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Abstract

This study deals with nitrogen removal from urban wastewater employing the activated sludge process at low tem-
perature. It aims at determining the performances and rates of nitrification, and characterising the autotrophic biomass
(concentration and kinetic parameters) at 11°C and for F/M ratios higher than the conventional maximum value of 0.1 kg
BOD, kg MLVSS™-d" (i.e. SRT around 15 d).

To reach this objective, a study of a continuous activated sludge pilot plant operated under controlled conditions was

undertaken for five months. Two methods were used:

e A combination of nitrogen mass balance on the continuous reactor and weekly tests in a separate batch reactor

e The use of the Activated Sludge Model No 1 (ASM)) calibrated and validated with 6 intensive sampling test runs in the
aeration tank of the pilot plant.

Once it had been demonstrated that it was not possible to predict the nitrogen concentrations with the ASM, default values

recommended at 10°C, we modified 4 parameters to correctly simulate the 6 intensive sampling test runs: the autotrophic

biomass maximum growth rate values (u, .= 0.22 d' with a decay rate value of b, = 0.02 d'), as well as three of the half-

saturation constants (K,=0.05 mg NH4-N €', K,,=0.05 mg O,-£", and K =30 mg COD-£™).

These modifications, implemented on the basis of more accurate predictions of nitrification and denitrification rates in the
aeration tank, have reduced the errors of predictions for the main biological variables in the reactor and in the treated water.
The sensitivity of the estimated parameter values to the accuracy of the initialisation conditions step has also been studied.
It was shown that a mistake of underestimation of the sludge concentration by 6%, compared to the experimental value, has
induced the overestimation of the maximum autotrophic growth rate by 7%.
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Nomenclature MX, . mass of autotrophic bacteria in the system (mg
COD)
ASM, Activated Sludge Model No 1 [NH,-N],, aeration tank ammonia nitrogen concentration
b, autotrophic biomass decay rate (d) (mg N-¢)
B (N) volumetric nitrogen load (mg N-'-d") [NO_-N],, aeration tank nitrates + nitrites concentration (mg
e daily aeration time (h-d™) N-£1
BOD, biological oxygen demand (mg O,-¢™) [NH,-N] , output ammonia nitrogen concentration (mg N-{-
COD chemical oxygen demand (mg O,-(") )
DO dissolved oxygen concentration (mg O,-("') [NO_-N] . output nitrates + nitrites nitrogen concentration
2 -
for fraction of total sludge mass in the aeration tank (mg N-t)
(%) PE. population equivalent (for 0.15 m?-d' and 60 g
F/M organic carbon loading rate (kg BOD,"kg MLVSS'-d") BOD;-d")
. . o
K, ammonia half-saturation coefficient for auto- pm rotations per minute (rmin”)
trophic biomass (mg N-¢) T, it maximum volumetric nitrification rate (mg NO -
Kon oxygen half-saturation coefficient for hetero- N-Ch)
trophic biomass (mg O,-(") SE ([C])  sum of absolute values of the difference between
K readily biodegradable COD half-saturation coef- simulated and measured concentrations (mg N-¢"-
’ ficient (mg COD-(") point'). n = Number of points
SRT sludge retention time or sludge age (d)
S. soluble inert COD concentration (mg COD-{)
* To whom all correspondence should be addressed. ! . .
& 33 557 89 08 00: fax: +33 5 57 89 08 01: S, soluble biodegradable COD concentration (mg
e-mail: lean-marc.Choubert@cemagrefifj COD-t")
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TSS concentration of total suspended solid (mg SS-C)
TKN total Kjeldahl nitrogen (mg N-£)
Vi volume of aeration tank (0)
VSS concentration of volatile suspended solid (mg
VSS-¢1)
BA concentration of autotrophic biomass (mg COD-{")
XB:H concentration of heterotrophic biomass (mg
COD-t™")
X, particulate inert COD concentration (mg COD-(")
X, Slowly biodegradable COD concentration (mg
‘ COD-()
Xyo slowly biodegradable organic nitrogen concentra-
tion (mg N-¢1)
X, concentration of inert COD from decay of the bio-
mass (mg COD-(")
Y, yield coefficient of autotrophic biomass
(g COmeduced.g N, itea)
Ha, maxi maximum autotrophic growth rate (d™)
P daily mass of nitrified nitrogen (mg N-d™')

Introduction

High nitrogen removal efficiency from wastewaters is expected
in sensitive areas above a temperature of 12°C (European Direc-
tive 91/271/EEC, 1991). The French activated sludge treatment
plants are thus operated with an intermittent aeration to nitrify
and denitrify in the same tank. In order to have an aeration tank
of an appropriate size (large enough) to observe the minimum
sludge retention time (SRT) at the temperature reached in winter,
an F/M ratio lower than 0.10 kg BOD,-’kgMLVSS-"-d" (extended
aeration) is recommended (FNDAE, 2002). However, the actual

F/M ratio applied to most French activated sludge treatment

plants is much lower, and there is a lack of information on nitro-

gen removal capacities and of rates at low temperature for an

F/M ratio near the conventional value.

In the literature, the values of the maximum nitrification rate
at 10°C are over a very wide range: from 1.0 to 4.5 mg NO -N-g
MLVSS!h'! (Burica and al., 1996; McCartney and Oleszkie-
wicz, 1990; Oleszkiewicz and Berquist, 1988; Palis and Irvine,
1985). The difference can be explained by various operating
conditions: organic or nitrogen load imposed, COD/TKN or
COD/TSS ratios of the influent (Al-Sa’ed, 1988; Thiem and
Alkhatib, 1988).

The maximum nitrification rate is proportional to the prod-
uct of the maximum growth rate (u, ) multiplied by the
autotrophic biomass concentration (X, ,). The characteristics of
the reaction medium (temperature, alkalinity, and the availabil-
ity of oxygen and nitrogenous substrate) modulate the growth
rate of the autotrophic culture, while the loads and the extrac-
tions of sludge applied affect the biomass concentration (Char-
ley et al., 1980). Unfortunately, direct measurements of these
parameters are frequently based on:

e FEither experiments conducted in a batch reactor over long
periods (measuring W, ), where the absence of sludge
extraction provides very different conditions for the selec-
tion of biological species from those prevailing in continu-
ous flow treatment installations, making extrapolation of the
results rather risky (Antoniou et al., 1990; Carucci et al.,
1999; Spanjers and Vanrolleghem, 1995; Wiley, 1974);

e Or counting techniques to estimate the amount of bacteria
(measuring X, ,). This technique provides a high underesti-
mation of the bacteria (Brion and Billen, 2000; Jensen et al.,
1988).
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For this reason, indirect determination methods are increas-
ingly used to estimate the maximum growth rate and the con-
centration of the autotrophic biomass. The results obtained are
insensitive to the parameters other than the autotrophic decay
rate (Yuan et al., 1999). One of these indirect methods is based
on deterministic models comprising equations that describe the
growth and decay processes of heterotrophic and autotrophic
biomass. The kinetic parameters describing their activity are
modified until there is an acceptable fit between numerical fore-
casts and experimental measurements.

The most widely used tool is the ASM, (Activated Sludge
Model No 1). It has been in widespread use for about 15 years,
incorporating the coefficients proposed by Henze (1986) where
some parameters are modified to provide more accurate simu-
lated results for each system under consideration (Gujer and
Henze, 1991). However, adjustment has often been restricted to
the values of the output variables without checking the validity
of predicting variables in a reaction system, due to the lack of
accurate measurements. This approach is neither able to iden-
tify the relevant parameters (Van Veldhuizen et al., 1999) nor
completely suitable to understand the biological significance of
changing the parameters. In many cases, therefore, the param-
eters have been more modified than was necessary (Lesouef et
al., 1992).

This research particularly targeted evaluating the activ-
ity and the characteristics of the autotrophic populations that
develop in an activated sludge pilot plant treating urban waste-
water at low temperatures (11°C) operated at a F/M ratio close
to, or higher than, the conventional F/M ratio of 0.10 kg BOD, kg
MLVSS-!-d". The tests involved a comprehensive experimental
monitoring of an activated sludge pilot plant, fed with an urban
wastewater, and operating under controlled conditions. Two
established methods were used to determine the autotrophic bio-
mass concentration and its maximum growth rate:

e The balance method (Nowak et al., 1994), which consisted
of daily calculations of the autotrophic biomass concentra-
tion in the continuous reactor on the basis of the loads and
sludge extractions applied and determining the maximum
growth rate and on the basis of measurements of the maxi-
mum nitrification rate in a batch reactor

e Calibrating the ASM, (Stricker et al., 2003) on the basis of
detailed measurements in a continuous flow reactor

Material and methods

The pilot plant (see Figure 1) combined a 115 £ contact tank
(Plexiglas parallelepiped) equipped with a stirrer (80 r-min™)
and a 45 (€ clarifier (Plexiglas cylindrical, slope of floor = 40°)
equipped with a scraper (0.25 rrmin'). Two peristaltic pumps
were used to feed the aeration tank (0.6 £:min' for the wastewa-
ter and 1.2 € ‘min! for the sludge recycling loop). An intermit-
tent aeration (9 cycles-d! of aeration/non-aeration) was supplied
with a fine bubbles diffuser (airflow rate = 7 {:min') to maintain
the dissolved oxygen concentration between 3 and 5 mg O,
during aeration phases. Except the removal of sludge which was
manually realised once a day, the pilot was controlled by a timer
switch. The system was operated for 5 months in a tempera-
ture-controlled room to set the temperature of the biomass at
11 £1°C.

The pilot was fed with a domestic influent from a municipal
plant (16,000 P.E.) sampled two or three times per week in the
morning, screened at 1.3 mm and kept in a refrigerated container
at 4°C. Inflow rate variations were applied to the pilot to simu-
late the inflow variations of full-scale plants located in rural
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Successive steady state conditions applied to the pilot plant

areas: high morning and evening inflows (peak factor = 2.03),
low inflow at night (peak factor = 0.19) with an hourly average
inflow rate of 4.17% of the total daily volume. Daily flow com-
posite samples were collected in the influent and in the treated
water. European (NF EN) or international (ISO) standardised
analysis techniques were used to measure the following param-
eters: TKN (NF EN 256-63, mineralisation), NH,-N and NO -N
(ISO/TC147/2/NG/n 86, spectrophotometry), COD (NF T 90-
101, mineralisation), BOD, (NF T 90-103), TSS and MLTSS
(NF EN 872, filtration), VSS and MLVSS (not standardised).

The amount of sludge contained in the aeration tank was
calculated from MLTSS and MLVSS daily measurements. The
sludge mass contained in the clarifier was measured once a week
by emptying the content of the clarifier in a separate tank, and
measuring MLTSS and MLVSS. The amount of sludge removed
from the system (at the bottom of the clarifier) was measured
daily from the volumes and the concentration (MLTSS) of
sludge removed. The combination of all these values, combined
with the inflow data, made it possible to calculate the SRT, and
to establish an accurate nitrogen mass balance.

Following a three-week start-up period, the system was run
for three successive six-week experimental periods (Periods 1
to 3). Predefined organic and nitrogen loads, and aeration dura-
tion were applied in each period (Fig. 2). Organic load was
low during the first period, 0.09 kg BOD, kg MLVSS™-d", i.e.
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a sludge age of 15 d, rising to 0.115 (SRT = 12d) in Periods 2
and 3. The following three levels of volumetric nitrogen load
were tested: 160 mg N-£'-d"! in Period 1, 185 in Period 2, and
220 in Period 3. The last value was obtained by increasing the
ammonia nitrogen concentration of the wastewater with chemi-
cal ammonium chloride. The aeration duration was in the range
10 to 15 h-d™! (see Fig. 2).

Every 3 weeks, at halfway through and at the end of each
period, intensive sampling test runs (numbered C, to C,) were
carried out. Sludge samples were taken from the aeration tank
every 10 min for 8 h (i.e. 3 aeration and non-aeration cycles).
Once the sludge was centrifuged, the ammonia and nitrate con-
centrations were analysed.

Balance method

Calculating the autotrophic biomass concentration in
the continuous reactor:

As the flow rates were known (pollutant loads admitted and
mass of sludge produced by the system), Eq. (1) could be used
to calculate the quantity of autotrophic biomass (MX, ) in the
mixed culture (Nowak et al., 1994). The actual autotrophic
production was assumed to be proportional to the daily
throughput of nitrified nitrogen (P.i, obtained by the differ-
ence between the total nitrogen load applied and the nitrogen
assimilated and lost by treated water) less the amount lost
through decay (b,) and that removed by the sludge extraction
withdrawal (1/SRT).

dMXs, A
dt

() = Ya. Qi - (bA + %).MXB. At) (1)

The values for parameters b, and Y, recommended in the ASM,

are as follows:

e Y, =024¢g COme uced € Noirinea - @ stoichiometric coeffi-
cient independent of temperature (Henze et al., 1986; Nowak
etal., 1999)

e b, =0.02d"' (Dinger and Kargi, 2000): a kinetic coefficient,
difficult to evaluate (Brands et al., 1994). In the absence of
a default value at 10°C, it was calculated from the value at
20°C: 0.05 d' (Lesouef et al., 1992; Stricker et al., 2003;
Suzuki et al., 1999) (which is in the range 0.004 to 0.46 d’!
(Copp and Murphy, 1995; Yuan and Blackall, 2002) by
applying the temperature change coefficient (1.103) obtained
from the default values for p, (0.8 and 0.3 d' at 20 and
10°C, respectively (Henze et al., 1986).
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Starting with an unknown initial value for the autotrophic bio-
mass concentration (X ,), the results from successive balances
(Eq. (1)) converged towards a reliable value independent of the
initial value after two weeks or more (Nowak et al., 1999).

The autotrophic biomass concentration in the aeration tank
(X;.4), expressed by Eq. (2), was deduced from the volume of
the aeration tank (V, ;) and the total amount (MX,, ,), taking into
account the fraction of the total sludge contained in the intermit-
tently aerated tank (f,,).

MX
XB.A = 22 far

Vi @
Determining the maximum growth rate in a separate
batch
The maximum nitrification rate (r, . .) was measured every
week in a batch reactor maintained at the same temperature as
the continuously operated pilot plant. This reactor, filled with
2 £ of sludge taken from the pilot plant, was subjected to the
addition of ammonia to reach non-limiting nitrification rate con-
ditions: the initial ammonia nitrogen concentration was above
15 mg NH,-N-t"' and the dissolved oxygen (DO) concentra-
tion was always higher than 4 mg-€"' (Nowak et al., 1994). Six
25 me sludge samples were taken over a 1h period, immediately
filtered, and the filtrate analysed to measure the concentrations
of oxidised forms of nitrogen (NO ). The slope of the increase
obtained provided the maximum nitrification rate (r, .. ..)-

Once the autotrophic biomass concentrations in the aeration
tank (Egs.(1) and (2)) and the maximum nitrification rates were
known, Eq. (3) was used to calculate the maximum growth rate
for this biomass at 11°C. During the experiment, 21 values of
this parameter were obtained.

L = Ty, maxnit. YA

XB,A 3
Calibrating the ASM,

Calibrating the ASM, parameters consisted of modifying the
kinetic coefficients (e.g. the autotrophic biomass growth rate)
until the predictions were as close as possible to reality. The
GPS-X® simulation software (produced by Hydromantis, Inc.)
was used to simulate the dynamic behaviour of the pilot plant:
the ASM, equations were selected to model the changes of the
substrates inside the aeration tank. The separation of treated
water and sludge in the clarifier was described by single-dimen-
sional equations applied to ten homogeneous horizontal layers
in which no biological reaction occurred (Watson et al., 1994).
For the simulations, the COD of the urban wastewater used was
characterised in different compartments (S, X, S,, X,) on the
basis of batch experiments obtained with the protocol proposed
by Stricker (2003).

The aeration sequences and inflow rate conditions were
described in the model as identical to the experimental. The data
recorded during the 3 successive experimental periods and the
6 intensive sampling test runs were used to determine the con-
centrations and the parameters of the biomass developed in the
treatment plant:

Simulations of the 3 by 6-week experimental periods
(initialisation step)

For each of the 3 periods, the mean operating conditions (load
input, sludge concentration, and aeration time) applied to the
pilot plant were provided to the model to reproduce the loading
rate (COD and nitrogen), the sludge retention time, and the dura-
tion of oxygen presence (Brdjanovic et al., 2000; Van Veldhui-
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zen et al., 1999). Steady-state simulations provided some vari-
ables of the reaction medium: biomass (X > Xg0)» particular
organic matter (X, X, XP) and soluble substrate (S, S, S, ), as
well as the sludge concentrations in the 10 layers of the clarifier.
As their actual values could not be measured, these simulated
values were adopted as the initial values for the detailed sam-
pling test runs.

Simulations of the 6 by 8 h periods of detailed moni-
toring of the biological reactor

Once the initial values had been established, the set of detailed
sampling was used, taking into account the aeration sequences
and hydraulic regime applied to the system. When the simulated
concentrations did not match the experimental ones, the kinetic
coefficients were modified (e.g. [, ,,; to obtain more accurate
forecasts of mineral nitrogen concentrations). The variables
were then reinitialised (previous phase). For each nitrogen spe-
cies, C, the sum of the absolute difference between the experi-
mental and simulated concentration (| [CT,,.- [C]‘exp|), divided by
the number of experimental measurements (n), was calculated to
quantify the accuracy of each simulation (Eq. (4)).

SE(C) =~ ¥ [[cT,, ~[CT.,

M iell.n}

Results and discussion

Q)

Determining , ... by the balance method

Figure 3 shows 21 values calculated by the balance method
(Eq- (3)), for maximum growth rate of the autotrophic biomass.

The increase in p, . observed from the start-up of the
installation until day 20 was due to the incorrect value for the
initial autotrophic biomass concentration used to solve Eq. (1).
After day 20, the choice of the initial concentration does not
influence the calculated biomass concentration (Nowak et al.,
1994). A value of 0.22 d' + 10% was obtained for u, . except
for day 65 where a very high maximum nitrification rate was
obtained (probably bad measurement). The value of 0.22 d! is
30% lower than that proposed by Henze (1986) at 10°C. Carucci
et al. (1999) and Cinar et al. (1998) had already proposed
a reduction in the value of this parameter. At 20°C, Stricker
(2003) determined a maximum growth rate of 0.38 d”', i.e. half
the value given by Henze (1986), 0.8 d”', at the same tempera-
ture. Converting Stricker’s value (2003) to 10°C with a tem-
perature change coefficient of 1.103 (Henze et al., 1986), would
give a value of 0.18 d”', which is 20% lower than the measured
value.
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Results of , . .obtained by the balance method
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TABLE 1
Observed and simulated values with the default and modified parameters for
test runs C, (partial nitrification) and C, (complete nitrification)
Simulated value _ Observed
Variable Urit Default Modified value
parameters parameaters
[ Ty, mas nit mgN{’" h-? 15.0 T4 72
(=]
2 8 Han mg COD ¢ 288 180
L%}
g £ SE [NHy-N] AT mg N ! pmm'? 164 24
E ; SE [NO,-MN] AT mg N s po,l'm'? 1320 33
F E SE [NHe-N] OUT g N ! po;’n{'? a6 10
SE NO-MNOUT g N s po,l'm'? 53 03
c . -1 -1
5 Ty, mave i mg N & h 133 99 103
58 e a mg CoD £ 256 260
5 'E SE [MHa-N]) AT mg N ra po,l'm'? 1.0 03
%3 SEMOMN AT mgN ¢! point™ 11 05
'_
g SE [MHy-M] OUT my N Fa pojm'? 13 15
© SE [NO-MNJOUT  mg N ra po,l'm'? 07 0B

Calibrating the ASM, in the biological reactor

The 6 intensive sampling test runs carried out in the aeration
tank were used to calibrate the ASM, parameters. They may
be divided into two categories: Test runs C, to C, where nitri-
fication level was high ((NH,-N]_ < 10 mg N-{"); test runs C,
and C, while it was only partial ((NH,-N]_ > 10 mg N-£). As
test runs C, and C, were representative of their own category,
they were used to illustrate the different steps in the calibra-
tion of the kinetic parameters of the ASM, (assuming Y, and
b, values).

Mismatched default parameters

In cases where nitrification was partial (test run C;), the simula-
tions using the set of default parameters provide a maximum
nitrification rate (15 mg NO -N-{"h") and nitrogen concentra-
tions (Table 1 and Figure 4) significantly different from experi-
mental values (7.2 mg NO -N-{" h™). This difference was due to
an excessively high maximum autotrophic growth rate resulting
in an excessive autotrophic biomass concentration. During aera-
tion phases, the simulated rates of ammonia decrease and nitrate
increase in the aeration tank were higher than the experimental
ones (Fig. 4), while they matched during the anoxic phases.

When the nitrification level was high (test run C)), the set
of default parameters correctly predicted the changes in nitro-
gen concentrations in the reactor and in the treated water (Fig. 5
and Table 1). However, the simulated maximum nitrification rate
(13.3 NO_-N-£" h') was 30% higher than the experimental one
(10.3 NO -N-"! h"', Table 1). This difference can be explained
in terms of the Monod function (= [NH,-N]/ ([NH,-N]+K_ })
which compensated the maximum growth rate value at low
ammonia nitrogen concentrations and resulted in the correct
value of the actual growth rate. For an ASM, calibration at high
nitrification levels the measurement of the maximum nitrifica-
tion rate in a separate batch reactor was required to be relevant,
otherwise the overestimation of the maximum growth rate can-
not be observed.
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Observed and simulated nitrogen concentrations in the aeration
tank (test run C, - partial nitrification) with default, and calibrated
parameters (u, ... modified ; and 4 modified parameters)
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Observed and simulated nitrogen concentrations in the aeration
tank (test run C, — high nitrification level) with default, and cali-
brated parameters (u, ... modified ; and 4 modified parameters)
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The maximum growth rate value determined by the balance
method was introduced in ASM,, thus making the autotrophic
population more sensitive to sludge extractions.

Effects of the decrease in maximum growth rate:

Need to adjust the half-saturation constants

When nitrification was only partial (no-limitation by nitrogen

concentration - test runs C; and C,), the decrease of the maxi-

mum autotrophic growth rate produced a satisfactory match
between the simulated and the experimental concentrations of
the nitrogen forms in the aeration tank (see Fig. 4). This was
due to a lower predicted autotrophic biomass concentration (half
of the previous value). It has also resulted in the fit between the
simulated and the experimental values for the maximum nitrifi-

cation rate and the concentrations in the treated water (Table 1).
When a high nitrification level was reached, the modifica-

tion of the maximum autotrophic growth rate had no effect on

the autotrophic biomass concentration (260 instead of 256 mg

COD-{!). The maximum nitrification rate was reduced to

99NO_-N-¢' h' which, however, agreed with experimental

measurements (10.3 NO -N-£' h', see Table 1).

During the aeration phase, the simulated nitrate and ammo-
nia slopes were lower than those observed in reality were. The
simulated ammonium concentrations were no lower than 2.5 mg
N-£! whereas some measurements were close to 1 mg N-£! (Fig-
ure 5, between 9:50 and 11:50).

In order to improve the prediction values for the test run
C,, three half-saturation constants, controlling the access to
substrates at low concentrations, were modified (Stricker et al.,
2003):

e For the nitrification process, the ASM, default value of the
ammonia nitrogen half-saturation constant (K =1 mg N-{")
seemed too high (Nowak et al., 1994). When it was decreased
to 0.05 mg N-', the nitrification rate increased due to the
increase in the actual nitrification rate at low ammonia con-
centrations. Decreasing this half-saturation constant gave
the autotrophic bacteria easier access to ammonia. Thus low
ammonia concentrations can be reached (extended aeration
conditions).

e For the denitrification process, the nitrate default half-
saturation constants, K  ,=0.2 mg COD-{" and K = 20 mg
COD-t"!, were modified as indicated by Kristensen (1998)
and Stricker et al. (2003). Decreasing the first param-
eter (K, to 0.05 mg O,{") gave the heterotrophic bacte-
ria easier access to oxygen which corresponds to an easier
diffusion of oxygen through the sludge floc (smaller size).
It restricted their denitrification rate during the anoxic
phase (the aerobic denitrification is unusual in French
WWTP) and increased the nitrate production rate during
the aeration phase. Increasing the second parameter (K to
30 mg COD-£") made the organic fraction less easy to use in
the anoxic phase. It reduced the denitrification rate under low
organic carbon conditions and made it possible to adjust the
nitrate-simulated concentrations during the anoxic phases.

When ammonia nitrogen elimination was high (C)), besides
modifying the half-saturation constants, the maximum
autotrophic growth rate was necessary to obtain good prediction
results. The autotrophic biomass concentration and maximum
nitrification rate were predicted with a relative error of +8% and
-4%, respectively, compared to the experimental measurements
(Table 1).

When only partial nitrification occurred (test run C,), the
change in the half-saturation constants had little impact on the
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Balance method vs. ASM, calibration results for the autotrophic

biomass parameters (X , , Hy oi Ty maxnid

predictions, particularly because the high substrate concentra-
tions did not restrict the reaction rates. We so obtained, the same
set of modified parameters for low and high nitrification levels.
This set of parameters also matches the 4 other test runs (C,, C,,
C,and C)).

This set of parameters simplifies the number of parameters
used: the nitrification reaction rate was not influenced by the
ammonia concentration of the reaction media, and the denitrifi-
cation rate was not influenced by the oxygen concentration.

Accuracy of simulation results using modified
parameters

The relevance of the set of calibrated parameters (obtained for F/
M = 0.1 kg BOD_-kg MLVSS--d" and temperature = 11°C) was
assessed by comparing the simulation results for the 6 test runs
(C, to C,) in both the biological reactor and in the treated water
of the pilot plant.

In the biological reactor
Figure 6 presents the values for the variables describing the

autotrophic biomass in the biological reactor: X, ,, 1, . and

v, max nit”

The values for the maximum nitrification rate and the
autotrophic biomass concentration determined by both meth-
ods matched throughout the three experimental periods. The
simulated values for the maximum nitrification rate were 5 to
10% lower than the observed ones. This difference results from
the underestimation of the simulated autotrophic biomass con-
centration (by 10 to 20%), and from the overestimation of the
calibrated maximum growth rate (by +5 to +15%) which lead to
conflicting effects.

In the treated water
Figure 7 presents the mean daily nitrogen concentrations meas-
ured in the treated water of the pilot plant for each of the 3 exper-
imental periods. The simulated concentrations obtained during
the initialisation step are also specified on the same chart. They
should be compared to the experimental values established at
the end of each period.

We observed that the mean daily concentrations simulated
during initialisation matched the measured values established at
the end of each stabilised period. However, the following differ-
ences were observed and quantified:

e A difference of -0.8 to -2.8 mg NO -N-{' was obtained in
the nitrate concentrations. This value is consistent with the
results of Funamizu and Takakuwa (1994) who obtained a
difference of below 3 mg NO -N-("'.
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Figure 7
Simulated vs. observed nitrogen concentrations in the treated
water for the end of each period (test runs C2, C4 and C6)

e The differences between simulated and actual concentra-
tions of ammonia nitrogen ranged from -6.7 to +3.5 mg
NH,-N-{", i.e. -35 to 53%. The fact that these values covered
a wider range than those reported in the literature, between
10 to 30% (Brdjanovic et al., 2000; Carucci et al., 1999;
Funamizu and Takakuwa, 1994), was mainly due to the
use of a constant inflow rate in the simulations whereas the
experimental values were acquired with a variable hourly
feed rate.

Accuracy of the calibration results vs. reliability of
the initialisation step
The initialisation step (inflow rate of wastewater, length of aer-
ation periods, and sludge concentration) is used to determine
non-measurable variables like heterotrophic and autotrophic
biomass concentrations. As these values are essential to cali-
brate the parameters of ASM,, reproducing the actual operat-
ing conditions with care is very important (Brdjanovic et al.,
2000; Funamizu and Takakuwa, 1994), otherwise the estimated
parameters will not be representative of the actual working
conditions (Cinar et al., 1998). The impact of the conclusions
drawn to the reliability of the initialisation step has been quanti-
fied by testing the sensitivity of the results to the excess sludge
withdrawal rate. The Table 2 represents the differences induced
by a 10% over-estimation of the excess sludge withdrawal rate
(actual experimental value 7 £-d") on the major variables of the
system under equivalent aeration conditions.

This mistake had an uneven impact on the following
variables:
e A 5% increase in sludge loading and a 6% decrease in sludge

mass and, thus, concentration. The SRT then decreased by

13% due to an increase in the mass of sludge extracted
resulting from two factors: the decrease in the sludge con-
centration and the increase in the withdrawal rate applied. It
is particularly important to reproduce the sludge withdrawal
rate accurately as it amplifies the error on SRT (Nowak et
al., 1999)

e A 7% decrease in the autotrophic biomass concentration,
which, in compensation, led to a 7% overestimation of the
maximum growth rate of the autotrophic biomass

e There was little impact on the concentrations in the treated
water: -4% for ammonia and + 3% for nitrates. As the effect
on these concentrations is attenuated by a factor 2, it is pref-
erable to adjust the parameters according to the concentra-
tions in the aeration tank (Kristensen et al., 1998; Stricker et
al., 2003)

Conclusion

The experimental results confirm the feasibility of achieving
high nitrogen removal by the activated sludge process operat-
ing at 11°C and for two F/M loading rates close to the conven-
tional load limit, 0.09 and 0.115 kg BOD,"kg MLVSS--d". As
French plants are mainly operated at F/M = 0.07 kg BOD, kg
MLVSS!-d!, we can assume that safety coefficients are used,
leading to oversized aeration tank volumes.

The balance method has provided a reliable initial estimate
of the maximum growth rate of the autotrophic biomass (assum-
ing b, value). Combined with the sampling campaign results
(test runs), this made it possible to calibrate some of the half-
saturation constants (K, K, and K ) of the ASM,. A single
set of modified kinetics parameters has been obtained for the 6
sampling test runs described (as shown in the graphs).

To calibrate the ASM, from samplings in the aeration tank
(test run), the measurement of the maximum nitrification rate
(batch test) is very useful, particularly when a high nitrification
level is reached (ammonia concentration < 10 mg N-C! in the
treated water). Otherwise, the overestimation of the maximum
growth rate of the autotrophic biomass cannot be detected. In
the case of a partial nitrification, the overestimation of the maxi-
mum autotrophic growth rate can be established by the differ-
ence between the simulated and observed nitrogen concentra-
tions in the reactor. Doing so, 3 half-saturation constants should
also be adjusted to reach a satisfactory match between the simu-
lated and the observed concentrations of the nitrogen forms in
the aeration tank.

Provided that 4 of the kinetic parameter default values (10°C)
are modified, the nitrogen concentrations and the nitrification/
denitrification rates simulated in the reaction tank with ASM,
correspond very closely to the experimental measurements. In
the treated water, some differences between the predicted and

TABLE 2
Impact of a mismatch of the excess sludge extraction flow rate on the maximum autotrophic
bacteria assessment and on the nitrogen removal performances
Sludge Sludge concen- Total
extraction | tration in the F/M ratio sludge SRT Xz a Mo maxi | [NH,"=N1,, | [INO~N]_,,
flow rate |aeration tank mass
£-d! g MLVSS-¢! kg BOD.. g MLVSS |d mg COD-¢! |d! mg N-{! mg N-{!
kg MLVSS!-d"!

7 3.63 0.09 417 17.6 229 022 |73 13.8
7+10% |-6% +5% -6 %, -13% |-7T% +7% |-4% +3 %
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the experimental values remain, but they were in an acceptable
order of magnitude.

Care in using the model, as well as an accurate initialisa-
tion step, are vital factors to obtain reliable predictions of nitro-
gen concentrations and relevant kinetic parameter values as the
maximum autotrophic growth rate.
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