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Abstract

Wastewater treatment plants (WWTP) are required to meet increasingly stringent effluent quality standards as well as to
improve process sustainability in terms of energy efficiency, in line with the call for a paradigm shift towards the more sus-
tainable concept of wastewater resource recovery facility (WRRF). In this context, optimised Instrumentation, Control and
Automation (ICA) systems as well as process and plant-wide modelling have become key tools for optimising economic and
environmental costs. The present work reports on the successfull integration of an innovative on-line continuous titrimeter
and plant-wide modelling as a support tool for the optimisation of the nitritification unit in a large-scale industrial WWTP.
The information gathered from the on-line titrimeter allowed for real-time estimation of the Ammonia Oxidation Rate of
the activated sludge and, ultimately, of the nitrification residual capacity of the plant. Results on the titrimeter long-term
operation and historical data modelling supported plant managing decisions, such as lowering the dissolved oxygen (DO)
set-point of the oxidation unit, straightforwardly resulting in energy saving.
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Introduction

Conventional Activated Sludge (CAS) systems are still the
most widely adopted in wastewater treatment plants across
Europe, implementing the coupled system of nitrifica-
tion—denitrification as the typical combination of aerobic
and anaerobic biological processes to remove organic mat-
ter and nitrogen from wastewater. In such systems, aeration
contributes significantly to the overall energy consumption
of WWTPs. According to Longo et al. (2016), the average
energetic consumption for oxygen supply is between 0.18
and 0.80 kWh/m?, accounting for more than 45% of the
total energy demand in WWTPs, with peaks up to 75%.
The optimisation of the aeration process could offer con-
siderable savings in terms of environmental and economic
costs but also requires efficient control systems, possibly
coupled with models able to properly represent the behav-
iour of the wastewater treatment plant, especially under
highly variable influent characteristics (Mannucci et al.
2020). In particular, nitrification is commonly assumed to
be the bottleneck in nitrogen removal processes, because
nitrifiers have lower growth kinetics and affinity for oxy-
gen, and they are more sensitive to a wider variety of
inhibitors compared to heterotrophic biomass (Fiocchi
et al. 2008). The optimisation of the biological nitrifica-
tion is a key-factor to ensure stable treatment efficiency
and energy saving (Mannucci et al. 2020).

In the last decades, mathematical modelling emerged
as a powerful tool able to increase process understanding
and to support plant operator’s decisions. Comprehensive
activated sludge models (ASMs) were proposed and vali-
dated to describe the two-step biological nitrification in
which both Ammonia (AOB) and Nitrite (NOB) Oxidising
Bacteria growth were described through Monod-like kinet-
ics limited by oxygen and substrate (Munz et al. 2011).

Control strategies for reducing energy consumption
related to oxygen supply evolved in parallel with the state
of the art of sensors and monitoring techniques (Yuan
et al. 2019). More recently, phosphate, nitrate, nitrite and
ammonia sensors became available on the market showing
high potential for energy saving; however, these probes are
far less reliable and require more frequent maintenance
than simpler sensors such as dissolved oxygen (DO), pH,
flow and level probes (Yuan et al. 2019).

Also, growing attention has been paid on monitoring
instruments for biological activity estimation, as respirom-
eters and titrimeters (Mora 2014). These instruments allow
for the measurement of Oxygen Uptake Rate (OUR) and
alkalinity production (or consumption) and can be used for
the estimation of kinetic and stoichiometric parameters of
the involved processes (Gernaey et al. 2001).
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The applicability of pH/DO-stat titration for monitoring
biological processes which affect pH or dissolved oxygen
concentration has been widely demostrated in the literature
(Badoer et al. 2015).

In particular, pH/DO-stat titration are used for monitor-
ing conventional N-removal processes, since the first step
of nitrification (the oxidation of ammonium to nitrite) is a
pH-affecting process. This technique allows to assess the
toxicity and/or inhibitory effects on the biomass by estimat-
ing biomass treatment capacity in terms of Ammonia Oxida-
tion Rate (AOR).

Nevertheless, pH/DO-stat titration tests take a rather long
time period (a few hours), and they are almost always offline
test, requiring a preliminary sampling phase of the mixed
liquors which may not be fully representative of the actual
conditions and do not provide real-time information about
the process. Instead, when applied in continuous conditions,
it can provide important data on the evolution of the nitrifi-
cation process, offering new and useful information on pro-
cess performance to plant operators, especially in industrial
WWTPs in which significant influent load and toxicity vari-
ations occur (Fiocchi et al. 2008). In this work, an innovative
system to optimise nitrification control was implemented.
An on-line differential titrimeter (ODT), developed in pre-
vious works (Mannucci et al. 2020), was installed in the
large industrial WWTP managed by Consorzio Cuoiodepur
S.p.A. (Pisa, IT) and provided real-time AOR estimates over
about 1-year operation, acting as an effective biosensor.
ODT outcomes were integrated with plant-wide modelling,
offering an innovative decision support tool for nitrification
control and optimisation. Modelling of the biological unit
was implemented in SUMO®, and a 5-year historical dataset
was elaborated to simulate long-term dynamic operation, on
a monthly average base.

Materials and methods

Cuoiodepur WWTP

Cuoiodepur WWTP treats vegetable tannery wastewater
produced in the Tuscan leather-industry district of Santa
Croce sull’Arno (PI). Municipal wastewaters from the sur-
rounding area also are treated in the plant. The industrial
stream is characterised by high organic carbon and nitro-
gen load, high salinity, sulphur compounds, biorefractory
and nitrification inhibiting compounds, such as syntetic
or natural tannins used in the production line. Municipal
flowrate accounts for almost 40% of the total influent flow-
rate but its contribution in terms of carbon and nitrogen
incoming load is less than 2%. In addition, the plant is
subject to strong temporal variations in terms of industrial
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contaminant loads due to seasonal and market-related pro-
duction fluctuations. Cuoiodepur water treatment line is
presented in Fig. 1.

Ammonia oxidising bacteria (AOB) are reported to
be very sensitive to salinity fluctuations and inhibiting
conditions in tannery wastewaters, and low maximum
growth rates have been observed (Moussa et al. 2006).
Salinity and inhibitory compounds, such as tannins are
tipically acknowledged as the main disturbing agents for
AOB activity. Thereby, in Cuoiodepur WWTP, the con-
ventional activated sludge unit is operated at very high
sludge retention time (SRT =55 days, on average) in order
to promote nitrification even in case of significant nitrifiers
inhibition. High-SRT operation is also conducive for the
degradation of the biorefractory organic fractions, thereby
maximising the overall carbon removal. The most critical
conditions for nitrification instability occur at industrial
activity resume after long period of inactivity, i.e. typi-
cally after summer break or Easter and Christmas holidays.
Indeed, significant nitrogen and inhibiting agents loads
are faced by nitrifiers after weeks of moderate load condi-
tions. After Christmas holidays, low temperature futher
decreases activity of nitrifiers and potential nitrification
instability could be faced.

In order to ensure efficient and stable nitrification, AOB
response to such remarkable dynamic conditions should
be capable of maintaining sufficient system nitrification
capacity, even during fast transition phases. If such a mini-
mum condition is not ensured, AOB washout and ammo-
nia accumulation in the effluent might occurs. Thereby, it

is primary interest of the industrial plant operators to be
able to monitor nitrification stability and prevent events of
ammonia discharge above the regulation limits.

Online differential titrimeter

The ODT is an innovative instrument for real-time estima-
tion of the Ammonium Oxidation Rate (AOR) in WWTPs.
The ODT consists of two identical 2-L jacketed Continuous
Stirred Tank Reactors (CSTR), reactor 1 (R1) and reactor 2
(R2), equipped with pumping system for reagents and sludge
dosing and sensors for DO, pH and T monitoring (Fig. 2).
Operational conditions and data acquisition are controlled
by a centralised PLC. Activated sludge is continuously with-
drawn from the nitrification tank of Cuoiodepur WWTP,
pumped in the two reactors and then returned back to the
plant unit. The hydraulic retention time (HRT) is set to 1 h.
Withdrawing point of the mixed liquor sludge is located at
the ending part of the nitrification tank, so that only residual
ammonia and biodegradable organic matter are present.
Non-limiting DO concentrations (5 + 1 mgO, L™!) in
the two reactors are achieved by controlled dosage of
hydrogen peroxide (0.65 M H,0,), which is rapidly con-
verted to water and oxygen by the activity of the catalase
enzyme. This enzyme is produced by almost all organisms
to prevent the build-up of excessive levels of H,0, which
is detrimental to living cells naturally produced by the
biomass (Ficara et al. 2000). Temperature is controlled
by the continous recirculation of tempered water in the
reactor’s jacket and set at the actual temperature observed
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Fig. 1 Water treatment line in Cuoiodepur WWTP
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in the plant’s nitrification tank by mean of a thermostat.
Both reactors are continuously fed with ammonium
solution at concentrations that ensure non-limiting and
non-inhibiting conditions for the biological activity of
nitrifiers (ca. 30 mgN_NH4Jr L™, in both reactors). Nitri-
fication is inhibited in reactor 1 by continuously dosing
Alliltiourea (ca. 30 mgATU L™!). The system PLC allows
for continuous data acquisition on operational condition
as well as solutions dosing (ammonia, hydrogen peroxide
and acid/base), in the two reactors. Provided that opera-
tional conditions are identical in the two reactors and that
constant pH is maintained, the differential dosage of the
base solution is proportional to the acidity production due
to nitrification only (occurring in R2 and not in R1), and
it enables to calculate the AORy,x of the non-inhibited
reactor (R2). Real-time AOR);,x is straightfarwardly cal-
culated by such a diffential dosage through system algo-
ritms. AORy;,x was monitored over a nine-month period,
from April to December 2019. Data referring to January,
February and March 2019 were not considered, since
important modifications of ODT hardware and software
were conducted, and the corresponding AORy;,x results
were considered not reliable. Temperature correction to
20 °C was applied to AORy;,x values through Arrhenius
equation (0 =1.07), in order to easily compare outcomes
over the year.

When needed, the ODT equipment can also be used
in batch-mode, as an offline respirometer/titrimeter, as
presented in the following sections.
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Plant-wide modelling

A plant-wide model of the biological unit of Cuoiodepur
WWTP was implemented in SUMO software (Dynamita,
Canada). The library model Sumo2S (Hauduc et al. 2017)
was adopted in order to include processes related to the sul-
phur cycle. The model was partially modified in order to
better suit with some peculiar characteristics observed in
activated sludge processed applied to tannery wastewaters.
The main modifications were based on the evidence that in
WWTP operating at very high SRT (> 50 days), as it is the
case of Cuoiodepur WWTP, volatile suspended solids (VSS)
and total suspended solids (TSS) concentration are often
overestimated applying conventional ASM models (Lubello
et al. 2009). This is due to the fact that complex particulate
compounds, typically not reactive at normal SRT, are ulti-
mately (though slowly) hydrolysed or degraded. Thereby, a
low-rate conversion process was introduced for the conver-
sion of the variable X{; (unbiodegradable particulate COD,
non-reactive by default) into the variable Xy (slowly bio-
degradable particulate COD). Also, a low-rate hydolysis
process was introduced for the hydrolysis of the variable
X (inert suspended solids, non-reactive by default) into the
variable S; (inert dissolved solids). Both the new processes
were modelled with first order kinetics, introducing the con-
version/hydrolisis rates, K., xy and Ky 4 x; for the two
processes, respectively (Lubello et al. 2009).

A new variable was introduced in the model to describe
the rate of ammonium removal due to the nitrification only:
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AOR_AOB. Non-nitrifying biomass assimilation, N removal
by anammox and precipitation processes were excluded.

1 .
AOR,op = <Y - lN) * Xp0B * T'AOB (D

AOB

where Y,y s the growth yield factor for AOB [ —], iy is the
specifc uptake for synthesis [gN gCOD, ., viomass 1» Xa0p i
the concentration of AOB [gCOD m™].

raop is the AOB growth rate [d™'], r,p is calculated by
SUMO according to Monod-like saturation functions for
substrates and AOB concentration.

The model layout of Cuoiodepur biological unit is pre-
sented in Fig. 3. The denitrification and oxidation units
(11,000 and 26,000 m?>, respectively) are simulated through
4 compartments in series in order to represent the plug-flow-
like condition of the real plant. Namely: DEN_1, DEN_2,
DEN_3 and DEN_4 for the denitrification unit, and NIT_1,
NIT_2, NIT_3 and NIT_4 for the nitrification one. A further
anoxic volume is placed as post-denitrification tank, consist-
ently to Cuoiodepur layout. Two model input streams were
considered: (1) the effluent of the primary sedimentation
tank was considered as industrial influent; (2) the domestic
wastewater, entering the system upstream of the denitrifica-
tion unit, consistenly with the real plant layout. Wastage
sludge was dynamically obtained, according to SRT set at
55 d. The secondary settler was considered as a reactive tank
and simulated by a point-settler tank and an anoxic reactor,
with a volume equal to 0.8 times the real settler volume, fed
with settled sludge. A high recycle rate (10 times the indus-
trial flowrate) was applied between the point settler and the
reactive settler unit. Such a modification was supported by
the evidence that a further aliquot of nitrate is consumed in
Cuoiodepur sedimentation tank.

Five-year historical data, on influent and effluent quality
as well as operational conditions, were processed and simu-
lated in SUMO, on a monthly-average base. The reference
period comprised the years 2015-2019. Prior to the dynamic
simulation, yearly average values of the reference year 2015
were used as constant input for steady state calculation in

Domestic WW

Primary settler
DEN_4 o NIT 1

effluent DENCT

DEN_2 DEN_3

order to define initial conditions for state variables. Histori-
cal data produced during regular plant monitoring were pro-
vided by Cuoiodepur WWTP. The main analites of interest
for modelling purpose were: COD, ammonia, nitrite, nitrate,
total nitrogen, chloride, sulphide, hydrogen sulphide, volatile
suspended solids (VSS) and total suspended solids (TSS).
Beside municipal/industrial influent and secondary settler
effluent, historical data were processed also for strategic
plant units, such as primary sedimentation tank effluent and
oxidation tank. COD and N fractionation of industrial and
domestic influents were characterised according to chem-
ico-physical analysis as well as respirometric techniques,
on multiple 24-h composite samples collected over the year
2019. Specifically, the primary effluent was filtered at 0.45
and 0.1 um in order to differentiate the particulate, soluble
and colloidal fractions. Colloidal solids were considered as
those retained at 0.1y filtration, after 0.45u filtration. Bio-
degradability of each fraction was then assessed through
respirometric test in the ODT operated in batch-mode. The
respirometric tests were performed similarly to Munz et al.
(2008). COD balance over the exogenous OUR returned the
biodegradable share of the injected COD (non filtered, fil-
tered at 0.45 p and filtered at 0.1 p). A similar procedure was
adopted for the characterisation of the civil influent. Accord-
ing to personal communication with the plant process engi-
neer, the main characteristics of industrial and municipal
influents can be considered constant over the 5-year period
of interest, since no significant variations in terms of indus-
trial activity nor local population occurred. Thereby, influent
fractionations were assumed constant throughout the years.
Monthly average values of temperature and DO concentra-
tion in the aeration tank (terminal part) as well as influent,
effluent and recirculation flowrates were also introduced
as dynamic variables in the modell. Specific measurement
campaigns were performed in order to assess: (i) the actual
flowrate of mixed liquor recirculation (Qyy; ), (ii) the nitrate
load removed in the post denitrification unit and secondary
tank, (iii) the DO concentration profile over the longitudinal
axes of the nitrification tanks.

NIT_2 NIT_3 NIT_4 CSTR Secondary settler

@“TTI‘“IJ-_._I“M‘IJ-_.J‘”LI“*“I!- e i rmt—'—_._r-:'[-
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Fig.3 Cuoiodepur WWTP layout used in SUMO software
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Chlorides are present at concentrations as high as 5-6
gCl_L_l in the industrial influent (around 3 gCl_L_l, in the
biological unit due to mixing with domestic influent) and
are typically representative of the industrial activity, i.e. the
higher the chlorides the higher the tanneries production.
Chlorides were also selected as non-reactive compounds,
and their concentration was measured over the manhole
entering the biological units as well as the primary sludge
effluent, in the first measuring campaign. Points A, B and C
as presented in Fig. 1, were monitored, and chloride mass
balance allowed for Qy; assessment. The second measuring
campaign was performed over the post-treatment unit fol-
lowing the nitrification tank, comprising a post-denitrifica-
tion and post-aeration tank, and the secondary tank effluent.
Ammonia, nitrite and nitrate concentrations were measured,
and mass balance performed. Moreover, DO profile over the
nitrificaton unit length was measured in the third measure-
ment campaing.

ODT and modelling integration

Model calibration of the maximum growth rate of AOB
(ua0p) Was based on best fitting with the observed effluent
ammonia concentration. Calibration was based on a trial and
error iterative approach targeting least-square minimisation.
Oxygen half saturation coefficient for AOB was set to 0.5
mg0, L~! (Mannucci et al. 2020). First order hydrolisis/
conversion constants for the new processes accounting for
Xy and X reactions were set as follows: K, xy=0.014
d~!and Kiyq x1=0.016 d~!, in line with values reported in
previous works (Lubello et al. 2009). Oxygen half saturation
constant for the sulphur oxidising bacteria was set to 0.1
mgO, L~! (Mora et al. 2016), instead of the default value of
1 mgO, L™". Kinetic and stoichiometric parameter referred
to other biomasses were left at the default values.

Data set refferring to the period 2015-2018 was used for
calibration; data set on 2019 was used for model validation
instead.

AOR estimation through ODT were crossed with WWTP
operational conditions and influent characteristics as well
as model outcomes. Specifically, AOR profiles were corre-
lated with: effluent chlorides (proportional to the industrial
load), nitrogen load inlet, ammonium outlet and temperature.
Results on AORy;,x estimated from the ODT were critically
compared to model outcomes.

The Maximun Nitrifying Capacity (MNC) expressed in
tonN d~! was estimated by multipling daily average values
of AORy;sx (at DO of 2 mgO, L™!) and actual volumes of
the oxidation tanks. The MNC profile were correlated with
total nitrogen load inlet and ammonium outlet concentration.

Results and discussion
Measuring campaing and model calibration results

Table 1 shows COD fractionation according to the results of
the respirometry tests; the corresponding COD concentra-
tions for the industrial and domestic influents are referred
to average concentrations for the first year of simulation
(2016) as representative of the incoming flows. The indus-
trial and domestic influents also contain ammonium, in aver-
age concentration of 213 gN-NH," m~ and 24 gN-NH,*
m~3, respectively. Organic nitrogen (98 gN m~>) and sulphur
compounds (106 gS-H,S m~ and 2500 gS-SO,>~ m~>) were
detected in the industrial influent only. Monthly average val-
ues were included as dynamic input in the model.

The ratio on the esimated Q) and the primary influ-
ent flowrate was estimated as high as 10, in line with the
recorded values. Such a verification was deemed neces-
sary in order to take into account sidestream recirculation

Table 1 COD fractionation of
industrial and domestic influents
adopted in plant-wide modelling

Industrial® Domestic
% COD ¢COD m™3 % COD ¢COD m™>
SB, readly biodegradable organics 37 1728 62 91
SVFA, volatile fatty acids 0 0 0 0
SU, soluble inert organic matter 15.4 719 10 15
CB, colloidal biodegradable 0 0 0 0
CU, colloidal unbiodegradable 8.3 388 0 0
XU, particulate inert organic matter 17 794 12 18
XB, slowly biodegradable 223 1042 16 24
Average CODtot 4671 148

*For modelling purposes, primary sedimentation effluent is considered as industrial influent

COD percentage was considered constant over the modelled period. COD concentrations in the table refers

to average yearly values in year 2015
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flowrate and possible inaccuracy in the flow meters, due to
the high volumes pumped in the recirculation unit.

Monitoring activity over the post-denitrification unit and
the secondary settler showed that a further nitrate reduction
(up to 30%) was achieved after the main biological units.
Data analysis revealed that a strong negative correlation was
observed between the effluent nitrate concentration and the
MLSS contration (correlation coefficient close to—0.7). It is
argued that secondary denitrification phenomena may occur
in the sedimentation tank, especially when mixed liquor VSS
(MLVSS) are particularly high (> 10 gL™'). The reactive
sedimetation tank allowed for an accurate representation of
the effluent nitrate concentration.

DO monitoring over the longitudinal axes of the aeration
tank allowed to define the actual profile of DO consistently
applied to the four nitrification units in the model. As an
average profile, DO concentration were 0.6, 1.6, 2.2, 2.2 mg
L~ for NIT_1, NIT_2, NIT_3 and NIT_4, respectively.

The calibrated value for the maximum growth rate for AOB
(Uaop) Was 0.58 ™!, about 30% lower than the default value
assumed by the software (0.85 d™!). As already described,
low p,op are reported for industrial wastewaters applications
(Szpyrkowicz and Kaul 2004). The calibrated value allowed
for an accurate simulation of the effluent ammonium concen-
tration also in the validation data set on the year 2019.

Figure 4a shows the 5-year (2015-2019) simulation results
in terms of effluent ammonia, nitrate and soluble COD versus
the observed values. The models show good and robust fit-
ting of the simulated outcomes versus the observed concentra-
tions. Figure 4b shows observed and modelled MLVSS in the
aeration tank. As a general consideration, the model exhibits
good fitting of the observed data over the five years of refer-
ence. It owns to be highlighted that an average SRT value of
55 days was set as constant input in the model. Such a con-
strain might result in model deficiency for the representation
of the dynamic operation of such a complex and large WWTP.

Comparison between model and ODT results

Figure 5 shows the profile of the AORy5x (20 «c) registered
by the ODT over the period April-December 2019 (meas-
ured under non-limiting conditions of ammonium and DO
and normalised for temperature), together with the chloride
concentration observed in the nitrification tank. Temperature
is also reported in Fig. 5, for the sake of completeness. Since
chloride is a conservative indicator of the industrial activity,
it can be clearly observed the drop in its concentration dur-
ing the three holiday breaks: the first at the end of April, the
second in August, and the third between the end of October
and the beginning of November.
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Fig.5 AORy,x normalised
at 20 °C, Temperature and
Chloride concentration profiles,
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These interruptions are characterised by a first drop in the
industrial load followed by a subsequent increase, as clearly
profiled by the chloride concentration. The effect of such
fluctuation as well as temperature variations on nitrifying
biological activity have been registerd by the ODT. Over
the three holiday breaks, a negative correlation is clearly
observed only in the first event occurred in April-May,
whereas such a correlation is less evident in the subsequent
two events. A speculation of the possible reasons behind
these evidences is provided. In April, the AORyax 0 °c)
clearly reaches a first peak in correspondence of the first
decrease in industrial activity, highlighting the inhibitory
nature of the load entering this system. Indeed, the highest
AORy4x (20 °c) Values (ca. 15-20 mgN_NH,*L™" h™") are
reached with the lowest industrial loads (Fig. 5).In August,
the industrial activity is paused, and the influent load is dra-
matically reduced to the sole municipal contribution. The
ODT monitoring of nitrifying activity is also paused during
August due to regular maintenance activities occurring in
the WWTP making data set not available. As the industrial
activity starts again in September, chloride concentration
rises back to the levels registered in June-July. Indeed, the
AOR 4 x(20 °cy remains at moderate values of 6+ 1 mgN_
NH,*L~" h™!. During the October-November holiday break,
the load decreases and then increases slightly, but does not
return to the values registered at the beginning of October.
This is probably due to the heavy rainfall occurred during
November and December 2019 and confirmed by data of the
regional weather service Consorzio Lamma that registered
the period as the most rainy since 1955. The strong precipi-
ation events generated an increase in the domestic influent
flow rate and, in fact, a dilution of the industrial load and a
concomitant drop in temperature, whereas the ammonium
load remained high (Fig. 5 and 7). In the same period, higher
AORpax (20 oc) 18 Observed compared to previous months
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Fig.6 Comparison between AORy;,x estimation with the ODT and
modelled results

(June to September), suggesting that the lower (diluted)
chloride concentration alleviated the inhibition effect. Fur-
ther monitoring of the nitrification rates is recommended
during the holiday breaks to improve the consistency of the
correlation hypothesis between industrial load and AOR ;-

Figure 6 shows the modelled AOR,;,x versus the
AORy,,x observed by the ODT expressed as a monthly aver-
age value with its relative standard deviation over the period
April-December 2019. Modell AORy;,x has been calculated
by the actual AOR observed in each aeration tanks, cor-
rected for non-limiting oxygen and ammonium conditions,
according to the actual DO and ammonium concentration
in each tanks. The maximum values of modelled AORs are
straightfarwardly comparable with the maximum observed
AORs (maximum deviation of 30%), during April-June,
when a lower inhibition on nitrifying biomass is assumed
as explained above. On the contrary, in the months with
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Fig.7 Maximum Nitrifying 20
Capacity (MNC), Total nitrogen
load inlet and Ammonium con-
centration outlet, year 2019
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significant industrial activity, the model returns a higher
AORy;,x compared to the ODT. This finding is in line with
the assumption that an actual inhibition occurs in that period
and that such an inhibition is not included in the model.

Figure 7 shows the MNC and its standard deviation, the
inlet nitrogen load and the outlet ammonium concentration.
The increase in biological activity recorded at the end of
April is not reflected in a higher ammonium removal effi-
ciency, already the highest achievable, given the affinity of
the ammonia oxidising biomass for the ammonium substrate
(K,=0.7 mgN_NH,"L™!). According to the incoming N
load, the minimum capacity required for complete removal
of incoming nitrogen under maximum load conditions is
approximately 3 tonN d~!.

During April-June period, the plant has significant
residual treatment capacity (up to 16 tonN d~). In accord-
ance with plant operators, a reduction in the DO set-point,
typically ranging around 2.5-3 mgL~!, was considered as a
cost-effective measure since nitrification efficiency can be
achieved even at lower DO levels. A modell-based analysis
was conducted in order to evaluate the effect of a DO set-
point reduction in the aeration tank and supported the plant
decision to reduce DO set-point in the oxidation tanks. An
average lowering of 12% for the last semester of year 2019
(avg. 2.2 mgOzL_l) was achieved compared to the DO set-
point of previous year (avg. 2.5 mgOzL_l).

Figure 7 also shows that during the months characterised
by intense industrial activity and lower temperature (Octo-
ber—November), the MNC dereases significantly down to
values close to the total nitrogen load entering the plant.
Might the MNC be lower than the incoming load, ammo-
nium would accumulate in the effluent and possible AOB
washout would occur. According to personal communica-
tion with plant operators, occasional events of fast and sud-
den nitrification inhibition occur in the plant and are likely
related to new chemicals adopted by the tanneries. A further
advantage brought by the novel integrated approach is that it

offers a real-time snapshot of the nitrification stability and
residual capacity and can support plant operators during
accidental loss of nitrification activity. If nitrification activ-
ity loss are promptly detected, operational strategies such
as flowrate recirculation increase or DO setpoint regulation
can be adopted in order to limit possible events of ammonia
accumulation. Inexpensive simulations can be integrated as
support tool to select the most suitable action according to
the case-specific requirements.

For future development of the work, it is suggested to
include an inhibition function for the chloride concentration,
in order to be able to simulate also the dynamic inhibition
experienced by the AOB biomass in Cuoiodepur WWTP.
Besides, a dynamic modell response based on weekly or
even daily average values is also considered to be a valuable
upgrade of the current modell.

Conclusions

In the present work, a new and powerful decision support
tool, based on the integration of a real-time ODT and plant-
wide modelling, is presented. The knowledge derived from
the information provided by online monitoring of ammo-
nium removal rates and a well-developed model promotes
rational use of energy resources while ensuring high quality
effluent over time, despite the numerous load fluctuations
that characterise many large wastewater treatment plants.
The ODT monitoring shed light on process instability,
during critical periods of the year linked to fluctuations in
industrial activity. The research work clearly shows an inhi-
bition of the nitrifying biomass, which is subject to high
loads of salinity and recalcitrant compounds such as tan-
nins. Despite this near-permanent inhibition, the wastewa-
ter plant has a residual treatment capacity that allows the
removal of ammonium even during periods of strong inhibi-
tion. The information provided by the ODT were consistent
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with model results, when inhibition was less relevant. The
model showed good fitting with the selected observed plant
parameters, allowing for scenario simulations towards plant
energy optimisation. Future developments of the work are
intended to provide further AORy;,x monitoring data and
include a nitrification inhibition function for the chloride in
the model, in order to be able to simulate also the dynamic
inhibition experienced by the AOB biomass in Cuoiodepur
WWTP and increase the prediction capacity of the model.
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