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The start-up of a biological nitrifying system to treat high-strength ammonium wastewater must be done
carefully to avoid ammonium or nitrite build-up and subsequent system destabilization due to inhibition.
This article shows the start-up with automatic control of a complete nitrification system in a pilot plant.
Firstly, a manual start-up was performed with manual increases in the nitrogen-loading rate (NLR). Sec-
ondly, two control strategies for controlled start-up based on oxygen uptake rate (OUR) measurements
were successfully implemented and compared in the pilot plant. The successful enrichment of the micro-
bial community in nitrifying microorganisms was corroborated with fluorescence in situ hybridization
(FISH) quantification. Finally, the results of both controlled start-up strategies were simulated with a
mathematical model considering the nitrification as a two-step process.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The start-up of a biological process always requires special
attention. If the start-up strategy is not appropriate, loss of biomass
or destabilization of the process can easily occur [1]. Start-up
of an activated sludge system usually consists of a progressively
enrichment of the microbial community in a specific group of
microorganisms (nitrifiers, polyphosphate accumulating organ-
isms (PAOs), heterotrophs, etc.). Usually, the growing conditions of
the inoculum are gradually changed until the desired conditions are
reached. These conditions could be the temperature, contaminant
load, shear stress, etc. Therefore, a successful start-up is accom-
plished when the inoculated population is enriched in the target
population or acclimated to the final conditions. For example, an
activated sludge reactor for biological denitrification reached the
steady state 80-100d after the inoculation with fresh sludge from
awastewater treatment plant (WWTP), but only 25-30d after inoc-
ulation when acclimated sludge was used as seeding [2].

One of the most problematic steps in the biological nitrogen
removal (BNR) process of high-strength ammonium wastewa-
ters, for instance the reject water from the dewatering system of
digested sludge, is the start-up of the nitrifying process. Ammo-
nium accumulation, due to disturbances as changes in temperature,
inflow or dissolved oxygen concentration, can provoke the inhibi-
tion of nitrification and consequently the BNR instability. Reported
experiences for the start-up procedure for highly nitrogenous
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wastewaters show thatit is quite delicate and time-consuming (3-4
months [3] or around 100d [4]). During this operation a large accu-
mulation of ammonium can take place if the nitrogen-loading rate
(NLR) is higher than the maximum nitrification rate (MNR) of the
system. Therefore, the start-up must be carried out with a gradual
and controlled increase of the NLR, so that the nitrification rate is
as close as possible to the MNR [5].

The start-up of a nitrifying process is usually carried out with
manual control based on total ammonia nitrogen (TAN), total nitrite
nitrogen (TNN), nitrate or oxygen uptake rate (OUR) measurements
[4-7].Inthese studies, nitrogenous compounds or OUR, in the efflu-
ent or in the aerobic reactor, were measured and the NLR was
manually changed accordingly: increased if the percentage of nitri-
fication was satisfactory or decreased if the undesirable compounds
were building up. Each NLR was maintained for some days (2-10d)
before a new NLR was applied. The NLR was changed by either
increasing inflow or concentration, depending on whether constant
hydraulic retention time (HRT) was required. In some studies, a
combination of both options was used [8].

Automatic control has been widely applied to improve nitro-
gen removal in WWTPs with online TAN analyzers [9,10]. Other
researchers preferred in-line measurements as pH, oxido-reduction
potential (ORP) and dissolved oxygen (DO) because the complex-
ity of measuring the chemical compounds in real-time is neither
simple nor economical [11,12]. Although automatic control is still
being studied and applied in pilot plant and full-scale systems to
improve nutrients removal, there is a lack of studies to improve the
start-up process with automatic control strategies.

The objectives of this work are: (1) to implement and test two
control strategies for the start-up of a nitrifying system from a
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Nomenclature

AOB ammonia oxidising bacteria

BNR biological nitrogen removal

DO dissolved oxygen

FA free ammonia

Fer flow external recycle

Fir flow internal recycle

FISH fluorescence in situ hybridization
FNA free nitrous acid

HRT hydraulic retention time

MNR maximum nitrification rate
NLR nitrogen-loading rate

NLRg specific nitrogen-loading rate
NOB nitrite oxidising bacteria

OLR organic-loading rate

OUR oxygen uptake rate
OURRSs maximum OUR due to nitratation

OURg,q endogenous oxygen uptake rate
OURsp  oxygen uptake rate set point

StaN total ammonia nitrogen

STNN total nitrite nitrogen

SNO3 nitrate

SND soluble biodegradable organic nitrogen
So dissolved oxygen

Ss readily biodegradable organic matter
SRT sludge retention time

SVI sludge volumetric index

TAN total ammonia nitrogen

TNN total nitrite nitrogen
TSS total suspended solids

VSS volatile suspended solids

Xa ammonia oxidising bacteria

XN nitrite oxidising bacteria

Xu heterotrophic bacteria

Xp inert products

Xs slowly biodegradable organic matter

XN particulate biodegradable organic nitrogen

mainly heterotrophic sludge for treating high-strength ammonium
wastewater, for instance reject water from dewatering system of
digested sludge. These control strategies will be based on OUR mea-
surements. (2) To check the validity of the mathematical model to
predict the experimental results of the start-ups with automatic
control. (3) To use the model to predict the behavior of the system
in the long term.

2. Materials and methods

This section includes the description of the experimental con-
ditions and the inoculum characteristics for the three start-up
experiments carried out in this work: a manual start-up (I) and
two automatically controlled start-ups (Il and III). The experimen-
tal inflow control loop is also shown and some details are pointed
out with respect to modeling and chemical analyses.

2.1. Pilot plant

The start-up experiments (start-ups I, Il and III) were performed
in a pilot plant that consisted of three aerobic reactors (named R1,
R2 and R3) with a working volume of 26 L followed by a 25 L set-
tler (Fig. 1). The reactors were connected in series and they worked
under completely mixed conditions. A fraction of R3 effluent was
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Fig.1. Diagram of the inflow control loop in the pilot plant with OUR as the measured
variable.

recycled toR1 (internal recycle) to increase the dynamics of the sys-
tem and to improve the mixing between reactors. Mixed liquor was
withdrawn daily from the three reactors in order to keep a desired
sludge retention time (SRT). Each reactor was equipped with DO
(WTW Oxi 340i CellOx 325), pH (Crison pH 52-03) and tempera-
ture probes. They were connected to probe controller equipment
(Crison pHrocon18) which actuated as a pH on-off controller in R1
and R2 by the addition of solid sodium carbonate through solid
dispensers. The probe controller equipment was connected to a
process computer which was in charge of control of the key process
parameters (DO, temperature, flow-rates and stirring rates). The
DO control was based on a digital proportional-integral-derivative
(PID) manipulating pneumatic control valves which modified the
airflow supplied through air diffusers placed at the bottom of the
reactors. The on-off temperature control was implemented oper-
ating on an electric heating device.

Automatic in-line OUR estimation was implemented in each
reactor. The OUR measurement was performed every 5 or 10 min
and it was based on the DO decrease in the liquid phase with no
air inlet. The OUR measurement followed these steps: deactivation
of the DO PID controller, aeration valve shut down, DO measure-
ment every 4s until it decreased by 1.5mg0, L~ and calculation
of OUR with the slope of acquired data. A more detailed description
of the pilot plant, control system and OUR estimation can be found
elsewhere [10,13].

The influent consisted of synthetic wastewater with high ammo-
nium concentration (3000mgNL-1) and low biodegradable COD
concentration (100mgCODL-1). Micronutrients were also sup-
plied [13].

The experimental conditions in the three start-ups were slightly
different among them since the system performance was being
improved as the experiments were being performed. The main dif-
ferences were the temperature control, implemented in R2 when
start-up Il was performed, and the in-line OUR estimation which
was implemented in all reactors after start-up I (Table 1).

Sludges from two municipal WWTPs from the area of
Barcelona were used to inoculate the pilot plant for the dif-
ferent start-up experiments. These WWTPs were performing
nitrification at the time of biomass collection but their nitro-
gen removal rates were very low since the applied NLR was low
(0.013-0.05gNg~1VSSd-1). This means that the fraction of nitri-
fying bacteria was also low in the seeded sludges.

2.2. Off-line respirometric experiments

Off-line respirometric tests were performed off-line with the
respirometer described by Jubany [14]. Each of the estimations of
the MNR in start-up I was carried out by adding a TAN pulse of
40 mg N L~ (non-limiting concentration) into the respirometer and
measuring the DO drop in triplicate. Temperature, pH and DO were
kept equal to measurements in the pilot plant. Estimated OUR was
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Table 1
Experimental conditions in the pilot plant in each start-up experiment
Experiment pH T DO OUR estimation
Start-up I Controlled in R1 and R2 at 7.5 Not controlled Controlled in each reactor at 3.0 mg 0, L~! Manual off-line every week
Start-up II Controlled in R1 and R2 at 7.5 Not controlled Controlled in each reactor at 3.0mg 0, L~! Automatic in-line every 15 min
Start-up I1I Controlled in R1 and R2 at 7.5 Controlled in R2 Controlled in each reactor at 3.0mg 0, L~! Automatic in-line every 5min

corrected with the endogenous OUR and the MNR was calculated
as shown in Eq. (1),

OUR

MNR = [VSS]-(4.57 — Ya — Yn)

(1)

where [VSS] is the VSS concentration, 4.57 is the stoichiometric
coefficient for oxygen in the global nitrification process and Y, and
Yn are the growth yield coefficients for ammonia oxidising bacteria
(AOB) and nitrite oxidising bacteria (NOB), respectively.

2.3. Experimental inflow control loop

In start-up Il and III, an inflow control loop was implemented in
a supervisory expert control system developed in G2©(version 4.1),
running in a Sun workstation. This expert system had already been
developed and applied in the same pilot plant [10]. The control loop
consisted of a feedback controller where the measured variable was
the OUR in R3. Every 10 min, the supervisory expert controller cal-
culated an averaged OUR value with values from the last 30 min
and compared it with the OUR set point (OURsp). The difference
among these two OUR values was used, together with the con-
troller algorithm, to calculate a new inflow value. Finally, the control
action was transmitted to the process computer that changed the
pulse frequency of the inflow pumps. The controller algorithms
were an on-off controller in start-up Il and a proportional-integral
(PI) controller in start-up IIl. These algorithms were designed and
optimized by means of simulation tools in a previous article [15].
The controllers parameters used were adapted from the previous
work: on-off controller with automatic inflow increases of 30% for
start-up Il and Kc=0.002(Ld~!)(mg0,L-1d1)"! and 7;=0.142d
for start-up IIl. For a more detailed explanation of the controller
algorithms see Jubany et al. [15]. Fig. 1 schematically shows the
control loop implemented in the pilot plant.

2.4. Analyses and FISH

TAN was analyzed by means of a continuous flow analyzer
(CFA) based on potentiometric determination of ammonia [16].
TNN and nitrate were measured with capillary electrophoresis
using a WATERS Quanta 4000E CE according to Carrera et al. [5].
Volatile suspended solids (VSS), total suspended solids (TSS) and
sludge volumetric index (SVI) were determined according to stan-
dard methods [17].

Table 2

Process kinetics for the two-step nitrification model including heterotrophic bacteria

Fluorescence in situ hybridization (FISH) technique coupled
with confocal microscopy was used to determine the predomi-
nant nitrifying species during start-up IIl. A Leica TCS SP2 AOBS
confocal laser scanning microscope (CLSM) at a magnification of
x63 (objective HCX PL APO ibd.B1 63 x 1.4 oil) equipped with two
HeNe lasers with light emission at 561 and 633 nm was used for
biomass quantification. Hybridizations were carried out using at
the same time a Cy3-labeled specific probe and Cy5-labeled EUB-
mix probes. Specific probe used for AOB detection was Nso190 and
for NOB detection were Ntspa662 and NIT3. Detailed information
about FISH quantification method can be found in Jubany [14].

2.5. Model development and description

Nitrification was modelled as a two-step process which consid-
ered AOB and NOB populations. Heterotrophic bacteria were also
included to be able to describe the total biomass concentration
since it has been shown that enriched nitrifying systems have a
relatively high content of heterotrophic bacteria [18,19] and fur-
thermore, the influent of the real system contained some COD.
Six soluble compounds were considered (as concentration in the
bulk liquid): total ammonia nitrogen (Stan), total nitrite nitrogen
(STnn ), nitrate (Sno, ), soluble biodegradable organic nitrogen (Snp),
dissolved oxygen (Sp) and readily biodegradable organic matter
(Ss). Inorganic carbon concentration (CO, or HCO3~) was not con-
sidered because it was always in excess due to the pH control
with sodium carbonate and therefore it never limited the biomass
growth. With respect to the particulate compounds, AOB (X,),
NOB (Xy), heterotrophic bacteria (Xy), inert products arising from
biomass decay (Xp), slowly biodegradable organic matter (Xs) and
particulate biodegradable organic nitrogen (Xyp) were considered.

The terms TAN (N-NH4* + N-NH3) and TNN (N-NO, ~ + N-HNO,)
were used instead of ammonium and nitrite because they are the
true compounds analyzed in the chemical analyses. Egs. (2) and
(3), derived from acid-base equilibriums, were used for the calcu-
lation of the free ammonia (FA or NH3) and the free nitrous acid
(FNA or HNO;) concentrations in equilibrium with TAN and TNN,
respectively.
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~INN 47
CK,-10°MH 41 14
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The ratio between the ionization constant of the ammonia equi-
librium (Kj,) and the ionization constant of water (Ky ) is related to
the temperature as shown in Eq. (4), and the temperature effect
on the ionization constant of the nitrous acid equilibrium (Kj;) is
shown in Eq. (5) [20].

K, 6344

E‘eXp(273+T) (4)
~2300

Ka:e"p(273+r) )

Table 2 shows the kinetics for each of the processes consid-
ered: growth and decay of each kind of bacteria, ammonification
of soluble organic nitrogen, hydrolysis of entrapped organics and
hydrolysis of entrapped organic nitrogen. Also, the oxygen limita-
tions, substrate and non-competitive inhibitions for AOB and NOB
growth processes were considered. AOB inhibition by TAN and NOB
inhibition by TNN were described with a Haldane model while AOB
inhibition by TNN and NOB inhibition by TAN were described with
a non-competitive model. The stoichiometry of the processes is
shown in Table 3.

It is quite accepted that FA and FNA are the preferred substrates
of AOB and NOB, respectively, and also the inhibitory species [20].
If these statements are taken into account, the affinity constants for
substrate and the inhibition coefficients used in this model should
be considered constants in terms of FA and FNA and dependent
on pH and temperature in terms of TAN and TNN. Therefore, Eqgs.
(2)-(5) were included in the model.

Table 4 summarizes all the model parameters required to
describe the nitrification as a two-step process considering also
heterotrophic bacteria. Parameters dependent on pH and tem-
perature (maximum specific growth rates and decay rates) were
calculated at 25°C and a pH of 7.5. The expressions to calculate
them under other conditions are shown in Egs. (6)-(11) [14].

Mmax,A(PH, T)

3 1.28 x 10'% . exp(—8183/(273 +T))
1+ ((2.05 x 1079)/107P") 4+ (10PH /(1.66 x 1077))

ba(T) = 1.651 x 10" - exp (
Mmax,N(PH, T)

3 6.69 x 107 - exp(—5295/(273 + T))
© 1+((2.05x 1072)/107PH) + (107PH /(1.66 x 1077))

—8183 )
273+T

B 5 ~5295 )
bn(T) = 8.626 x 10° - exp <7273 = 9)
[imax 1 = 6 - (1.07)T20) (10)
by =0.4-(1.07)720 (11)

where the equations are expressed in terms of d~! and the temper-
ature is in °C.

All simulations were performed with Matlab 6.5® [22]. The
ode15 s function, a variable order solver based on the numerical dif-
ferentiation formulas, was used to solve the differential equations
of the model.

3. Results and discussion
3.1. Experimental start-up without automatic control (start-up I)

The first start-up experiment was done with manual increases
of the NLR. This experiment was used as a reference for the
start-up experiments with automatic inflow control. Inoculated

Table 3

Process stoichiometry for the two-step nitrification model including heterotrophic bacteria

Compounds
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Table 4

Stoichiometric and kinetic parameters for the two-step nitrification model including heterotrophic bacteria at T=25°C and pH 7.5

Name Units Symbol Value Reference

Parameters related to AOB
Growth yield gCODg !N Ya 0.18 [14]
Maximum specific growth rate d-! MmaxA 1.21 [14]
Decay rate d-! ba 0.20 [14]
Affinity constant for DO mg0, L! Koa 0.74 [14]
Affinity constant for FA mgFAL-! Ksra A 0.24 [14]
Inhibition coefficient for FA mgFAL~! Kiran 7.0 [14]
Inhibition coefficient for FNA mgFNAL-! KiFna A 0.55 [14]

Parameters related to NOB
Growth yield gCODg !N YN 0.08 [14]
Maximum specific growth rate d-! Mmax,N 1.02 [13]
Decay rate d-! by 0.17 [13]
Affinity constant for DO mg0, L! Kon 1.75 [14]
Affinity constant for FNA mgFNAL-! KsEnaN 4x104 [14]
Inhibition coefficient for FNA mgFNAL-! KipnaN 0.06 [14]
Inhibition coefficient for FA mgFAL~! Kiran 0.95 [14]

Parameters related to heterotrophs
Growth yield gCoDg~! COD Yy 0.67 [21]
Maximum specific growth rate d-! MmaxH 8.42 [21]
Decay rate dsl by 0.56 [21]
Affinity constant for Sg; mg0, L! Kon 0.2 [21]
Affinity constant for Sg mgCODL~! Ks 4 [21]

Other parameters
Nitrogen content of X, XN, Xy gNg-1COD ixg 0.08 [14]
Nitrogen content of Xp gNg-1COD ixp 0.06 [21]
Fraction of biomass leading Xp gCoDg~! COD fe 0.08 [21]
Ammonification rate Lmg-1coDd! ka 0.08 [21]
Maximum specific hydrolysis rate gCoDg~! coDd! kp, 3.0 [21]
Affinity constant for Xg gCODg 1 COD Kx 0.03 [21]

biomass was withdrawn from the WWTP of Centelles (Barcelona).
Operational conditions during the whole experiment are described
in Table 5.

At the beginning, the specific NLR (NLRs) was fixed at the same
value as it was in the full-scale plant (0.013gN g1 VSSd~1). The aim
of the start-up was to change the biomass composition from basi-
cally heterotrophic to mainly nitrifying. It was decided that TAN and
TNN concentration in the effluent had to remain below 10mgNL~!
in all the start-up. Therefore, the NLRs had to be always below the
MNR. The key point was to decide the best strategy to progressively
increase the NLRs avoiding TAN or TNN accumulation in the efflu-
ent. The strategy was to periodically measure the MNR with off-line
OUR measurements and change the NLRs accordingly. NLRg was
increased by raising both inflow value (from 15 to 30Ld~1) and the
feed concentration (from 100 to 1000 mg N-TAN L-1). Fig. 2a shows
the evolution of both NLRg and MNR. It also shows the decrease in
the ratio between MNR and NLR from a very conservative value (8)
to a more optimal one (2) since the objective was to operate with
NLR; close to the MNR. TAN and TNN concentrations remained close
to zero during all the experiment.

Fig. 2b shows the evolution of the biomass concentration which
decreased dramatically from 3500 to 600 mg VSS L. This was due
to the decay of heterotrophic bacteria because the organic-loading
rate (OLR) in the pilot plant through the experiment was approx-
imately 50 times lower than in the municipal WWTP. This figure
also shows that the SVI was lower than 150 mLg~! which indicated,

together with the fact that the TSS in the effluent were around
60+ 15mgTSSL~1, that the settling properties of the sludge were
good.

At the end of this start-up (day 96) a nitrifying sludge
capable of treating a NLRs of 0.4gNg-1VSSd-! (or volumet-
ric NLR: NLR,=0.24gNL-1d-1) was obtained even though the
reached biomass concentration was quite low (600 mgVSSL-1).
The achieved NLRs was used as a reference value for the follow-
ing start-ups with automatic control. This NLRs was considered the
target NLRs because in Carrera et al. [5] the MNR achieved with
a similar system was 0.37gNg~1VSSd-1 at 25°C. A similar start-
up was carried out in Ghyoot et al. [7] with a membrane-assisted
bioreactor to remove nitrogen from sludge reject water. The strat-
egy was also to conduct OUR measurements for the determination
of the nitrifying capacity of the activated sludge and then adjust
the NLR accordingly. In their work, the MNR/NLRs was kept always
close to one and as a consequence, any perturbation caused TAN
and TNN accumulation which was not desired. It represents a good
example of how difficultitis to manually start up a nitrifying system
if MNR is wanted.

3.2. Experimental start-up with automatic on—off control
(start-up II)

Operational conditions for start-up II are described in Table 5.
The pilot plant was inoculated with biomass from the municipal

Table 5

Operational conditions in the pilot plant during the three start-ups (Fig is the internal recycle flow and Fgy is the external recycle flow)

Start-up pH T(°C) DO (mgO, L~1) SRT (d) Fr (Ld-1) Fgr (Ld™1)

[ 7.5+ 0.3 2342 3.5+0.2 25 300 88

1 7.7 +£03 2342 3.0+ 0.2 15 330 29
R1:224+2

11 7.6 +0.3 R2:27+4 3.0+0.2 15 346 22

R3:25+3
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Fig. 2. Start-up I. (a) NLRs, MNR and ratio between them and (b) VSS and SVI.

WWTP of Centelles (Barcelona) and immediately fed with similar
NLRs than the one in the full-scale plant but 50 times lower OLR.
TAN and COD concentrations in the influent were 2800 mgNL™!
and 100mgCOD L1, respectively, in the entire experiment, thus
NLRs was changed by changing only the inflow.

The on-off controller stopped the feeding pump when the OUR
in R3 was higher than the OURs;, and the inflow was set to a fixed
value when the OUR in R3 was lower than the OURsp. The inflow
value for the on-control action was successively increased in a 30%
when the actual inflow value did not cause ammonium and nitrite
accumulation in the effluent of R3 during several hours. More the-
oretical information about this control strategy can be found in
Jubany et al. [15].

Fig. 3 shows the inflow profile in this start-up experiment
divided into two periods with different level of control strategy
implementation. During the first 22 d (period a), the inflow control
was done manually. At the beginning, the OUR in R3 was mainly
due to endogenous decay of heterotrophs which were predom-
inant. Moreover, this value was almost equal to the maximum
OUR due to nitrite consumption. This reason made it impossible
to initialize the automatic control until the 22nd day (period 3).
Firstly, the automatic control was implemented without automatic
inflow increases to test the behavior of the pure on-off controller.
In practice, the off position was not zero but a minimum value
(2.4Ld-1) because of experimental restrictions. From day 22-31
the inflow was manually increased every time that the on position
remained unchanged for several hours. On day 31 (indicated with
a dotted line in Fig. 3), complete on-off control strategy with auto-
matic inflow increases was activated. Fig. 3 also shows three long
stops (inflow=0Ld~! during more than 10 h) which occurred on
days 30, 31 and 33 due to experimental problems. The effective-
ness of the automatic controller was clearly seen since the inflow
was quickly increased reaching values of 40Ld~!. Inflow profile in
period 3 was similar to the results obtained in a previous work
where the on-off controller was simulated and optimized and the

inflow increased up to 40Ld~! after 20d of simulated operation
[15].

Fig. 3 also shows the concentration of the nitrogenous com-
pounds and the OUR profile in each reactor during the whole
experiment. TNN sporadically accumulated during the manual
period o.. TAN was totally consumed in R2 unlike TNN which built
up in R1 and R2. It was probably due to the slower growing rate of
NOB than AOB and the presence of some FA in R1 that could inhibit
NOB population (from day 22 onward). TNN in R3 (and thus in the
effluent of the pilot plant) was higher than the nitrogen concentra-
tion allowed (10 mg NL~1). It was a result of the OURp tuning that
was done during the experiment. In practice, OURsp value must be
between the endogenous OUR (OURg,4) and the maximum OUR
due to nitratation (OURY3R). Fig. 4a shows a simulated OUR pro-
file of a TAN pulse in one reactor in batch mode. Under the existing
operation conditions,ammonium is firstly depleted and then nitrite
is totally consumed. This figure clearly shows that OURs, must be
fixed ata value lower than OURY§, and higher than OUR,,q to guar-
antee no TAN and very low TNN in the effluent. In practice, OURsp
were very low (around 103 mg 0, L~1s~1), close to the minimum
OUR experimentally determinable.

OURy;, in the controlled period of the start-up II can be seen
in Fig. 4b, together with the experimental OUR profile in R3. On
day 22, the set point was fixed at a very low value. Later, it was
increased because TAN+TNN in the effluent were very low (see
Fig. 3) indicating that higher NLRs could be applied. This new set
point was calculated with reference to OUR measurements in R1
and R2 (Eq. (12)). Several values for parameter k were tested and
for low values (k=4) TNN accumulation was produced (see Fig. 3
for TNN build-up in R3) while for high values (k=6) the increase of
the applied NLR was slow.

max(averaged OURg;; averaged OURg,)
k

Fig. 5 shows the evolution of VSS concentration, SVI and NLR
along the experiment. Biomass concentration decreased until the
automatic inflow control was activated. At the end of the experi-
ment the biomass concentration was around 1800 mgVSSL~! and
the VSS/TSS ratio was 0.62. SVI decreased indicating the improve-
ment of the settling characteristics of the sludge but the TSS in
the effluent increased from 50 to 150 mgTSSL-! probably due
to the more disperse growth. NLRs was calculated with averaged
values (last 6 h) of the inflow to soften the fluctuating behav-
ior. It can clearly be observed that NLRs was quickly increased
when the automatic control was activated. It reached values of
0.8gNg~1VSSd~! when the OURsp was the highest and stabilized
around 0.4gNg-1VSSd-! at the end of the experiment.

OUR set point = (12)

3.3. Experimental start-up with automatic PI control (start-up III)

The pilot plant was inoculated for the third time with sludge
from the WWTP of Manresa (Barcelona). Operational conditions for
start-up Il are described in Table 5. TAN and COD concentrations in
the influent were 2800 mg NL-! and 100 mg COD L~!, respectively.
COD concentration was changed to 300 mg CODL-! on day 42 in
order to improve the settling characteristics of the sludge [23].

At the beginning, the pilot plant was fed with a NLRg of
0.05gNg-1VSSL-! (the same NLRs as in the full-scale WWTP)
and a very low OLR (0.002gCODg~1VSSd)-1). After a week of
operation, inflow was stopped for 7d to perform some batch
experiments. Later, inflow was changed manually until day 42,
when automatic inflow control was activated (see Fig. 6). Temper-
ature was very low at the beginning (winter time) and soon the
heater system in R2 was activated. The lack of temperature control
in R1 and R3 was the responsible for the different temperatures
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Fig. 3. Inflow pilot plant, nitrogenous compounds and OUR profiles in each reactor during start-up Il. (Period o:: manual inflow increases; period 3: automatic inflow control.

Dotted line in period 3 indicates the beginning of automatic inflow increases).

among reactors. Temperature set point in the controlled reactor
was slowly increased to avoid temperatures below 20°C in the
whole system. The low temperature, together with the fact that
the inoculated sludge could contain low amount of nitrifying
bacteria, provoked that the automatic inflow control could only be
activated after 35 d of low NLRg operation (day 42 if the 7 d of batch
experiments are included) compared to the 22 d in start-up II.

Fig. 6 also shows the results obtained in start-up Il with respect
to nitrogenous compounds and OUR. In period « (manual inflow
control), some TAN and TNN accumulated because the applied NLRg
was transitorily higher than the nitrifying capacity of the system. In
period B (automatic inflow control), TAN and TNN concentrations

behaved similarly than in start-up Il and no TAN or TNN accumu-
lation was observed. TAN was totally depleted in R2 and TNN built
up in R1 and R2 but it was almost entirely consumed in R3. In order
to avoid high TNN concentrations in the effluent, the OUR;;, fixed
on day 42 (1.4 x 10-3 mg 0, L-1 s=1) was used until the end. In this
experiment, low TNN was preferred to variable OURsp, which could
had sped up the start-up but it could also had caused TNN accumu-
lation in R3. OUR profiles shown in Fig. 6 are similar to the ones
in Fig.3 except for the oscillatory behavior of the on-off controller
previously described.

Biomass also decreased with the manual inflow control (period
a)and increased again when the automatic controller was activated
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of start-up II.

(period B) (see Fig. 7). Biomass concentration was 1300 mg VSSL~!
at the end of period {3 and the VSS/TSS ratio was around 0.70 in the
whole experiment. Biomass settling characteristics changed with
time: SVI decreased from 86 to 37 mLg~! but TSS in the effluent of
the settler increased from 40 to 200 mg TSSL~! indicating disperse
growth.

Fig. 7 also shows the NLRs profile. The fast NLR; increase during
the first days of the automatically controlled period indicated that
the controller forced the system to work at its maximum capacity.
After these days, the NLRg continued to increase but with a slower
rate. The maximum nitrification capacity of this system turned out
to be around 0.5-0.6gNg-1vsSd-1.

FISH analysis was performed with samples taken on days O
(beginning of the start-up III), 42 (automatic control activation)
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Fig. 5. VSS, SVI and averaged NLRs during start-up II (Period o: manual inflow
increases; period [3: automatic inflow control).

and 63 (end of the experiment). Obtained biomass fractions are
depicted in Fig. 8. AOB was detected with probe Nso190 whereas
with respect to NOB, only Nitrobacter species were detected (probe
NIT3) while no organisms from the genus Nitrospira was identified
(probe Ntspa 662 gave negative results). Some researchers found
that both populations coexisted in biofilm and activated sludge
systems [24]| whereas others could only detect one of them [25,26].

FISH results clearly indicated that both AOB and NOB popu-
lations increased and that AOB were more abundant than NOB.
Supplementary Fig. A shows six representative images correspond-
ing to the three samples analyzed and the two specific probes that
gave positive results. At the beginning of the experiment, AOB and
NOB fractions were lower than 1%, which demonstrates the diffi-
culty of starting up a nitrifying system with activated sludge from
municipal WWTPs. However, at the end of the experiment AOB and
NOB fractions had increased to 21 and 5%, respectively. The rest was
assigned to heterotrophs.

These results demonstrated that the sludge was enriched in
nitrifying bacteria. The higher AOB fraction than NOB fraction was
in agreement with the higher growth yield of AOB and it was also
in agreement with the simulated results obtained in Jubany et al.
[15] and with observations made by other researchers [24,26].

3.4. Automatic control strategies comparison

Both designed controllers required an OURs, value. As depicted
in Fig. 4a, this value should be higher than OUR,,q but lower than
OURRGE- However, Fig. 4a is only valid for mainly nitrifying systems.
This was not the case at the beginning of the start-up experiments
because OUR,q was higher than OURJ3E. This is the main drawback
of using in-line OUR for control. Nevertheless, after some days of
low NLR (22 in start-up II and 35d in start-up III) heterotrophic
biomass had decreased enough to do not interfere in the estimated
OUR value and the automatic control could be initialized. On the
other hand, a clear advantage of using OUR measurements and to
set the OURp value between OUR.,q and OURRSE is that TAN and
TNN concentrations in the effluent of the system will be always
below the desired limits since the half saturation coefficient for
TNN is very low. Therefore, the percentage of nitrification will be
always close to 100%.

The strategies implemented in start-up Il and start-up IIl were
different in terms of the controller and also in terms of the applied
OURsp. In the on-off strategy (start-up II), the OURsp was being
changed by an open loop supervisory control (manual control) tak-
ing into account TAN and TNN concentrations in the effluent to
increase the set point at the same time as the nitrifying biomass
concentration was increasing. OUR in R1 and R2 were taken as
a reference of the nitrifying biomass concentration increase (see
Eq. (12)). These OURsp changes were applied both manually and
automatically, nevertheless this method did not work well for the
whole experiment because nitrite accumulated in R3. As a result,
OURsp was set at a fixed value in the third experiment (start-up
[II). In this case, although the set point was too much restrictive,
it allowed a better performance because TNN never surpassed the
fixed limit (10mgNL-1). In view of these results, the optimal strat-
egy would be to periodically check the OUR profile in order to define
the appropriate set point.

Apart from these small differences, both strategies resulted in
fast start-ups with similar profiles of biomass concentration, OUR,
TAN and TNN. Nitrogenous compounds concentrations in the efflu-
ent were lower than in the periods with manual control. It is
interesting to point out that the biomass concentration decreased
at the beginning of the experiments due to the heterotrophic decay
but it increased again when the automatic controllers were acti-
vated. There was a decrease of approximately 1200 mgVSSL~!
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and a following increase of 500mgVSSL-!, ending with 1800 and
1300mgVSSL-! in start-ups II and III, respectively. These results
indicate that the biomass concentration must decrease approxi-
mately 50% before the automatic control could be activated.
Applied NLR; profiles were quite similar in both experiments. In
start-up II, the automatic control was activated on day 22 and 8d
later (day 30) the target NLRs (0.4gNg~1VSSd-1) was obtained
and surpassed. With respect to start-up III, the automatic con-
trol was activated after 35d with low NLRg (day 42) and after 8d
(day 50), the NLRs was stabilized around 0.5gNg~1VSSd-1. These
time lengths are shorter than the 100d required in start-up I to
reach the same NLRs. Considering both start-up Il and III, the maxi-
mum NLRg achieved without TNN accumulation in the effluent was
0.6gNg-1VSSd-1. NLRy in start-up Il and IIl were around 3 times
higher than in start-up I due to the higher biomass concentration.
These results clearly show that the automatic controllers imple-
mented in the system sped up the start-up and enabled obtaining
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Fig. 7. Biomass concentration, SVI and NLRs during start-up III (Period «: manual
inflow increases; period (3: automatic inflow control).
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high biomass concentration. The obtained NLRg is similar to val-
ues found in literature but the NLRy is low when is compared to
systems with immobilized biomass or with high SRT due to their
higher biomass concentration [5].

3.5. Modelling of the experimental start-ups

The mathematical model described in Section 2.5 was used to
simulate the experimental results of the automatic start-ups (Il
and III). Temperature profiles were introduced in the simulations

I Jubany et al. / Chemical Engineering Journal 144 (2008) 407-419

in order to calculate the temperature-dependent parameters every
instant (like maximum specific growth rates, decay rates, inhibition
coefficients, etc.). Experimental pH and DO were controlled or were
stable in each reactor and thus, considered constant and equal to
the experimental values.

Firstly, the model prediction of TNN, TAN and nitrate for the
same inflow patterns than in the experimental results of both start-
ups was studied. The inflow profile was an input variable for the
model and thus, the control loop was not simulated. Initial con-
centrations of particulate compounds for both start-ups were set
to 1% of AOB (X, ), 0.44% of NOB (Xy) (estimated from X, and the
Yn/Ya ratio) and 10% of particulate inert products (Xp). The rest of
VSS were considered heterotrophs (Xg).

Fig. 9 shows TAN, TNN and nitrate experimental data and model
prediction for both start-ups (from 22nd to 40th day for start-
up II and from 34th to 64th day for start-up III). All the model
concentrations agreed well with the measured concentrations in
R1. TAN and nitrate prediction also agreed properly with exper-
imental data in R2 and R3, but TNN concentration was lower
in the simulation than the experimental data. The differences
between the experimental data for TNN and model predictions
could be due to some NOB inhibition that was not predicted by this
model.

Fig. 10 shows the experimental data and the model prediction
for total biomass concentration in the same periods. The simula-
tions described correctly the general trend of the total biomass
concentration. This is one of the most important achievements of
this model because there are some works that model successfully
similar systems [27-29] but neither of them validate the behav-
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ior of the biomass concentration comparing with experimental
data from pilot plant operation. Fig. 10 also shows the AOB, NOB
and heterotrophic biomass concentration profiles predicted by the
simulation. In start-up II, AOB and NOB were growing continu-
ously while heterotrophic biomass concentration was decreasing
and thus, the sludge was being enriched in nitrifying bacteria. In
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start-up IlI, heterotrophs were always more abundant than AOB or
NOB because the COD in the influent was higher (300 mg CODL-!)
than in start-up I (100mg COD L-1).

All the results obtained in the simulations using a fixed
inflow pattern demonstrated that this model is useful to
describe a nitrifying activated sludge treating a high-strength
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ammonium wastewater under inhibitory and non-steady state con-
ditions.

After the validation, the model was used to simulate the behav-
ior of the inflow control loops in the long term. In this case, the
control loop was included in the model and the control action
(inflow value) was calculated by the model with the same fre-
quency than in the experiments. The behavior of both on-off and
PI controllers was accurately predicted as shown in Fig. 11.

Furthermore, this model was used to predict the steady state
conditions for each different control strategy. The obtained steady
states were different in terms of biomass concentration and NLRs
(Fig. 11). In start-up II the predicted biomass concentration was
4000mgVSSL-! and the NLRs was 0.823mgNg-1VSSd-! and in
start-up IIl they were 1770mgVSSL-! and 0.53mgNg-1VvsSd-1,
respectively. These disagreements can be explained with the use
of different OURsp because similar biomass concentration and
inflow values than in start-up Il simulation were obtained when
variable OURsp (Eq. (12) with k=6) was simulated in start-up III
(data not shown). Although the biomass concentration predicted
for start-up I (4000 mg VSSd—1) seems quite high compared with
the experimental biomass concentration reached in these exper-
iments, this biomass concentration was experimentally obtained
in similar conditions in other work [5]. Additionally, these steady
states indicate the maxima NLRgs that could be reached with
this configuration and these operational conditions (T, pH, DO,
SRT, OURsp) if no operational problems occurred. Fig. 11 also
shows AOB, NOB and heterotrophs concentrations predicted by the
model.

The fact that start-up III was low-loaded can be demonstrated
if TAN, TNN and nitrate concentrations predicted for both exper-
iments are compared [14]. TAN and TNN accumulation in R1 and
R2 were lower in start-up Il than in start-up Il simulation. Further-
more, these accumulations and the predicted OUR in start-up III
tended to decrease with time. This would have been avoided with
OURsp changing according to biomass growth. OUR values in all
reactors were also lower than in start-up Il simulation due to lower
biomass concentration. This fact corroborates the importance of the
chosen OURy; in this kind of controllers.

4. Conclusions

Two automatic control strategies were implemented to speed
up the start-up of a completely nitrifying system treating high
ammonium concentration when the sludge from municipal WWTP
was used as inoculum: an on-off controller with successive inflow
increases and a PI controller. These control loops were based on
OUR as controlled variable and the inflow as manipulated variable.

The start-up time was decreased from 100d in the manual
start-up experiment to 30-40d in the experiments with automatic
control, while the maximum NLRs achieved was increased from 0.4
to 0.6gNg-1VSSd-! with automatic control. Experimental start-
ups with both controllers led to similar results in terms of TAN,
TNN and VSS concentration, and OUR profiles. The 3-reactor con-
figuration with OUR controlled in the third reactor allowed a fast
and reliable start-up with low TAN and TNN concentration in the
effluent (TAN + TNN < 10 mg NL~1) and non-limiting substrate con-
centration in the first two reactors.

The required equipment for the OUR measurement is cheaper,
needs less maintenance and is more easily available than TAN and
TNN measurements. The OURsp is the more sensible parameter
of the controller. When OURs;, of the controllers is set between
OURRGE and OURgpg, an effluent with very low TAN and TNN con-
centration is obtained. A faster start-up is possible choosing an
OURs;, closer to OURYSE although a higher possibility for TNN accu-
mulation exists.

The simulation of both control strategies described quite well
the experimental data (including the total biomass concentration)
and was further used to predict the steady state conditions. It was
confirmed that the OURs, value is of great importance in the final
biomass concentration. For an optimal operation (maximum NLRg),
the OURs, should be changed according to the biomass concentra-
tion in the system.
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