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ABSTRACT

This paper presents the comparison of four costrategies for the 20 WWTP
configuration for simultaneous C, N and P remoVak control strategies: i) external COD-P
control; i) external recycle flow-P control; iijitrate control in the last anoxic reactor; iv)
ammonia control in the last aerobic reactor, weralmned with other common control loops
to build different control structures and were daed in Matlab/Simulink under different
influent conditions. A systematic approach was cated with all the strategies to assess
their potential effectiveness, according to théofwing steps: theoretical design, setpoint
optimization and, finally, a detailed comparisortteé control results against a reference
operation and an optimized reference scenario.optienization of the reference operation
presented a 7 % reduction of the total operatioasi. The simulation results showed that
some control strategies further reduced 3-7.5%\NETP operational costs while the
effluent quality is greatly improved.
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1. INTRODUCTION

As a result of stricter discharge requirementafdrients in wastewater treatment, Biological
Nutrient Removal (BNR) has become a well-estabtisieehnology for removing nitrogen
and phosphorus from wastewater. Although consideréd the most economical, efficient
and technological sustainable process for wastewai@ment (Broughtoat al, 2008),

many wastewater treatment plants (WWTPs) that coemBnhanced Biological Phosphorus
Removal (EBPR) and nitrification/denitrificationrfsimultaneous C, N and P removal, are
confronted with process instability and even predagure, mainly due the lack of
understanding regarding the microbiology of EBPBv{8uret al.,2003; Oehmeeet al.,

2007; Gebremariarat al, 2011).

Phosphorus removal is accomplished by a specifiaggof heterotrophic bacteria that has the
ability to store into their cell mass excessiverdgitges of polyphosphate (poly-P). These
types of bacteria are called polyphosphate-accumglarganisms (PAOs) and they are
enriched in the bacterial community of an activatkdige system to enhance phosphorus
removal (Oehmeet. al, 2007). The stored phosphorus in the PAOSs is rexhovith the

waste sludge from the secondary settler, therefltieg in a net removal of phosphorus

during treatment.



The P removal mechanism is rather complex comparedrification and denitrification.
Three main biological processes are responsiblP f@moval. Under aerobic and anoxic
conditions two biological processes occur: growitthe PAOs and storage of large quantities
of phosphorus into their cells in the form of poyie PAO obtain energy for both processes
by consuming an internal polymer called Poly-Hydr@dkanoate (PHA). The third process
is the production of PHA. This process is represgily the uptake of short chain volatile
fatty acids (VFA) which are polymerized and stomethe PAO cells in the form of PHA. The
energy needed for the storage of PHA is generatduatdaking down the poly-P which has
high-energy bonds. As a result, the PHA storagateslimiting for the P removal process.
The PHA storage process is independent of eleeitoaptor condition but is highly
dependent on the available fermentation producis éetate) (Randadt al.,1997). Under
anaerobic conditions the denitrifying ordinary metephic organisms (dOHO) activity is
inhibited due to the lack of electron acceptors thadefore the acetateSs only used by

the PAOs for the PHA storage process. Consequitglgnaerobic reactor is, to some extent,
mandatory for a stable EBPR process (Appeldoetral.,1992; Henzet al, 1999; Oehmen

et al, 2007).

Besides the complex mechanisms for P removal, yhardic nonlinear behavior of the entire
process, due to the complex behavior of the batteommunities (Maria, 2004) and the large
variations in feed flows and feed concentrationskes the BNR process hard to predict and
control. Finding the proper operational conditigaot a trivial task. Excessive aeration in
the aerobic reactors of the plant can lead to areased nitrate concentration in the secondary
settler, which is recycled to the anaerobic pathefplant inhibiting the EBPR process (Kuba
et al, 1994; Patel and Nakhla, 2006). The presencérate or nitrite in the anaerobic reactor
decreases the conversion of complex carbon sotodgSA by fermentative processes
(Guerrercet al, 2011a) and therefore slowly leads to EBPR faildwe to lack of VFA
availability for PAO growth. Also there are somepbtheses that some denitrification
intermediates like nitrite or nitric oxide couldvaaan inhibitory effect over the PAO
community (Saiteet al, 2004). On the other hand, a low aeration leadmtinsufficient
nitrification process and therefore compromisesiitregen removal capabilities of the
WWTP.

The development of reliable mathematical modelsdkacribe simultaneous P, C and N
removal (Henzet al, 1999; Marsili-Libelliet al 2001; Sin and Vanrolleghem, 2006) proved
to be important for predicting the process behaarat developing new control strategies,

which are meant to bring a proper balance betwékrept pollutants and operational costs.



Model-based optimization of WWTPs configuration bagn used for design purposes (Rivas
et al, 2008), while the utilization of automatic contsyistems has improved the performance
of numerous WWTP (Benedett al, 2010; Cecil and Kozlowska, 2010). Most of thetcol
strategies reported in literature regarding the WANSperation improvement are based only
on C and N removal (Baezat, al, 2002; Shert al, 2008; Holendagt al, 2008; Cristeat

al., 2011, Ostacet al, 2011), but some recent works are focusing oerlihg this
improvement to P removal (Machadbal., 2009; Guerreret al.,2011b).

Based on all above considerations, the main objct this work was to develop innovative
control strategies that are meant to increaseté#imlity of the EBPR process and reduce
operational costs. One of the key features of tmdrol strategies was the external carbon
addition in the first anaerobic reactor of the plaie external carbon addition has the role of
providing sufficient VFA into the system to enhartlce production of PHA and therefore
improve P removal. Several external carbon sourage been studied to balance the COD
deficiency in wastewaters (Gerbstral, 1986; Jonest al, 1987; Winter, 1989;
Appeldoorm.et al, 1992; Isaacst al, 1994; Hallin.et al, 1996; Guerreret al, 2012; Taya

et al, 2012). Among those, acetic and propionic acideevsuggested as the most effective
carbon sources for improving BNR. The results atgdishow the potential of the proposed
control strategies to fulfill the desired effluentality while diminishing the operational costs.

2. MATERIALS AND METHODS
2.1. Simulated plant description

One of the most common WWTP configurations for diemeous biological C/N/P removal

is the continuous anaerobic-anoxic-oxi¢/®) system. The XO configuration is a Modified
Ludzack-Ettinger (MLE) process that is precededbyanaerobic stage which is crucial for
the EBPR process and has the role of enrichingltidge in PAO biomass.

The WWTP layout used for this study was identioahte one proposed by Gernaey and
Jargensen (2004). The simulated plant has sevamuaoos stirred tank reactors (CSTRS)
named R1 to R7, arranged in series and followeaslsecondary settler. Because the WWTP
proved to be overloaded resulting in a violationha effluent limits of more than 60%, the
total volume of the reactors was increased fromPaw4to 15000 m. As a result, each

aerated reactor (R5, R6 and R7) had a volume o &fGand each anoxic reactor (R3 and

R4) had a volume of 1500%mas presented in Nopeasal. (2010). The aeration was modeled



using the volumetric mass transfer coefficientjk The default values for R5 and R6 were
120 1/d. The ka in the last aerated reactor (R7) was reduced &@@ivd (Nopenst al. 2010)
to 30 1/d to induce a partial decrease of the pldnfication capacity and as a result an
improvement of the biological P removal process.

Reactors R1 and R2 are operated under anaerohlid¢ioos to favor the uptake of organic
carbon by PAO and therefore enhancing EBPR occeerdfach anaerobic reactor has a

volume of 1500 m A schematic representation of the plant layoprésented in Figure 1.

Figure 1 Scheme of the #O simulated plant for simultaneous C/N/P removal.

The reactors are followed by a secondary settirishmodeled using the 10-layer model
proposed by Takaces al (1991). The secondary settler is considered eantive and has a
volume of 6000 mwith a horizontal cross-section of 1508 amd a depth of 4 m.

The plant has two recycle flows. The external réeflow (Qrexr) returns the biomass from
the bottom of the settler to R1 where it is mixdthwhe influent. The default @xr value is
100% of the influent flow rate (£r) under dry weather conditions (average of 18446
m/day). The second recycle flow is the nitrate réey€xnt) from R7 to R3 at a default
flow rate of 300% of the influent flow rate (dry atber conditions: average of 55338
m>/day).

The A%/O system has an external carbon source whichdisdath the R1, with the aim to
improve phosphorus removal and denitrification. Tlhes of the external carbon is
constrained to a maximum of 5w and the carbon source is considered to be acsttt a
concentration of 400 g/L. The default external carfiow is 0 n¥/d.

The kinetic model used to describe the simultan€tBP removal was ASM2d (Heneg

al. 1999) with the equations for biomass decay madiiftemake the decay process rates
electron acceptor dependent as presented in Geamaeywrgensen (2004). In this way the
simulation results are more realistic and the dgwalent of PAO is promoted.

The dynamic influents used for the simulations whose specified in the Dry-2, Rain-2 and
Storm-2 files from Gernaey and Jgrgensen (2004ichwtontains 14 days of data at an
interval of 15 minutes.

The simulated model was implemented in the Matlat8nk platform. To reduce the
simulation time and spare the computer resourbesniathematical model was written as C-
code and compiled in a Matlab executable file. Gtwetrol strategies were simulated for 28

days for each influent file using as starting polmg steady state solution as proposed by



Coppet al. (2002). Steady state was reached by simulatingltdre for 100 days with
constant influent which was defined by the flow-glged dry weather data file.

2.2. Performance assessment

The performance of the proposed control strategasassessed from three points of view:
total operational costs, quality of the effluentlgollutant removal. The total operational
costs were calculated using Eq. (1) (Vanrolleghath@illot, 2006):

OC=y,.(AE+PE)+ y.EC+ y,.SP+EF (1)

where:AE represents the aeration energy (kWh: ®E - the pumping energy (kWh*ji EC
— external carbon addition; SP — sludge productdh:- effluent finesyg — electricity price
(0.1 €/kWh www.energy.eu)y: — carbon addition price (0.5 €/kg www.icispricingne); ysp
— cost for the treatment of 1 kg of produced slu@y&6 €/kg).

The average aeration energy cost was calculated esjuation (2) as proposed by Nopens
al. (2010).

t=28d
Essat
(o]

Ezm _N ™K, 3 (tht (2)

t=22d

where:K a(t) is the mass transfer coefficient in iffeaerated reactor at timighour?], T=7

days, \ reactor volume [}, S* oxygen saturation concentration [mg/L].

The pumping energy (equation 3) requirements waleutated with equation (3) Aleat al.
(2008):

t=28d
1

PE=— [ (00040Qg (t) + 0008Qe,r(t) + 0051Q,, (t))dt  (3)

t=22d

The external carbon addition (equation 4) was spreed by the average external mass flow
where CODs is the concentration of the carbon soantl Qop is the external carbon
volumetric flow (n-d*) Alex et al. (2008):
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t=22d

The sludge production (SP) was calculated with egug5) (Machadat al. 2009).

t=28d

sP=2 [(Tss,(0Qu (D)t ©)

t=22d
where TS is the Total Suspended Solids (TSS) concentratidime purge and is estimated
via mass balance with equation (6).
TS%,( ) (QINT +QREXT )T %7 (6)
+QREXT

where TS&; is the TSS concentration in the R7 angq@s the inlet flow.

The effluent fines (Carstensen, 1994; Vanrollegle¢ial., 1996) were calculated by
comparing the total nitrogen, total phosphorus amdhonium concentrations in the effluent
to their maximal allowable discharge limits. Focleaype of pollutant, two hypothetical
discharge costs are attributed. A lower cost whembllutant is below the discharge limit
and a higher cost when this limit is exceeded. ldetie effluent pollutant concentrations are
transformed into monetary units by multiplying dpgantity of each pollutant with their
discharge costs. A mathematical description ottthst function used for the effluent fines is

presented in equation (7).
Aa, [C, ; [Qy if C

EF(t) = Aa ij |ZDef +ﬁ0] ef (7)
+Ai81 [ﬁcef.j - Lj)[Qef if Cef-j >CLi

The total nitrogen and ammonia parameter valued insthis research were obtained from
Stareet al. (2007). The total phosphorus parameters werarass$to be three times higher
than the ammonium parameters. The effluent disehlargts for ammonia, total nitrogen and
total phosphorus were obtained from the Councié@ive91/271/EEC. The total nitrogen
and phosphorus were calculated as presented bya&eamd Jgrgensen (2004). The

parameters and effluent discharge limits used topede theEF are listed in Table 1.

Table 1 Parameters used for the effluent fines calculation



The effluent violations were calculated for sixmsr ammonium, total phosphorus, total
nitrogen, BOD, total COD and TSS. The effluent violations weeéirtkd by the periods of
time that pollutants are above their dischargetfififime above limits, TAL). The effluent
discharge limit for BO, COD and TSS are 10 mg/L, 100 mg/L and 30 mg/peetively.

2.3. Control methods

Decentralized control is an appreciated and widsbd control approach in industry,
although full multivariable controllers may shownceptual incentives. The popularity of
decentralized control relies on the following reasats implementation is straightforward
and better understood by the operators and theiggdef the decentralized control in cases
of measurement instrumentation failures or stagiupdown procedures is less demanding
compared to multivariable control (Hoed al, 1994). The design of the decentralized control
structures implies two steps. The first step spttha structure of the control system by
pairing the controlled and manipulated variabled @@ second one performs the design and
tuning of each control loop.

A good pairing of control variables implies the wde manipulated variable that presents the
major influence over a controlled variable, avogdinteractions with other output variables.
The classical tool for deciding this pairing is tie¢ative gain array (RGA) (Bristol, 1966).

The RGA was applied by Machadbal. (2009) to a similar WWTP using square
configurations but, when the number of inputs angbots is not the same, a non-square
relative gain array (NSRGA) approach is recommendeelNSRGA was proposed by Chang
and Yu (1990) and it is an extension of the RGAda-square systems. The NSRGA matrix

is calculated using the formula:

NSRGAs) = G(9). x (G(s)")’ (8)

where the .x symbol represents the Hadamard or @bduct which denotes element-by-
element multiplication(s)is the process transfer matrix aB¢s)’ represents the Moore-

Penrose pseudo-inverse process transfer matrix.

The setpoints of the control strategies were ogichiusing a pattern search (PS) algorithm so
that the total operational costs of the WWTP wenginmzed as much as possible (equation



1). The PS algorithm operates by finding a sequehpeints, called pattern, that approach an
optimal point. The value of the objective functeither decreases or remains the same from
each point in the sequence to the next. The pattgands or shrinks depending on whether
any point within the pattern has a lower objecfivection value than the current point and the
search is stopped after a minimum pattern sizdoban reached. As a result, this behavior of
the PS algorithm has the potential to avoid a lagaimum that is not the global minimum
(Dohertyet al, 2004). For the performance assessment and setpqtimization only the

last seven days of the simulation were taken intesieration. The initial condition for each

optimization was the mean value of the open loogragmon of the WWTP.

3. RESULTS AND DISCUSSION

3.1. Development of control approaches

Table 2 presents the 3x6 transfer function modéh@WWTP. The plant model was
obtained by system identification tests under nbwparational conditions and each transfer
function represents the relationship between anpialey control input and a control output.
These transfer functions represented accuratelgehavior of the WWTP in the operational
range studied in this work, because the identificaprocedure applied to other operational

points inside this range presented similar results.

Table 2 3x6 Transfer function model of the simulated WWTP.

The system identification was performed using thealled step tests to generate data that
holds information about the process dynamics doske normal operating conditions. For
all identification tests the dissolved oxygen cohloops in R5, R6 and R7 were closed using
P1 controllers. The DO setpoint values used fortés¢ were 1.5 mg/L for reactor 5 and 6, and
0.75 for R7. Also, sludge retention time (SRT) waantained around 10 days by controlling
the TSS concentration in R7 at a value of 3850 nugihg a PI controller. The manipulated
variable for the TS& control was @, which was constrained between 300 and 4%@.m

The data was collected at an interval of 15 min.

The system variables chosen as inputs wegg,@kxint and Qexr. The output variables
chosen for this study were: soluble phosphoregg$ reactor 2 (R2), @4in R4, $o4in

R7, Sioz In R4, nitrate and nitrite (&3) in R7 and ammonia nitrogenyi®) in R7.



The NSRGA matrix used for the proper selectionexfeshtralized control loops was
calculated, for the 3x6 system, at four frequencies 0 radd™ (static conditions), 1 rad™d
(weekly conditions), 2 radd™ (daily dynamic conditions) and #8add™ (hourly dynamic
conditions). The first 3 frequencies are the saspenrted by Machadet al. (2009) for a

similar WWTP, but an additional faster frequencytéf radd™ was also studied. These
frequencies were selected because they cover tbkewdmge of variability versus time found
in full-scale WWTP. Static conditions appear fandeterm operation of a WWTP; weekly
changes are expected following the typical patténvorking and non-working days of the
week; daily changes are due to usual wastewaterrthte profiles in a 24-h period and finally
the higher frequency is expected for fast reactarthe control loop following changes in

nitrogen and phosphorus concentrations in theentlu

Table 3— 3x6 NSRGA matrix for possible closed loop combores at frequency = 0
radd™ (static conditions) 2radd™ (daily dynamic conditions) and #8add™ (hourly

dynamic conditions).

Table 3 presents the NSRGA study for the frequengie 0, 2t and 4& radd™ (o = 1 radd™
provided similar results to = 0 radd™). The 3x6 NSRGA analysis shows that by increasing
the frequency the pairing of the possible contwopis shifts. At a frequency of O rad/d the
recommended pairing isdQp — Svoz R7, Qant — Svoz R4 and Qexr — Sro4 R2 while at daily
and hourly dynamic conditions the recommended mgis Qiext — Svos R7, Quint — Svos

R4 and Qop — S04 R2. This shift is an evidence of instability oétblosed loop system

under dynamic conditions. As a result the NSRGAyamwas repeated for 2x6 systems

(Qcon/Qrint and Qunt/Qrex) for the same frequencies.

Table 42x6 NSRGA matrix for possible closed loop combimasi for @Qop/Qrint at
frequencyw = 0 radd™ (static conditions) 2radd™ (daily dynamic conditions) and 48

ractd™ (hourly dynamic conditions).

Table 4 presents the NSRGA analysis for the 2x&aysvith Qop and @ nt as possible
manipulated variables. It can be observed thai B2 and {Kos R4 can be independently
controlled by Qop and G, respectively. It is important to emphasize thagJew
interdependencies are observed for all tested émgjas. Also, considering the mechanisms

that explain EBPR in wastewater, pairing the exdbacetate addition with the phosphorus



concentration in the second reactor is a good climseng times with low P levels in the
anaerobic reactors, the addition of carbon wilbfathe breakdown of polyphosphates by
PAOs and as a result phosphate concentrationgnatitase due to release of orthophosphate
in the system. Thus, a first control strategy caméfined. Considering the three DO control
loops and the TS control loop, control strategy #1 (CS1) has sirtoa loops in total. The
last two control loops are represented by thedQ S04 R2 and @Qint - Svos R4.

Table 52x6 NSRGA matrix for possible closed loop combiag for Qynt/Qrexr at
frequencyw = 0 radd™ (static conditions) 2radd™ (daily dynamic conditions) and 48
radd™ (hourly dynamic conditions).

Table 5 presents the NSRGA analysis for the 2x&sysvith Qunt and Qiexr as possible
manipulated variables. As for the previous case,recommended pairings emergein -
Svos R4 and Qext - SP04R2. In this case, the phosphorus at the end cdrtaerobic stage is
controlled using the external recycle flow. Thisitol loop is feasible because nitrate from
the bottom of the settler, is recycled into theemohic reactors via gxr. Higher Qiext
values will bring larger quantities of nitrate hetanaerobic reactors that will trigger OHO
activity, and therefore less VFA will be availalite PAO which will lead to less release of
orthophosphate. Lowerg@xr values will have the opposite effect. Thereforetoa strategy
#2 (CS2) was defined with six control loops, thstffive loops identical to CS1 and the last
control loop represented by the&r - Sro4R2. The Qexr value was restricted to a
minimum of 9223 n¥d and a maximum of 27669°fd.

The controllers for CS1 and CS2 were designed ubiadnternal Model Control (IMC)
approach because it provides a reasonable trabletieen performance and robustness
(Riveraet al, 1986). For the Rt - Svoz R4 and Qext — S04 R2 control loops continuous
P1 controllers were used while for the phospho#tmol loops, Qop — S04R2 and, a
discrete PID controller proved to achieve a bettartrol performance. The tuning parameters

of the PI/PID controllers are presented in Table 6
Table 6 Parameters of the PI/PID controllers used forptteposed control schemes.
Because the simulation results proved that CShlsaperior performance compared to CS2

(this will be discussed in greater detail later,@ontrol strategy #3 (CS3) and control

strategy #4 (CS4) had as starting point CS1. C88 asascade scheme to control the nitrate



concentration in reactor seven. On the outer lef/#ie cascade control architecture, a
feedback Model Predictive Controller (MPC) adjudtieel DO setpoint with different values
for each aerated reactor, based on the desiredcndl value of the nitrate (&s)

concentration in the third aerated reactor. Thedepoints were constrained to a maximum
of 2 mg/L to prevent excessive aeration. Also,Rérand R6 the setpoints were constrained to
a minimum of 1 mg/L to prevent under aeration adR7 the minimum setpoint was limited
to 0.25 mg/L. The inner control level consistedofiventional Pl controllers that keep the
DO concentration in the aerated reactors at thposes imposed by the MPC. The other
control loops of CS3 areddp - SF04R2, Qrint - Svoz R4 and @ — XrssR7.

Control strategy #4 was similar to CS3. The diffeewas that the cascade control structure
had to keep the ammonian) concentration in reactor seven at a specificaetp

As the name implies, MPC is a control architectheg uses a model of the plant for the
prediction of the process variables, over a fufumée time horizon, and for the computation
of the sequence of future control moves. All the@/Mgorithms have three elements in
common: prediction model, objective function, ahd algorithms for obtaining the control
law.

The central element of the MPC is the plant modetivin general, consists of, two parts:
the process model and the disturbance model. Sawedke! structures can be used to predict
the future behavior of a system: impulse resposte@, response, transfer function model,
state space model, time series model for distudgagtc. For the present work the state space
model approach for designing MPC was considered.state space model for controller
design was generated by linearization of the systesteady state operating conditions of the
WWTP. The order for the linear model was chosenguaitrial-and-error procedure that was
meant to reduce the order as much as possible stililadequately capturing the dynamics
of system. The agreement between the models us®tH@ and the simulated WWTP is
included in the supplementary material. The disooious plant models and disturbance
model for the two MPC used in this paper are priesebelow:

Plant model for the & R7 controller:

09037 -00585 0.0616 00012 00021 00290
x(k+1|K) =| 00343 08949 02414x(k)+|-00066 —0.0025 —0.0038/u(k) (9)
~00679 00992 02784 -0.0018 00010 0.0098



y(k) =[8.4852 3.1183 -6.0044x(k) (10)

Plant model for the &; R7 controller:

0.8553 00913 -0.0602 0.0008 00017 0.0205

x(k +1|k) =| -0.0638 0.8354 0.2781 |x(k)+|0.0045 00017 0.0033 |u(k) (11)
00703 01658 0.1526 0.0016 -0.0006 -0.0047

y(k) =[-6.0420 27056 -4.5983x(k) (12)

The output disturbance model used for both MPCrodats is described by:
x(k +1]k) = [1]x(k) +[6.9310* |u(k) y(k) =[3981.0Fx(K) (13)

where: x(k) is the state variable vector of thenplaith assumed dimensiarx, u(k) is the

vector of manipulated variables or input variabigk) is the process output

The states of the plant were estimated using a &alfiiter and the control action at each

time step was computed by minimizing the objecfivection which is presented below:

AUKK),-.. A, (M-1+K]K) =

min {p_l(ny Wi (Y (k+1] k)—rj(k+1|k))\2+n2u wAu, (k+1] k)zj} (14)

where: “( )" is the j component of a vector; (Kdijalue predicted for time k+i based on the

information available at time k, r(k) reference 'MH!CWIA;J andw’, weighting matrices of y or

u.

The MPC and the state observer were built using/lR€ Toolbox provided in Matlab. The
MPC Toolbox automatically designs the state obsarsing the plant model provided by the
user. The MPC controllers used a sampling timatef 5 minutes and were tuned using the
tuning rules presented in Maciejowski (2002), byfgrening repeated simulations and taking
into consideration the overall WWTP operation assent measures. The best parameters for
both controllers were found to be: prediction honzdp = 100 and control horizon Hc = 3.



Table 7 Control loops and optimal setpoints of the impletaedrcontrol strategies

Table 7 summarizes the tested control structuedsjld the implemented control loops and

presents its optimized setpoints found with theaR®rithm.

3.2. Sensors and actuators

To prevent unrealistic performance of the conti@tegies the dynamic behavior of sensors
was modeled considering available commercial probes continuous sensors were modeled

using a series of Laplace transfer functions asgmted in (Riegest al, 2003):

1

Gsensor(s) = m

(15)

where: Gensor= transfer function of the sensor, T = T90/factdime constant to achieve
defined T90 time for a given n, n = number of tfanfunctions in series.

For the dissolved oxygen control loop a continudash LDG Process Dissolved Oxygen
Probe was considered. The probe has a measuremt@nai of 0 - 20.0 mg/L with a
measurement noise of + 0.2 mg/L and a response(Tig® of 1 min. The DO sensors were
modeled using a system order of n = 2 and timetaoh3 = 0.257 min (Riegeat al, 2003).

For the nitrate control loops a continuous in slach NO3[F sc Nitrate Sensor ion-selective
electrode (ISE) was considered and for the ammionjas the NH4[5 sc Ammonium Sensor.
Both probes have a measurement interval of 0.20.00mg/L with a measurement noise of +
0.2 mg/L and a response time (T90) of 3 min. Thetd and ammonia sensors were modeled
using a system order of n = 2 and time constan018490 min.

For the phosphorus control loops a PHOSPHAX™ spihate Analyzer was considered.
The probe has a measurement interval of 1-50 mgh.avmeasurement noise of + 1 mg/L, a
response time (T90) of 5 min, including sample prapon, and an adjustable measurement
interval of 5-120 min. For all the simulations $ensor was considered to be set at a 5 min
measurement interval and worked together with ehHRALTRAX Sample Filtration System.
The dynamic behavior of the aeration system, kwas modeled in the same way as for the
sensors. The aeration system was considered toah@sponse time of T90 =4 min (Rieger
al., 2006) and was modeled using a second ordefféraisction with a time constant of T =

1.03 min. The continuous sensors and actuator medsle implemented in



Matlab/SIMULINK in form of differential and differgce equations as presented in Adéal.
(2008):

dx(t) _1

4 T () Xl(t)—__xl(t)__xz(t) Y1 () =x,(t) (16)

3.3. Capital, operation and maintenance costs

Unlike the open loop operation of the plant, thelementation of advanced control strategies
of the WWTP implies certain additional costs: calpibperational and maintenance costs. The
capital cost is one-time expenses and it includeshased equipment cost (sensors,
controllers, filters, auxiliary equipment) and $ttion costs. On the other hand, operation
and maintenance costs are on a day to day badisaanbe both fixed costs and variable
costs. The total capital costs for each controp leere estimated using Eq. (17), the total
capital cost of each control strategy was calcdlatesumming up the total capital cost of the

loops in the control strategy.

TCC=CC+IC+nxOMC+OE (17)

where TCC is Total Capital Cost, CC - Capital CtSt;- Installation Cost, OMC — yearly
Operational and Maintenance costs, n — numberafyat the control strategy is in use,

and OE is overestimation.

For this work the capital costs were considereoketthe costs of purchasing sensors,
controllers and filtration units. The installatioast was considered to include the price of the
actual installation of the equipment and also & with the auxiliary equipment. The
installation costs were considered to be 20% otthepment price. The operation and
maintenance costs were calculated on a yearly baditiad a value 20% of the equipment
price. The overestimation was set to 10% of allabsts. Table 8 presents the estimated 5
year total capital costs (5yTCC) for each typeaiipment used for the control strategies for

an operation period (OP) of 5 years.

Table 8 Estimated total capital costs for each type of papgint used for the control strategies

for an operation period (OP) of 5 years.



Table 9 Estimated total capital costs for each controltega

Table 9 presents the estimated total capital dostsach implemented control strategy. The
costs are presented for a 5 year basis and alwslyg (dTCC). The cost of the Tig$ontrol
loop was not accounted for because this contrqd l@as also implemented for all the

scenarios studied in this work.

3.4. Comparison of the tested control configuragion

The results of the simulated control strategieseve®mpared among each other and with a
reference operation (RO) simulation as well. ROditions were the same as presented in
section 2.1, which provided reasonable P removahs@nt ka values throughout all 28 days
of simulation were set for each aerated reaciarfér the reactor five and six were set to 120
d* and for reactor seven to 30 1/d. Thex@and Qexr values were also constant and set to
55338 ni/d and 18446 ritd respectively. The TSScontrol loop was closed and the TSS
setpoint in R7 was set to 3850 mg/L. With this egunfation, the RO had a total operational
cost for the dry influent file of 2378 €/d duringetlast seven days of simulation.

To have a fair comparison between the RO simulaimhthe control strategies, the RO
configuration was optimized using the same patearch algorithm that was used to
optimize the set-points of each control stratedye dptimization algorithm returned the
following values for the optimized reference operaiRO+): k a for reactor five was 156.66
1/d, k a for reactor six had a value of 104.75 1/d i the last aerated reactor 25 1/gn\@
and Quext Were 73784 riid and 24107 fid respectively, and the external carbon addition
flow had a value of 0.90 . This RO+ simulation presented a reduction éxdperational
costs of 166 €/(7%) with a mean value for the last seven daysnofistion of 2212 €/d (for
the simulation with the dry influent file). The R@esults for the rain and storm weather files
were improved by 9%. The main improvement of theraponal costs for the RO+ was due
to better total phosphorus{fPremoval. The B fines costs were lowered 216-254 €/d
depending on the influent file. For the dry infludie the effluent R; concentration had a
value of 1.25 mg/L, 23% lower than the non-optidiB0O. Another important cutback in the
operational cost was achieved with the total ngrofines which were reduced with 155-211
€/d depending on the influent file. The RO+ simiglatwith the dry weather file returned a
mean value of 9.58 mg/L, compared to 11.01 mg/liherRO. Both improvements are a



direct result of an increased biomass in the systéra PAO population increased from a
mean value of 622 mg/L to 691 mg/L, hence a grafthl1%. The X biomass also presented
a growth of 4%, from a value of 1469 mg/L to 152§/Im A downside of the RO+ is a slight
increase in the effluent ammonia (1.72 mg/L) cotregion which is a result of a 1% lower
autotrophic biomass concentration.

Table 10 summarizes the simulation results of tivestigated control strategies and reference
scenarios for the three tested influent files (dayn and storm). For the dry influent file, CS1
returned a mean value for the operational cosg044 €/d. By adding the daily capital cost
of CS1, the total cost summed up 2093 €/d, a remtuat the operational cost of 285 €/d
(12%) compared to the RO simulation and 119 €/d)(@&8mpared to the optimized RO+
simulation. CS1 showed reduced costs for bgifaRd ammonia nitrogen, when compared to
RO+. The operational cost due tg;Bnes were 31% lower (134 €/day) than for the RO+
scenario. The better P removal was a result ohereased PAO concentration with mean
value of the 736 mg/L, which is 6.5% higher compa@RO+. The costs with ammonia

nitrogen showed an improvement of 21% (38 €/day).

Table 10O0perational costs for the control strategies (&4), reference operation (RO) and

the optimized reference operation (RO+) for alluafit files.

For the simulation with the rain weather influeite,fCS1 returned a mean value for the last
seven days of 2848 €/d. Therefore, an improvemieh8 €/day compared to the optimized
RO. Adding the daily capital cost for CS1, the kotast were equal to 2897 €/d, with 36 €/d
more than the RO+. The elevated costs for thewagther scenario are a result of the higher
external carbon addition requirements for the phoggs control loop, as it can be observed
in Fig. 2. During the rain event, the mean influgs$, concentration has a value of 5.25 mg/L
which is almost 38% lower than the dry weather mesdune of 8.44 mg/L. As a result, the
SposqCONcCentration in the second anaerobic reactorsdmog the controller increases the
carbon addition flow in order to maintain the dedifso4concentration. Although the
operational cost are higher, it should be notet! @& presents a decrease of 13% (235 €/d)
in the effluent fines respect RO+ due to the bgitdiutant removal performance. The CS1
simulations with the storm weather influent filéineed mean operational costs, including the
daily capital costs, of 2704 €/d, with 4% (112 €fyer than RO+.



Figure 2 CS1 variation of phosphorus in reactor 2 (A) ar@&XB) for the dry and rain

influent file.

Control strategy #2 returned a mean value of tted tperational costs of 2143 €/d for the dry
influent file. This value represents an improvemaii3% (69 €/d) compared to RO+. The

cost cutback is a direct result of the phosphoaumrol loop in the second anaerobic reactor,
which has as manipulated variablgeQr instead of Qop, and as a result the external carbon
flow is zero. The downside of this approach is thatcosts with the effluent fines is higher
with almost 11% (119 €/d) compared to the RO+ anld aimost 28% (262 €/d) compared to
CS1. The simulations with the rain weather influietreturned a mean value of the total
operational costs of 2897 €/d, with 497 €/d moentthe RO+ cost and 227 €/d more than
RO scenario. The increased operational costs @8®junder rain weather conditions are due
to a poor pollutant removal performance of the WWBEcause the influent phosphorus
concentration is lower under rain weather condgjdahe P controller reduces to a minimum
(9223 ni/d) the Qexr value (Fig. 3B), for the whole rain period, to mtain the desired P
concentration in the second anaerobic reactor. felbisdetermines an increase of more than 3
times of the TSS in the settler, from mean valu8l¥6 kg for the dry weather scenario, to
26132 kg for the rain event. As a result, the effiluTSS concentration increases from a mean
value of 13.88 mg/L to a value of 23.75 mg/L (RB@.). Because 6.7% of TSS represents
phosphorus, the increase in the TSS concentragamslto an increased concentration of total
P in the effluent, actually 94% out of the mearueadf 1.86 mg/L for the rain event (day 22.5
to day 24.5) is phosphorus that originates from {&&. 3D). This high B:concentration,
coupled with the large flow of water during thigipd results in a total P discharge during the
rain event of 71.41 kg. This value is almost 3 8rheher compared to the dry weather
influent file for the same time period. As a reghi costs with £ fines have a mean value

for the last seven days of simulation with the iaftuent file of 835 €/d.

Figure 3 Dynamics of the CS2 under dry and rain weather itimmg: A) So4reactor 2; B)
QrexT; C) Effluent Tsg D) Effluent Ry

The low Qkext value also has a major effect over the TSS inghetors. Despite the fact that
during the rain event the T&Scontroller sets the Qat its lower limit of 300 ri{d to
increase the TSS in R7, due the loweQ the TSS concentration in R7 drops to a mean value

of 2664 mg/L from a value of 3857 mg/L during thg dvent. The simulations were repeated



with the lower Qy limit set at 200 rifd and 100 rfid. The results showed that the process
performance deteriorates with decreasingde to a higher TSS concentration in the settler
while the TSS concentration in the reactors remtiasame as a result of the lowggr.
Because of the low levels of TSS in the reactard,therefore low levels of biomass, the
pollutant removal capacity of the WWTP drops dgly. As it can be observed in Table 10,
CS2 also presents the highest effluent costs fonama (718 €/d) and total nitrogen (935

€/d). Figure 4 presents the variation for the aaofatic and heterotrophic biomass for CS2
under dry and rain operating conditions. It carobgserved that during the rain event there is a
decrease in both types of biomass. Figure 4 alssepits the behavior of CS1 under rain
operating conditions and it can be observed th#tigicase the drop in the biomass

concentration is less significant.

Figure 4 Variation of the autotrophic (A) and heterotrop{i) biomass for CS1 and CS2.

CS2 also presented high operational costs forttdrenanfluent file simulations. The mean
operational costs were 9% higher (251 €/d) than R@d-13% (363 €/d) compared to CS1.
Because of the poor performance of control stragemgyall weather conditions, control
strategy 3 and 4 were based on control strateglgidhwhad better performance results.
Control strategy 3, under dry weather conditiomesented a mean value for the total
operational costs of 2115 €/d. This value is 97(8%d) lower than the RO+ and 263 €/d
(11%) compared to RO simulation. The performanc€®8 is similar to CS1, the difference
in the operational costs (OC+dTCC) for the dry \weafile is only 1% (22 €/d more than
CS1). It can be observed in Table 11 that for loothirol strategies, under dry weather
conditions, the differences in the effluent ammoRia and No: concentrations are very small.
The advantages of CS3 over CS1 can be observed ad@®perating conditions. In this
case, CS3 has an improvement in the operationtd 06419 €/d (4%) compared to CS1. The
major improvement in operational cost is due t@tdo ammonia removal. The mean effluent
ammonia concentration has a value of 1.61 mg/L 2% lower that CS1 (Table 11). The
better ammonia removal capacity of CS3 is due tmamrased aeration. The meaia kalue

for CS3 was 95.14 1/d, 6.6% more compared to CS1.

For the storm influent file, control strategy 3ajwesented a good performance, with an
improvement in the operational costs of 114 €/d parad to RO+. Compared to CS1, CS3

presented an improvement of only 2 €/d.



Table 11Mean effluent concentration and time above limi&IL().

The best results were returned by control strategyhich showed an improvement in
operational costs for the dry influent file of 1621 (7%) compared to RO+ and 328 €/d
(14%) compared to the non-optimized RO. CS4 pregdetbest pollutant removal
performance with a mean value for the effluentdin€891 €/d. This control approach
showed the best ammonia removal capacity, with@evar the ammonia EF of 77 €/day,
this being 45% lower than CS3 which is second bessidering ammonia removal. In Table
11 it can be observed that CS4 has a mean effarentonia value of 1.10 mg/L and time
above limit of 0.59 %. Also, despite the better amnia removal capacity which should have
a negative effect on the P removal due to an isee@roduction of nitrate, the effluent total
phosphorus concentration has a value of 1.09 nmidiis performance in P removal is
achieved due to thedQp-Spo4 R2 control loop which provides additional carbotoithe
system. CS4 was the biggest external carbon conmsafnad the tested control strategies. The
mean value of the external COD flow was 0.90dn7% more than CS3 and 5% more than
CS1. Compared to RO+, CS4 used the same amouxterhal carbon but it used lower
aeration. As a result, the PAO biomass had anaseref 6% from 691 mg/L to 730 mg/L.
Also, the heterotrophic biomass concentration deddpom a mean value of 1528 mg/L for
the RO+ to a value of 1438 mg/L for CS4, while sutotrophic biomass had only a drop of
2%.

CS4 has the best performance for rain and stormasiceas well. The operational costs are
126 €/d lower for rain and 283 €/d for storm conapéto the RO+. Considering the overall
results, CS4 was demonstrated as the control gyratest able to maintain optimum
operational costs linked to a proper performanckate to react successfully under influent

disturbances.

Figure 5 Control strategy CS4 results for the Dry influete:f(A) Phosphate R2; (B) Nitrate
nitrogen R4; (C) Ammonia R7

In Figure 5 it can be observed that CS4 presenggbd control performance for all control
loops despite the delay and noise of the contmoli&lso, Figure 6 presented the dynamics of
the manipulated variable for each control loogalh be observed that the controllers achieve

good performance and there are no extremely rd@dges in the manipulated variables and



therefore the exploitation, of the pumping, aeratod external carbon dosage units will be

efficient.

Figure 6 Control strategy CS4 dynamics of the manipulatediées: (A) External carbon
addition flow; (B) Qunt; (C) kka R5; (D) ka R6; (E) ka R7

The characteristics of the COD, BOD and TSS remagie not significantly changed by the
control strategies when compared with the referesimelations, but the reduction of the
operational costs may stand as an important ineefdr their implementation.

Table 12 presents the pollutant removal performaihoan be observed that all control
approaches of the WWTP achieve a total phosphemsval of more than 86%. The best P
removal performance is achieved by CS3 and CS4mwife than 90%, for the dry weather
influent file. This means that the performanceha plant is in accordance with the
91/271/EEC Directive, although the mean effluggtd®ncentration is above the imposed
limit of 1 mg/L (Table 11). In a similar way, thetal nitrogen removal is also in accordance
with the 91/271/EEC Directive, the total nitrogemoval performance being between 70-
80% of the influent load.

Table 12 WWTP performance for pollutant removal.

CONCLUSIONS

This work proposed four new control approacheafd WTP aiming at simultaneous C, N
and P removal. All the control strategies includatool loops that aim at P removal
improvement in addition to the more common loopsigleed for carbon and nitrogen
removal. All the set-points of these control stgeés were optimized to ensure an optimal
performance. Hence, the reported results showighest feasible performance of these
control structures with fixed optimized set-points.

The simulation results with each control structusang all weather influent files were
compared with the performance of a reference ojpperépen loop except for TSS control)
and with an optimized reference operation. Theselt®proved that:

i) The operational costs and effluent quality & WWWTP can be greatly improved using
model based optimization of the reference operafitve optimized reference operation
managed to improve the effluent quality and therajpenal costs by 7 % (about 61,000
€/year) for the dry weather, and by 9% for rain atadm weather conditions.



i) Automatic control of the WWTP can greatly impeothe operational costs of the plant
while maintaining low pollutant effluent concentosits and achieving a more stable
performance even under intense operation.

iii) Using the external carbon addition in the ffissxaerobic reactor as manipulated variable in
a phosphorus control loop proved to be more efficilean using it as fix input to the plant.
The Qop — S04 R2 control loop proved to insure a stable EBPR@ss and to help produce
a better effluent quality.

iv) Using the external recycle flow as manipulategiable to control &4 at the end the
anaerobic zone proved to be a good approach owlgrudry weather conditions. The&Qr —
Sro4R2 control loop did not assure a stable perforreamaler rain and storm conditions.

v) CS4 was the most efficient in all working comalits, leading to an operational cost
reduction of 120,000 €/yetor dry weather conditions. CS3 proved to be tluwsd best due

to its good performance during rain and storm exent
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Table 1Parameters used for the effluent fines calculation.

52&‘;;}‘6 Ao, (€Elkg)  AB, (Elkg) B, (€M)  C, (mglL)
Ammonium 4.00 12.00 2.70x1d 2.00
Total Nitrogen 2.70 8.10 1.40x1®  10.00
Phosphorus 12.00 36.00 2.70x1d 1.00




Table 2.3x6 Transfer function model of the simulated WWTP.

Inputs
Outputs Qcor QriNT QrExT
SosR2 4,935 o012 -2.187110° o-0a12s -1.28910° o~ 02060
0.286:+1 0.17k+1 0.417s+1
SoosRA - 02666_03125 -2.23110° o020 1.02210* o 0212
1.02¢s 1.09% +1 0.66¢s+1
SoouR7 - 0992 o~ 0036 -2.40410° o012 1.577010* o030
0.74€s+1 0.8645 +1 0.95¢s +1
Suoq R4 ~ 0783 oo -8.20310° - 02075 -569310° o021
0.486s+1 0.58¢s+1 0.16k+1
Suoq R7 -1010 0295 3.2410° o 02955 -1357010* o-0207s
0.447s+1 0.53¢+1 0.20¢s +1
Sy R7 - 1010 0295 1235[10° o-0238 -107210° o020
0.447s+1 8.21(s+1 0.84(s+1




Table 3. 3x6 NSRGA matrix for possible closed loop combibes at frequency = 0 radd™

(static conditions) 2 radd™ (daily dynamic conditions) and #&add™ (hourly dynamic
conditions).

Manipulated Variables
Controlled o =0 rad/d o = 2x rad/d o = 48t rad/d

variables  Qcop  Qrint Qrext Qcop Qrint Qrext Qcop  Qrint — Qrext

Sroa R2 0.1846  0.0008 0.7896 0.5355 -0.0005 0.4585 0.6000 -0.0004 0.3949
Srosa R4 0.0174 0.0856 -0.0197 -0.0002 0.0213 0.0030 0.0002.0210 0.0014
Sro0a R7 0.1788 0.0059 -0.0918 0.0341 0.0020 -0.0178 0.0239.0017 -0.0124
Swoz R4 -0.0017 0.9304 -0.0004 -0.0170 1.0027 -0.0091 -0.0165 1.0043 -0.0103
Svoz R7 0.6209 -0.0231 0.3224 0.4476 -0.02550.5655 0.3926 -0.0265 0.6263

Swha R7 0.0001 0.0003 0.0000 0.0000 0.0000 0.0000 0.00000000. 0.0000




Table 4. 2x6 NSRGA matrix for possible closed loop combima for Qop/Qrint at
frequencyw = O radd™ (static conditions) 2 radd™ (daily dynamic conditions) and 48
ractd™ (hourly dynamic conditions).

Manipulated Variables
Controlled o =0rad/d o = 2r rad/d o = 48t rad/d
variables  Qcop  Qrint  Qcop  Qrint Qcop  Qrint
Spo4 R2 0.9196 -0.0033 0.9795 -0.0067 0.9851 -0.0082
Sro4 R4 0.0049 0.0726 0.0007 0.0230 0.0006 0.0219
Spo4 R7 0.0383 0.0017 0.0077 0.0007 0.0062 0.0007
Swoz R4 -0.0003 0.9285 -0.0067 0.9822 -0.0082 0.9848
Svoz R7 0.0375 0.0003 0.0188 0.0008 0.0162 0.0008
Swwa R7  0.0000 0.0002 0.0000 0.0000 0.0000 0.0000




Table 5. 2x6 NSRGA matrix for possible closed loop combmad for Qunt/Qrext at
frequencyw = O radd™ (static conditions) 2 radd™ (daily dynamic conditions) and 48
ractd™ (hourly dynamic conditions).

Manipulated Variables
Controlled o = 0 rad/d o =2rrad/d ® =48trad/d
variables  Qrint  Qrext  Qrint Qrext  Qrint  Qrext
Sro04R2  0.0018 0.9699 0.0069 0.9592 0.0115 0.9448
Sros R4 0.0679 0.0052 0.0217 0.0023 0.0206 0.0020
S04 R7  0.0006 0.0144 0.0004 0.0030 0.0003 0.0026
Swoz R4 0.9282 0.0000 0.9695 0.0045 0.9661 0.0081
Swoz R7 0.0013 0.0106 0.0015 0.0310 0.0015 0.0424
SwHa R7  0.0002 0.0000 0.0000 0.0000 0.0000 0.0000




Table 6. Parameters of the PI/PID controllers used fergtoposed control schemes.
Control loop

Manipulated Controlled Typeli)f Kc dT' de

variable variable controfler [days] [days]
Qcop Sro: R2 PID 0.4148 0.44320.1012

QRrexT S0 R2 Pl -1900.3 0.56 -

QriNT Svoz R4 Pl 34635 0.74 -

Qw X1se R7 Pl -4.9246 17 -

kra R5 %2 R5 Pl 100 0.01 -

k.a R6 %2 R6 Pl 100 0.01 -

kia R7 22 R7 Pl 100 0.01 -




Table 7.Control loops and optimal setpoints of the implated control strategies.

Controlled Controller Manipulated Manipulated ggtt'?i?:t
parameter algorithm variable variable constrains (mg )
Control So2 in R5, R6, R7 Pl lain R5, R6, R7 0 - 160% [1.11, 1.45, 0.27]
loops Swoz in R4 PI Qunt 0 — 92230 rild 1.98
for CS1 Seo.in R2 PID COD addition 0—5%d! 27.00
Control Soz in R5, R6, R7 Pl lain R5, R6, R7 0 - 160d [1.00, 1.00, 0.25]
loops Swoz in R4 PI Qunt 0 — 92230 rild 2.00
for CS2 Seo.in R2 PI Qext 9223-27669 ni/d 27.00
Supervisory . 1-2mg/L R5 and R6
Control Suosin R7 MPC So2 SPINRS, R6, R7 7 55 75 mgiL R7 7.00
loops Slave PI ka in R5, R6, R7 0 - 160%d Imposed by MPC
for CS3 Swoz in R4 PI Qunt 0 — 92230 rid 2.00
Seo.in R2 PID COD addition 0 — 5l 27.00
Supervisory . 1-2mg/L R5 and R6
Control Swein R7 mMpc ~ 02SPINRS,RE,R7T ™4 o5 75 g/ R7 1.50
loops Slave PI ka in R5, R6, R7 0 - 160% Imposed by MPC
for CS4 Svo: in R4 PI Qunt 0 — 92230 nid 1.92
Seo.in R2 PID COD addition 0-5%d! 27.00
Common
Control TSSin R7 Pl Qw 300 — 450° 3850.00

loops




Table 8. Estimated total capital costs for each type ofimment used for the control
strategies for an operation period (OP) of 5 years.

Equipment Type cc IC OoMC n OE 5yTCC
[€/unit] [€/unit] [Elyear] | [years] | [€/OP] | [€/0OP]
PHOSPHAX 11000 2200 2200 5 2420 26620
FILTRAX 5300 1060 1060 5 1166 12826
LDO 1300 260 260 5 286 3146
NO3D 5100 1020 1020 5 1122 1234
NH4D 5200 1040 1040 5 1144 12584
Controller 1500 300 300 5 330 3630
Data acquisition system
(DAS) 4000 800 800 5 880 9680




Table 9. Estimated total capital costs for each contratstyy.

PHOSPHAX | FILTRAX LDO | NO3D | NH4D | Controller | DAS TCC dTCC
[Units] [Units] [Units] | [Units] | [Units] [Units] [Units] | [€/OP] | [€/day]
CS1 1 1 3 1 0 5 1 89056 49
CS2 1 1 3 1 0 5 1 8905¢ 49
CS3 1 1 3 2 0 6 1 105028 58
CS4 1 1 3 1 1 6 1 105270 58




Table 10 Operational costs for the control strategies {S%), open loop simulations (OL)
and the optimized open loop simulation (OL+) fdriafluent files.

inf Control AE PE EC SP SNH Ptot Ntot EF oC OC+dTCC
strategy €/d €/d €/d €/d €/d €M €/d €/d €/d €/d
oL 360 39 0 490 169 683 638 1489 2378 2378
oL+ 382 51 181 502 181 432 4831096 2212 2212
> Csi 349 49 171 522 143 298 512 953 2044 2093
o Cs2 329 43 0 507 165 464 586 1215 2094 2143
Cs3 348 48 169 520 141 310 520 971 2057 2115
Cs4 350 47 181 522 77 303 512 891 1992 2050
oL 360 39 0 460 385 1019 868 2272 3131 3131
oL+ 382 51 181 484 376 722 666 1764 2861 2861
Zz Ccs1 357 52 400 510 378 506 645 1529 2848 2897
& CS2 318 44 0 458 718 835 9352488 3309 3358
Cs3 381 51 409 508 199 523 650 1371 2720 2778
Cs4 374 50 419 510 162 518 644 1324 2677 2735
oL 360 39 0 499 448 846 887 2180 30/8 3078
s OL+ 382 51 181 509 425 592 676 1693 2816 2816
x CSs1 361 49 232 527 315 466 705 1486 2655 2704
g Cs2 336 42 0 524 358 885 8732116 3018 3067
CS3 362 48 232 526 292 474 710 1475 2644 2702
Cs4 373 46 255 528 131 484 704 1318 2520 2578




Table 11.Mean effluent concentration and time above limiAalL().

SNH Ptot Ntot COD BOD TSS

Inf Co.ntr Conc TAL Conc TAL Conc TAL Conc TA Conc TA Conc TA
Strat mé/L % m'/L % m/L. % m}L 02 m'/L (;0 m}L 02
oo 160 ‘1% 162 %7 1101 9 4403 000 184 000 1362 000
o+ 172 9 125 7T 95 0% 4441 000 192 000 1398 0.0

. cst 158 298 107 099 972 17 4405 000 190 000 1364 0.00

5 sz 163 280 131 %% 1052 *0% 4397 000 185 000 1361 000
csa 156 1% 100 5% 985 °0% 4405 000 189 000 1364 040
csa 110 059 109 37 962 “*l1 4405 000 190 000 1365 040
oo 206 °1* 177 °1% 1118 ®7° 4051 000 212 000 1567 040
oL+ 200 %20 139 38 91 39 4101 000 222 000 1614 040

> cst 217 °2% 115 %80 953 378 4060 000 224 000 1576 0.00

®  cso 303 34 147 97 1135 838 4201 000 235 000 1718 6.4
css 161 0t 117 72 95 1% 4065 000 222 000 1575 040
csa 135 2% 117 3% 94 307 4067 000 223 000 1576 040
oL 250 %3t 167 %1 1184 %7 4206 000 202 000 14.99 386
oL+ 250 °F0 132 789 1041 %2® 4236 000 209 000 1525 37

= cst o217 *%% 115 %% 1037 %1% 4208 000 208 000 1497 371

% cs2 237 %% 1s6 %' 1160 BL% 4410 223 230 238 17.03 639
csa 205 3% 116 %% 1044 °2% 4207 000 208 000 1497 371
csa 132 27 117 732 4024 527 4210 000 209 000 1500 3.86

8

5

5




Table 12. WWTP performance for pollutant removal.

Inf.

Contr.

Strat

Pollutant Removal (%)

SNH

Ptot

Ntot

COoD

BOD

TSS

DRY

oL
oL+
Cs1
CS2
CS3
CS4

95.72
95.43
95.90
95.65
95.85
97.06

86.31
89.44
90.95
88.98
90.80
90.84

73.85
77.24
76.93
75.03
76.62
77.16

88.40
88.30
88.40
88.42
88.40
88.40

99.06
99.02
99.03
99.06
99.03
99.03

93.28
93.10
93.26
93.28
93.27
93.26

RAIN

oL
oL+
Cs1
CS2
CS3
CS4

93.89
93.80
93.57
91.01
95.23
96.01

83.16
86.71
89.04
85.96
88.84
88.82

70.30
73.95
74.69
69.86
74.54
74.98

87.43
87.28
87.38
86.97
87.39
87.38

98.73
98.67
98.66
98.59
98.67
98.66

90.59
90.30
90.54
89.68
90.54
90.54

STORM

oL
oL+
Cs1
CS2
CS3
CS4

93.11
93.13
94.25
93.70
94.55
96.50

85.84
88.81
90.27
86.78
90.17
90.03

71.86
75.28
75.37
72.45
75.21
75.67

88.52
88.43
88.51
87.96
88.51
88.51

98.92
98.89
98.89
98.77
98.89
98.89

92.16
92.03
92.17
91.09
92.17
92.15
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Supplementary data.
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Fig 1. Agreement between the simulated A2/O WWTP and THestate space models used for the MPC.





