 8 and 9). The nitrate production
will be 0.8 g of NOS + NOE-N per gram of filterable TKN removed (Figure 7).
The NOé-N concentration in the reactor effluents will normally be less than
1.0 mg/1 (Figure 8).

S The hydrogen ions produced during nitrification, react with the
bicarbonate in the wastewater resulting in a decrease in alkalinity.
The analysis of paired data indicated that the SSC and TSC, and TSS
sludge systems consumed equal amounts of alkalinity during the nitrification
reaction (Tables 8 and 9). The geometric and arithmetric mean values for
the consumption ratio are 3.3 and 3.9 grams of alkalinity (as CaCO3)
consumed per gram of filterable TKN removed (Figure 9) considerably less
than the theoretical value of approximately 7. The theoretical value
assumes that no filterable TKN is used for assimilation of heterotrophic
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organisms and that the decrease in filterable TKN is proportional to
the decrease in NHZ—N. Therefore, a more appropriate expression for \
the alkalinity consumption is in terms of the nitrate plus nitrate nitroge;\\\
formed. Using the arithmetic mean values from Figures 7 and 8 the )
- consumption ratio is equal to 4.9 grams of alkalinity (as CaCO3) per gram
of NOS + NOé-N formed. This value is still less than the theoretical
value which is calculated from equations 6 and 7 to be 7.2. Wilson
(1975) and Mulburger (1971) working with supported and suspended growth
nitrifying systems respectively, found values of 5.9 and 6.1 grams of )
alkalinity consumed (as CaC03) per gram of oxidized nitrogen formed.

A paired "t-test" to determine whether there was a difference
in suspended solids in the final clarifier effluents from the combined
and separate sludge systems indicated a significant difference at the
95% but not at the 99% level (Table 8, TSS vs TSC). No statistical
difference was indicated in comparing the two combined sludge systems
(Table 9). The mean clarifier effluent suspended solids from both
separate and combined sludge systems was 29 mg/1 (Figure 10).

In certain instances a nitrogen control program may
necessitate the addition of nitrification facilities without subsequent
denitrification. In such cases, it is likely that a TKN limit will be
specified. Even with complete nitrification, the clarified effluent can
be expected to contain a small quantity of filterable organic nitrogen
(Figure 11) probably associated with refractory compounds or metabolic
by-products. The analytical determination of this material does not
appear to be interfered with by the presence of NO&—N concentrations
(Appendix C, Figure C2). In addition, the clarified effluent will contain
1.0 mg/1 non-filterable TKN (Figure 12) caused by the presence of suspended

solids as indicated in Figure 10,

Temperature and SRT effects on nitrification

In assessing the performance of the combined and separate
sludge systems the analysis of paired data gives no indication of the
effect on nitrification of the factors SRT and temperature. The results
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of experiments, designed to compare the alternatives (Table 4), can be
used to determine the importance of these factors through an analysis of
variance (ANOVA). Tabulation of the TSS sludge system experiments in a
form more suitable for an ANOVA (Table 10) reveals a complete factorial
design, replicated once, at three levels of SRT and five levels of
temperature (3x5). This same design (Table 10) applies to the combined
sludge system when the SSC and TSC experiments are considered as one data
set.

Tempé%ature and SRT significantly affect filterable TKN removal
in combined ahﬁ separate sludge systems indicated by the values of the
variance ratio being greater than the critical "F" value (ANOVA, Table 11).
No significant temperature-SRT interaction is evident (Table 11). When the
relation between the response (filterable TKN removal) and the levels of
SRT and temperature are considered a more detailed ANOVA can be constructed.
Since the levels of edch variable are at equal intervals (Table 3) the
components (1linear, quadratic, cubic, etc.) of the main effects of the
variables and of thk interaction can be determined by means of orthogonal
polynomials. This procedure may not only reveal significant main effects
and interactions depending on the variable levels, which may have been
masked in the overall mean square determination (Table 11), but can give
an indication of the relationship between the response and the variables.
Applying this procedure, a positive linear correlation is indicated between
SRT and filterable TKN removal in the combined and separate sludge systems
(Appendix E, Table E1). A curvilinear relationship may be more appropriate
to describe the positive relationship of temperature and filterable TKN
removal (Table E1). A summary of the calculations involved in preparing
Table E1 are given in Appendix E.

The relationships between filterable TKN removal and SRT and
temperature can be utilized in the design of carbon removal-nitrification
systems. Another design approach for nitrification systems is the use of
the unit rate of filterable TKN removal. The"zero-order"nature of the
nitrification reaction allows the unit rate to be expressed as a constant
(K). The ANOVA based on the experiments designed to compare the alternative
carbon removal - nitrification alternatives (Table 10) can be constructed



TABLE 10 TEMPERATURE-SRT FACTORIAL DESIGN

Level of Level of Temperature
SRT
1 2 3 4 5
_ PSS-07  PSS-58  PSS-29  PSS-44  PSS-61
PSS-08 PSS-11  PSS-12  PSS-49  PSS-62
0 PSS-01  PSS-20  PSS-25 PSS-31  PSS-53
PSS-17  PSS-21  PSS-23  PSS-34  PSS-52
+ P$S-14  PSS-59  PSS-13  PSS-16  PSS-55
. PSS-15  PSS-57  PSS-60  PSS-63  PSS-54

53
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with the unit rate of*¥ilterable TKN removal as thgg;esponse. The unit
rate values for these experiments together with the results of other
pseudo "steady-state" experiments undertaken to allow for complete
system design are tabulated in Appendix C (Table C1).

The unit rate of filterable TKN removal in combined and separate
sludge systems is significantly affected by temperature (Table 12). The
system SRT has an important effect on the unit rate in the combined sludge
systems. In the separate sludge system the result is dependent on the
level of the variable as indicated by the more detailed ANOVA (Appendix E,
Tabfe E2). In both combined and separate sludge systems there are significant
temperature - SRT interactions (Tab]eé\{E\iif/E?) affecting the unit
filterable TKN removal rate.

In order to be useful for system design it is important to express
the e%fects of temperature and SRT on nitrification in a concise fashion.
The Arrhenius relationship (equation 16) has often been used to represent
the variation of substrate removal with temperature in biological systems.

A reparamaterized form of this relationship is:

(o g cERGE- ), e ... (22)

where K* = pe E/RTO,

K = reaction rate constant (day']),

A = frequency factor (day"),

E = activation energy (cal g—mole']),

R . = universal gas constant (cal g—mo]e'] oK']),

T = temperature (%K), and

To = median of the temperature range (°K).

This form minimizZes the interaction between the frequency factor (A) and the
activation energy (E) which makes the Arrhenius equation a difficult expression
to fit. )

An analysis of variance (ANOVA) indicated no lack of fit, at a
critical "F" value of a = .99, when the reﬁarameteriZed Arrhenius model was
applied to the separate or combined sludge system unit rate data at each
individual system SRT of 4, 7, and 10 days (Table 13) based on the complete
pseudo ”steady-étate" data (Table C1). The details concerning the
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determination of the ANOVA results are given in Appendix E. The Arrhenius
models are illustrated in Figures 13, 14 and 15 together with the models for
the nitrification reactor (B2) of the separate sludge system. A system
solids retention time of four, seven and ten days in the separate sludge
system corresponds to values of six, ten, and fifteen days in the
nitrification reactor. To examine any difference in temperature sensitivity
between the four, seven,and ten day SRT's for the combined and separate
sludge systems, the data were pooled using the ratio of K/K* in equation 22.
The lack of fit of the resulting single models (Table 13) indicates a
significant temperature - SRT interaction verifying the previous results
(Table 12 and E2). The decrease in activation energy (E) with increased

SRT indicates redchd temperature sensitivity at high SRT values. The
observed decrease in activation energy is caused by different relative changes
in the fraction of nitrifiers present for a given temperature change for
systems at different sludge ages. The importance of defining the system

SRT in stating nitrification rates is illustrated by the variation in the
Arrhenius parameter values (Table 13). The difference in rates observed

by other authors (Figure 16) may be due to differences in SRT and/or the
influent BODS/TKN ratio, another important variable shown to effect the
fraction of nitrifiers in an activated sludge plant (Brown and Caldwell,
1975).

The relationship between SRT and the growth rate of organisms

in an activated sludge plant (equation 9) presents a more fundamental
approach to design for nitrification in a combined sludge system. This
relationship is indirectly represented according to the correlation between
the amount of filterable TKN removal and SRT and temperature. Expressing the
effect of temperature on the amount of filterable TKN removal, according to
the modified Arrhenius relationship (equation 22), the resulting individual
models for the combined and separate sludge systems together with the models
for the nitrification reactor (B2) are illustrated in Figures 17, 18,and 19.
In this case the constant K represents the -removal of .filterable TKN.
’ Pooling the filterable TKN removal data to examine any difference
in temperature sensitivity, an ANOVA indicated that the resulting single

model for the combined sludge system was statistically unacceptable (Table E5).
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A similar result was found for the separate sludge system. The difference
between the single models with a common activation energy (E), and the
individual models is not readily discernible (Figure 17). This observation
is supported by the lack of a temperature - SRT interaction previously
noted (Table 11) in analyzing the results of the experiments designed to
compare the alternative Systems. A common temperature sensitive reflects
equal relative changes in the number of nitFifiers present for a given
temperature change for systems at different sludge ages.

The filterable TKN removal - SRT - temperature relationships
(Figures 17, 18 and 19) suggest an independence of TKN removal and
hydraulic residence time (HRT). This is verified by examining observed
results at a substantially different HRT but at equal SRT and temperature
conditions (Figure 20, Table C4).

By presenting the performance of the combined carbon removal-
nitrification system according to Figure 17, an indebendence is implied
between TKN removal and the BOD5 loading. A different value for the
influent BOD5 from that encountered in this study will result in a
difference in cell yield (heterotrophs) at the same SRT, and subsequently
a difference in the amount of N removed by synthesis. Accounting for this
dif'ference, the pseudo "steady-state" design of nitrifying activated sludge
system can be specified by noting the SRT necessary for a given filterable
TKN removal. Fixing the SRT establishes the growth rate of both the
autotrophic nitrifier population and the heterotrophic organisms. From
the growth rate-substrate removal rate relationship for the heterotrophic
population the other necessary design parameters (hydraulic detention time,
mixed-liquor volatile, suspended solids concentration, etc.) can be
established (Lawrence and McCarty, 1970).

Solids Production

Any postulated adyantages of the separate sludge system such as
greater stability or increased buffering capacity to compounds toxic or
inhibitory to nitrification must be balanced against the additional cost
of added clarification facilities and increased solids production. By
determining the cumulative solids wasted during a pseudo "steady-state"
operating period either in the process effluent .or by intentional daily
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wasting, solids production from the parallel operating alternatives was
assessed. During the study, an average 1.6 kg of solids was wasted from
the separate sludge system for every 1 kg wasted from the combined system
(Figure 21). o

Dynamic Behaviour of Nitrification Systems

The results of the experiments performed under non-steady conditions
(Table 5) are included in Appendix B.

System response to pH and temperature changes

The transitional or short term response of the combined (SSC)

and separate (TSS) sludge systems to chéhges in temperature and pH was
investigated first. Parallel operation afforded a direct qualitative '
comparison of the response and recovery profiles of the carbon removal-
nitrification systems. )

_ A slower response to a step-down in temperature is indicated
(Figure 22) for the separate sludge system. The approach by this sytem to
TKN values "predicted" By the unit rate models at system SRT's of four
days (Figures 13 and 14), lagged behind the combined sludge system. The
‘minimum attainable filterable TKN concentration from the combined and
separate sludge systems is 0.7 mg/1 (Figure 9). The change in effluent
filterable COD concentration further indicated the stability of the
separate sludge system to changes in temperature.

The response to a reduction in feed pH was a significant change

in effluent pH, and filterable TKN concentration (Figure 23). The separate
systems exhibited a buffering capacity to a change in system pH which is
reflected by the lag in response and recovery in terms of filterable effluent
TKN concentration. This might be explained by the difference in system
hydraulics. The nitrifying reactor (B2), of the separate sludge system (Bl
and B2), exhibited a pH profile having a greater magnitude and a shorter
duration than that of the combined sludge reactor. The "predicted" increased
effluent filterable TKN reflects the loss in reactor volatile solids caused
by decreased settleability. The observed effluent filterable COD concentrations
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(Figure 23), indicate the reduced effect of the toxic conditions on the
separate sludge system.

System response to hydraulic, organic,and inorganic
loading variations

Deterministic and linear dynamic - stochastic models were both
considered in attempting to describe the response of the carbon removal-
nitrification systems to variations in hydraulic, organic, and inorganic
loading. The complexity of the activated sludge process, operated for
carbon removal-nitrification, made it necessary to make a number of
simplifying assumptions in the development of a deterministic model for
the SSC sludge system. Even with these inherent weaknesses, which will
give rise to unexplainable output variations or noise, the usefulness
of the model is complicated by the number d? time-dependent gréwth and
substrate removal functions (Figure 4). With this in mind transfer
function models together with linear time series models were used to
describe the response of the combined and separate sludge systems to
input variations.

Experiment D5 (Table 5) was designed to allow development of
the Tinear dynamic-stochastic models. The designed input series (Figure 24)
separated out the correlation between the input variables allowing
assessment of the effects of flow, filterable OC, and filterable TKN
on the output concentrations of filterable TKN and nitrate for the two-stage
separate and single-stage Eombined sludge systems.A

The cross correlation results indicated that for both sludge
systems, the effluent filterable TKN concentration might be expected to
increase in response to increases in influent filterable TKN concentration

“and flow upon the two hour analytical results (Figure.2s5). No significant
response to changes in influent filterable OC concentration would be
expected (Figure 25). |

In evaluating the effluent nitrate-nijrogen response, a positive
correlation to influent filterable TkN was indilated. The negative trend
of the cross correlation functions between efflyent nitrate concentration
and influent filterable 0C and flow indicated aipossible significant negative
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correlation when the filterable OC loading (filterable 0C x flow) was
considered as the input variable to the separate and combined sludge
systems {Figure 26). '

Initial parameter values for the tentative transfer function
models relating the output filterable TKN and NO&-N values to the input
variables were calculated by first determining the impulse response
weights (Vi). The parameters in the tentative models were then estimated
using non-linear least squares. Examination of the residuals of the
fitted models led to the identification of the noise model orders. Re-
estimation of the parameters led to combined transfer function noise
models for effluent filterable TKN and NOS-N (Tables F1 and F2). Comparison
procedures and individual evaluation through diagnostic checking
(Appendix F) led to the final model forms (Table 14). The computer
programs used to determine auto and cross correlation results, impulse
response weights, and least square parameter values are included in
Appendix F together with examples of the progfamming results.

The observed and model results (Figure 27, Table 14} indicate
that the effluent filterable TKN concentration from both systems responded
positively to variations in TKN loading, but showed no significant response
to changes in filterable OC concentration or loading. The magnitude and
lag of the response was similar for both systems. The effluent N05~N
concentration from the separate and combined sludge systems responded
positively to changes in filterable TKN concentration and negatively to
filterable OC loading.

Parallel reactor operation afforded insight into the response
and recovery profiles of effluent filterable TKN from the combined and
separaté sludge systems when they were subjected to sudden changes in
filow and flow plus filterable OC and TKN concentration levels (Table 5,

D3 and D4). The observed results indicate that the magnitude of the
response was greater in the separate sludge s&stem (Figure 28). This

may be due to the difference in hydraulic properties of the two systems.
The results of experiment D9 (Figure 29) indicate the further the
deviation from complete mixing, the greater the magnitude of the response.
The value of the dimerisionless dispersion parameter (D/ulL) for the fivé-

L4
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stage combined sludge system (FSC) was found to be less than 0.2
(Appendix D). The NOS-N results (Figure 29) verify that a shock
loading condition has a greater impact on a nitrifying system with a
mixing regime approaching plug flow. This same observation has been
reported for full-scale complete mix and<\plug flow systems operated
in parallel for BOD removal (Toerber, Paulson, and Smith, 1974).

To determine how appropriate the discrete transfer function
noise models developed from experiment D5 are as a predictive tool, the
effluent filterable TKN response during D3 and D4 was forecast. The
models developed (Table 14) were based on two hour analytical results
and must be altered to account for the samp]iqg interval of three hours
used in the non-steady experiments. The revised filterable TKN models
(Table 15) were used to forecast the response of the combined (SSC) and
separate sludge system (TSS) to the impulse loading conditions imposed
during experiments D3 and D4. The response and recovery times showed
good agreement (Figure 28). The magnitude of the response for experiment
D4 was under-estimated. The impulse 1dading condition imposed during
this experiment was beyond that encountered in the experiment D5 from
which the models were developed. This could account for the difference
between forecast and observed results. Details concerning the model
revision procedures and forecasting methods are included in Appendix F.

The dynamic response of the combined and-separate sludge systems
to step changes in flow rate, organic carbon and inorganic nitrogen was
investigated in experiments D6, D7 and D8. The step changes were initiated
following observation of the performance of the systems for 24 hours under
baseline conditions (Table 5).

In response to a doubling in flow rate, both systems increased in
effluent filterable TKN corresponding to a decrease in removal (Figure 30;.
The pseudo "steady-state" relationships developed predict an independence
of TKN removal and hydraulic retention time providing the solids retention
time is maintained. Following an initial response, the combined sludge
system performance verifies this relationship as a slightly lower removal
level {is established corresponding to a lower SSRT.at the new pseudo

"steady-state" (Figure 30). The response in terms of effluent nitrate
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was quite similar verifying the independence of nitrification and HRT
(Appendix B). The decrease in filterable TKN removal in the separate
sludge system (Figure 30) corresponds to a decrease in SSRT. The
decrease in SSRT was caused by the loss of volatile solids in the
nitrifying reactor (B2) through increased clarifier effluent suspended
solids.

The organic carbon step imposed in D7 resulted in a doubling of
the influent filterable BOD. The observed filterable TKN removal
indicated an apparent delayed negative response both in the combined
and separate sludge systems (Figure 31). This is likely not a true
response but is due to a naturally occurring decrease in the influent
filterable TKN concentration, Timiting the TKN removal as evidenced
by the Tow effluent values (Figure 31). This is supported by the
filterable TKN removal results over the last 24 hour period. By
maintaining the same system solids residence time (Figure 3T), which
involved increasing reactor volatile suspended solids together with
increasing solids wasting from the reactors, the same number of
nitrifiers was maintained and consequently the same filterable TKN
removal resulted. This supports the contention that nitrification
systems operating under similar environmental conditions (reactor
pH, DO, and temperature) will contain the same number of nitrifiers
at equal SRT's regardless of the C/N ratio.

In experiment D8 the inorganic nitrogen step imposed on the
. natural diurnal influent concentration, resulted in an apparent increase
in filterable TKN removal (Figure 32) during the first day of addition
(24 to 48 hr). For the combined sludge system, the removal results during
the following days indicate that this response is likely associated with the
system delay. The performance verifies that the combined sludge system
was initially operating under critical nitrification conditions after which
the same absolute amount of filterable TKN was removed at the stable SSRT
conditions. This constant degree of nitrification is verified by equal
daily mean effluent NG%—N values during the experiment (Appendix B).

The separate sludge system during D8 operated at a significantly
higher SSRT due to an exﬁerimenta] error and therefore initially was not
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<

at critical nitrification conditions as evident from the effluent results
(Figure 32) during day one (0 to 24,hr). Consequently, an increased

degree of filterable TKN removal occurred following the nitrogen step. This
result is verified by a corresponding increase in the level of effluent
NO3-N (Appendix B).

System response to natural diurnal variations
in flow and concentration

The step forcings and impulse loading conditions imposed during
the non-steady experiments allow us to assess how combined and separate
sludge systems operating under critical nitrification conditions respond
to sudden changes in influent conditions and changes in the pseudo “"steady-
state" levels of the input variables. In estéb]ishing design criteria for
wastewater treatment plants the response to the natural diurnal variation
in flow and concentration normally encountered at a wastewater treatment
plant is an important consideration. This response can be examined by
reference to the baseline diy results of the non-steady experiments.

The baseline influent TKN levels during experiments D3 and D6
(Figure 33) represent extremes in the natural concentrations encountered.
The resultant TKN loadings lead to a significantly different effluent
filterable TKN response (Figure 33) for both the combined and separate
sludge systems even though the experimental SSRT (three days) and temperature
(13° to 15%C) conditions were similar. The daily mean effluent filterable
TKN values during these baseline days (Figures 28 and 30) can be predicted
approximately by use of the pseudo "steady-state" TKN removal relationships
developed at SSRT's of four days (Figures 17 and T8). In ‘experiment D3
the predicted values for both the combined and separate sludge systems
correspond to the residual filterable organic nitrogen concentration (0.7 mg/1)
identified previously (Figure 11). In experiment D6 the predicted values
are 4.8 and 4.0 mg/1 filterable TKN for the combined and separate sludge
systems respectively. These predicted values correSpond quite closely to
the observed daily mean results (F1gures 28and 30) during the baseline days.

In order to ‘reduce the filterable effluent TKN variation in
experiment D6 a greater SSRT would be necessary according to the pseudo
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“

"steady-state" relationships developed. This is verified by reference-

to the baseline day results for the separate sludge system in experiment
D8 (Figure 32). The influent loading conditions were comparable to that
encountered. in experiment D6 but the effluent filterable TKN variation was
reduced to the residual level (Figure 34).

In addition to exper1menta1robservat1on, the dynamic models
deve10ped in experiment D5 can be used to examing the response of the
combined and separate sludge systems to natural influent concentration
variations. The transfer function component of a TF-N model (equation 18)‘
expresses the deterministic nature of the particular process. The noise
model accounts for the unexplained output variations. Therefore the
effluent variation due to the nature of the combined and separate sludge
processes is determined from the transfer function model results.

By simulating the influent conditions encountered during the
baseline days of experiments D3 and D6 the filterable TKN effluent
variation was predicted using both the transfer function models and the
combined transfer function-noise models. The transfer function models
3predict no significant filterable effluent TKN response in the combined or
separate sludge systems for the influent conditions approxima?ed from D3
(Figure 35).  These results support the observed values (Figure 33).
Siqulating the influent conditions encountered in experiment D6, both the
transfer function and combined TF-N models predict a significant filterable
effluent TKN response for both SSC and TSS sludge systems (Figure 35).
observed effluent variation (Figure 33) over the twenty-four hour period
is better predicted by the TF-N models. Details concerning the simulation
and prediction methods are included in Appendix F.

_ The TF-N models were used to examine the response of the carbon
removal nitrification systems to natural concentration and flow variation.
In simulating hydraulic input conditions, the flow pattern and extent of
variation chosen (maximum to average to minimum equal to ].6:1.0:9.5)
were representative of that to the Burlington Skyway Treatment Plant. The
mean daily flow was setlét the value maintained during the baseline days
.. of the dynamic experiments (4.55 1/min). The simulated Tevel and variation
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in filterable TKN concentrations was that representing the D6 conditions.
In response to these superimposed loading conditions, the TF-N model for
the combined sludge system (SSC) predicts a greater effluent variation
than for the variable concentration input alone (Figure 36). A similar
result was found for the separate sludge system. Although a greater
hourly variation in filterable TKN concentration is predicted, little
difference exists in the calculated daily mean results (Figure 36) based on
flow-weighted sampling. This would indicate that the relationships
previously developed representing the daily mean filterable TKN removal
performance under pseudo “steady-state" conditions may be used to
determine results under variable flow conditions. This contention is
supported by the observed results during a screening experiment in Phase
3 (Jan. 1975). In this experiment a sinuoidal flow pattern was
superimposed upon the natural concentration variation (Figure 37). The
observed response of the combined sludge system (Figure 37) was predicted
closely by the pseudo "steady-state" relationship (Figure 17).
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CONCLUSTIONS

This study, conducted under pseudo "steady-state" and non-

steady conditions, supports the hypothesis that biological nitrification

is feasible employing combined or separate sludge systems even under cold

climatic conditions.
it may be concluded that under pseudo "steady-state" conditions:

1)

2)

5)

Equal degrees of nitrification can be accomplished in

combined or separate sludge nitrification systems. .

For nitrogen levels commonly found in domestic wastewater,

the rate of nitrification, expressed as the filterable TKN
removedipéﬁﬁdnit mass of activated sludge, is independent

of the concentration of filterable TKN down to values greater
than 1.0 mg/1. " '

Even with complete nitrification an average value of
approximately 1.0 mg/1 of organic nitrogen can be expected

in the filterable fraction of the effluent.

Temperature and solids residence time significantly effect
filterable TKN removal in combined and separate sludge systems.
Nitrification is essentially independent of hydraulic residence
time.

A separate sludge system will produce a significantly greater
amount of sludge compared to a combined sludge system.

An evaluation of the response of combined and separate sludge systems

to non-steady influent conditions indicates that:

1)

A pulse change in influent pH will cause a lower reactor

pH but of shorter duration in a separate sludge system. The
accompanying increase in effluent concentration of both
filterable TKN and COD will be less.

For a step down in temperature, the increase in effluent
filterable TKN concentration for a separate sludge system will
be considerably slower than that of a combined studge system.
Transfer function models together with time series models
adequqte]y describe both combined and separate sludge systems

95



4)

operating under critical nitrifying conditions and
are able to forecast the temporal variation in
nitrification achieved.

The models developed for both separate and combined
sludge systems.indicate:

a) effluent filterable TKN concentration increases
with filterable TKN loading but does not respond
significantly to 0C loading, and

b) effluent nitrate-N increases with filterable

influent TKN concentration and decreases with influent

filterable 0C loading.
A greater effluent filterable TKN variation can be

expected from nitrifying systems operated under variable

96

flow and concentration inputs than for variable concentration

inputs alone. The pseudo "steady-state” relationships can
predict the daily mean effluent results based on flow-

weighted sampling.
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RECOMMENDATIONS FOR FUTURE WORK

1)

3)

A detailed investigation at the pilot scale level
aimed at developing design criteria for total

nitrogen removal in combined sludge nitrification

and denitrification systems.

Develop and demonstrate the applicability of dynamic
models for nitrifying activated sludge systems over a
wide range of process conditions (temperature, solids
retention time, etc.). These models may take the form
of simple empirical transfer function-noise models or
may be composed of deterministic and stochastic
functions.

Investigate the feasibility of employing simple
transfer function-noise models to describe the dynamic
behaviour of existing full-scale wastewater treatment
plants and applying them as a tool for process control
and design extension.
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APPENDIX A

Deterministic Dynamic Model for SSC System

In modelling the SSC system, substrate and material balances
are presented under the assumptions as presented in the section
"Deterministic Dynamic Models."

Substrate balances

a) Filterable degradable organic carbon:

d < _ N C C
V] __al__- FoSo + (FRl - Fw]) S1 - F]S]

t
S (23)
M
Fpo= Fy o+ Fay - i
Fei - Fn = F1 - Fo e (24)

C H JH
v, dsy . F, SC - Fy 55 - " L (25)

where, u = Kg S% , and

linear growth coefficient for heterotrophs (T‘])

<
1"

b) Ammonia nitrogen:

NH, _ NH NH NH
dSy°4 =F S 4+ (Fy = Fun) 514 - Fp 5774

V] o
dt
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using equation (24), equation (26) becomes:

Ny L p gy - gy NS S
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— ¥
H  H
u X5V -
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where, the substrate utilization term uNS is aexpressed by:

NH
NS s
NS + o NH
(KS S.| 4)
*NS - - » . _]
u = maximum growth rate coefficient (T '), and

K NS substrate concentration at one half maximum
growth rate (M/L3).
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In the above substrate balance, the rate of disappearance due to
heterotrophic growth is estimated from considering the heterotrophs to be

represented by the composition C5H7NO2 (Hoover and Porges, 1952).

c) Nitrite nitrogen:

NO ‘
d $;72 _ NO NO NO
. uNS X#S V] i uNB x#B V)

"y yNB 28)
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using equation (23), equation (27) becomes:

d SNO2 NS NS

NO NO u X )
V i =F §$72 -F §S72 - 1 ]
]-—-a-{-'“ 0O 0 0O 0 ——-—Y-N-S—-—
e X?B v,
~———;N§~—~ .......... (29 )

NB

where the substrate utilization term u is expressed by:

*
uNB NB NO

= u S] 2
NB NO
(KS *S;2)
*NB . . -1
u = maximum growth rate coefficient (T '), and
KNB = substrate concentration at one half maximum growth

rate (M/L3).

d) Nitrate nitrogen:

NO. NO NO NO
v 9573 = RS 3t (Fpy - Fypd $73 - Fy 573
at
NB B
Uy ~(30)
/B

using equation (23), equation (29) becomes:

NO N8 ,NB
vy 9513 = f sN03 _p SN05 U X Y,
1 d 0o 0™l
t NB

Organism balances

Assuming the concentration of organisms in the feed stream is
negligible (Xo = 0), mass balances for heterotrophs, Nitrosomonas,
and Nitrobacter can be written as:

-~
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where, Kg = decay coefficient for heterotrophs (T'1),

Kgs= decay coefficient for Nitrosomonas (T'1). and

NB

p = decay coefficient for Nitrobacter (T']).

K

oooooo
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Representing the settler performance by an efficiency E],

operation is according to:

xg = (1.0 - Ey) Kt ~

1

NS_ NS
X57= (1.0 - E)) X s eeeeeeeees

NB_ NB
x2 = (1.0 - E]) X

A solids balance around the settler yields:

H H

) NH
1= Fa %y

F R1 *RI

X + F

1

and applying equation (35) leads to:

H H H
Fy Xy = Fp (1.0 - E)) X7+ Fpg Xpp e,

The value of E] can be determined according to:

S R

oooooooooo
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Substituting equation (37) into the organism balance equation
(31) and rearranging the result is:

Ho H , H H H
d Xy =V, X (u" - KD) - Py Xjp - F (1.

Vi ©
dt

The same expressions are applicable in terms of Nitrosomonas and

Nitrobacter.

In summary, the important relationships describing the dynamic
operation of the single-stage alternative appear in the information

flow diagram (Figure 2).

Parameter Values for Dynamic Models

Before the equations which comprise the proposed dvnamic models
can be solved, values for the various parameters must be determined.

In the proposed models describing organic carbon degradation and
resulting heterotrophic growth, values for the substrate utilization
coefficient Kg and decay coefficient Kg, must be known or assumed.

During steadv-state simulation studies, Tan (1972), determined these
values using a biological culiure derived from an activated sludge
plant treating the same raw sewage. Because the emphasis in this study
is on nitrification, his values could be assumed sufficient for use in
the organic carbon utilization and heterotrophic growth functions.

The u* and KS values in the Monod models for nitrification can be
determined by various methods.

Determinations from pseudo "steady-state" studies, previously discussed,
can be used to derive the parameter values. For example considering the
single-stage carbon removal-nitrification alternative, at steady-state,
equation 26 becomes:

. NS NS
Fqsiig - Ny v o vy (41)
o' o 1 NS
Y
NH*
where, USRS > & (42)
K NS+ S NH4
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substituting equation 41 into 40 and rearranging leads to:

NS NS NS
h 4 - K j T A (43)
NH* *NS *
sig - s3g u s, M B
*
where, T, = Xl_ , and S?H4 is the corrected effluent ammonia
0

concentration representing the concentration resulting if heterotrophic
growth and subsequent nitrogen uptake did not occur. A graphical method

can then be used to determine K!Sand u*NS NS

knowing Y , from operating
over a range of F0 values.
Batch studies can be used to determine the kinetic parameter values.

For ammonia utilization by Nitrosomonas, the batch process eauations are:

d sMg = NS gNHy (NS cand e (44)
dt YNS(KQS - )
d XV NH. NS NS NS
= ux sifg x Sk e, (45)
—dt KQS o,

The kinetic coefficients in these equations can be determined by
a computer simulation of the unsteady-state equations. For a given
set of initial parameter values, the simulation will produce curves
of XNS and SNS NS and KNS

D
as input and therefore are not oart of the parameter set. Both the

versus time. Values of Y will be supplied
above batch and previously developed continuous time-dependent equations
require initial values for the organism concentrations. Determination
of these initial values can be afforded by developing a relationship,
through batch experiments, between ammonia removal rate and percent

Nitrosomonas present.

The ahove parameter determination procedures are applicable as well
to the carbon and nitrite substrates involved and the corresponding
heterotrophic and Nitrobacter organisms groups. A more direct procedure
for determining an initial estimate of the heterotrophic population would
be through the use of oxygen uptake measurements in which nitrification
was inhibited (Toerber, 1972).

Applying kinetic coefficients determined from batch or continuous

pseudo” steady-state"studies assumes that they are applicable to
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transient conditions.

Another method of determining the parameters for the models developed,
involves utilizing an optimization search routine along with the
particular dynamic simulation method. The search routine determines
the parameter values which give the best fit to the transient data.

Yield and decay coefficients for the nitrifving bacteria are quite
small making experimental determination difficult. A review of the
literature may be used to determine these values.



APPENDIX B

Solids Retention Time (SRT) Calculation

The solids retention time for each reactor-clarifier system is
defined as the solids in the aeration tank divided by the solids
intentionally wasted or lost over the clarifier weir per day. During
pseudo "steady-state" period the calculated SRT is based on a
cumulative mean aeration tank MLSS concentration and total solids
wasted or lost from the system. For the combined sludge systems
(SSC, TSC, FSC), the final result is the system solids retention time
(SSRT) for that pseudo "steady-state" period (Table B1). For the
separate sludge system (TSS) the SRT for Bl and B2 were calculated
in the above manner. The TSS system solids retention time (SSRT) was
then calculated weighting the individual SRT's for Bl and B2 according
to their aeration tank volumes (Table Bl). The dates over which the
SSRT was calculated during each pseudo "steady-state" period are indicatad
in the "Data Listing" section under "Mode of Operation" (Appendix B).

Analytical Procedures

Total kjeldahl nitrogen

Total kjeldahl nitrogen analyses (organic plus ammonia nitrogen)
were performed according to Technicon Auto-analyser Industrial Method
146-71A. Essentially this procedure consists of digestion of organic
matter at 380°C follewed by measurement of- the ammonia produced
using the Berthelot reaction in which the formation of a blue indophenol
complex occurs when ammonia reacts with sodium phenate followed by the
addition of sodium hypochlorite. A Glycine standards were used for
calibration. For keeping unfiltered samples homogenized in the sample
cups the system has two air aspirators. One aspirator provides complete
mixing in the cup being sampled while the second aspirator mixes the next
Cup on the tray.
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Ammonia .

Analyses of ammonia nitrogen were conducted using Technicon
Auto-analyser Industrial Method 98-70W. This is essentially the same
technique employed for Total kjeldahl nitrogen with the omission of the
selenium dioxide/sulphuric acid/perchloric acid digestion step which
ammonifies the organic nitrogen fraction. Ammonium chloride standards
provided calibration.

Nitrite

Technicon Auto-analyser Industrial Method 100-70W was used for
nitrite-nitrogen determinations. This technique involves a reaction between
nitrite and sulphanilamide under acid conditions to form a diazo compound
which in turn is coupled with N-1-naphthylethylenediamine to form a
reddish purple azo dye. Colourimetric determination is then made on the
sample.

Nitrate plus nitrite

Nitrate plus nitrite-nitrogen analyses were performed using
Technicon Auto-analyser Industrial Method 100-70W. In this method,
the nitrate-nitrogen is reduced to nitrite in the copper-cadium
reduction column. The sample is then analysed for nitrite nitrogen
as described previously.

Chemical oxygen demand (COD)

Early COD determinations were done according to the
dichromate reflux method described in "Standard Methods" (1971).
During the research period, a modified version of Technicon Auto-
analyser Industrial Method No. 268-73W was adapted for COD analysis.
A Technicon Solidprep 11 sampler was introduced in place of the normal
sampler. This allowed analysis of samples containing suspended
solids and provided high shear homogenization of samples with the
dichromate and sulphuric acid reagents. Standard solutions were
prepared using ammoniumﬂch]oride. The stamdards were first analysed
using the "Standard Methods" reflux technique and then analysed on the
Technicon equipment. The standard peaks produced on the Technicon
System were then calibrated against the "Standard Methods" results.
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This complicated approach was necessary since the sample digestion
time in the Auto-analyser was shorter than that in the standard
reflux test. This resulted in a lower degree of reaction completion
with the Auto-analyser when heterogeneous sewage samples were tested.
With this procedure modification in effect, Auto-analyser COD results
for sewage samples were generally only 5 to 7 percent lower than
results obtained via the "Standard Methods" technique.

Biochemical oxygen demand (B0D)

The 5 day, 20 degree C BOD determinations were performed
according to the method described in "Standard Methods" pages 489 -
495 (1971).

Filterable organic éarbon (FOC)

Twenty micro-litre samples previously acidified and purged
were injected into a Beckman Infrared Carbon Analyser. The
resulting peaks were compared to a calibration curve prepared from
standards using anhydrous potassium biphthalate.

Suspended solids

Gelman .45 micron glass fibre filters were dried, but not
washed, for at least two hours in a 103 degree C oven. They were then
cooled in a dessicator and weighed. Suspended solids determinations
were made by filtering a minimum of 10 ml of solution through a filter.
The filter was then re-dried at 103 degrees for two or more hours,
dessicated for 15 minutes and re-weighed. The increase in weight was
taken as a measure of theasuspended solids.

Dissolved g'xygen

An Electronic Instruments Ltd. Dissolved Oxygen Metre Model
15A was used for dissolved oxygen determinations. It was found
necessary to calibrate the probe roughly once a week.

Temperature

The D.0. metre also included a temperature probe and this
was used for measurement of .the -feed stream and the reactor
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temperatures.

pH
pH was measured using an Orion Specific Ion Meter (Model 401)
together with Fisher Combination electrodes (Cat. 1e-639-90).

Alkalinity

By using the Orion pH meter, 50 ml samples were titrated to
a pH of 4.8 by addition of .02 N sulphuric acid. Results were expressed
as mg/) as calcium carbonate.

Data Listing - Mode of Operation, Reactor Operating Results,
Analyses

The complete pilot plant data listing, composed of three

sections, appears on the following pages. Contained under "Mode of
Operation” is a chronological listing of information concerning pilot
plant flow rates, operating reactor or mode, and raw sewage characteristics.
This section also lists information on plant upsets, identifies
acclimation and chemical addition periods, and notes the period over which
the SSRT calculation was made for each plant. Contained under "Reactor
Operating Results" is a chronological listing of the solids concentrations
in the reactors, the waste concentrations and amounts, and other reactor
characteristics such as pH, temperature, etc. Some clarifier effluent
characteristics are also listed for the reactor system. Contained under
"Analyses” is a chronological listing of analytically determined results
for the various reactor streams.

The abbreviations and symbols used in the data listing are
interpreted in Appendix G.
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