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Abstract: Partial nitritation (PN) coupled with the anaerobic ammonium oxidation (Anammox)
process has improved ammonium removal in wastewater treatment plants (WWTPs). The operation
conditions of this process, i.e., the dissolved oxygen (DO) and the influent ammonium and nitrite
concentrations, drive the process to an equilibrium to suppress nitrite-oxidizing bacteria and achieve
a proper nitrite over ammonium (NO2/NH4) ratio. This study aimed to implement a set of control
strategies in a WWTP model BSM2-SHAMX, combining PN in a single reactor system for high-activity
ammonia removal over nitrite (SHARON) to an Anammox reactor, using proportional–integrative–
derivative (PID) control and model predictive control (MPC) in a cascade. For correct coupling,
the PN should maintain an output NO2/NH4 ratio between 1 and 1.3, suitable for the Anammox
process. In the cascade controller feedback loop, the primary control loop controls the NO2/NH4

ratio through the DO concentration from the secondary control loop, which guarantees better effluent
nitrogen removal. The performance of the plant was assessed by evaluating the control strategies
with different influent carbon/nitrogen (C/N) loadings. The study results showed that the MPC
controllers provided better results, with an improvement of 36% in the operational cost compared to
the base case with a cost around 26,000 EUR/d, and better nitrogen removal surpassing 90% removal,
10% more than the base case.

Keywords: cascade control strategy; resource recovery; benchmark model; partial nitritation;
SHARON; anammox process; C/N ratio

1. Introduction

Wastewater treatment problems are progressively becoming global, making it essential
to focus policies and investigations on designing and operating wastewater treatment
plants (WWTPs) for water reuse, resource recovery, and sustainable biological nutrient
removal [1,2]. A huge concern in WWTPs is the variation in high-strength ammonium
wastewaters from anaerobic digester effluent [1,3], which negatively affect WWTPs’ per-
formance because they are recirculated to the plants’ main stream, increasing the nitro-
gen loading and inhibition effects of microorganisms on the main stream of the plant.
Aerobic ammonia oxidizers are inhibited at ammonium concentrations in the range of
10 to 150 mg/L, and nitrite oxidation is inhibited when the ammonium concentration is
0.08 to 0.82 mg/L [1]. Those conditions affect the nitrogen removal performance of the plant
because the influent nitrogen overloads the system, making it difficult to achieve effluent
quality standards [4]. Therefore, high-strength ammonium loading must be controlled to
meet quality standards in WWTPs.
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Novel technologies have been studied over the years to overcome the effects of nitro-
gen overloads, such as the configurations of oxic–anoxic treatment process [5], the combined
nitrification/denitrification and deammonification process, complete autotrophic nitrogen
removal over nitrite (CANON) [6], single reactor system for high-activity ammonia re-
moval over nitrite (SHARON), and the anaerobic ammonium oxidation (Anammox) [7–10].
The combined SHARON–Anammox process has been reported to present a substantial
advantage in nitrogen removal, reducing operational costs and benefiting resource recov-
ery [4,7,11]. SHARON and Anammox can be effectively controlled and monitored by
adjusting the key factors of pH, dissolved oxygen (DO) concentration, NO2/NH4 ratio,
and temperature conditions, for maintaining the microorganisms activity in the treatment
process [12].

The SHARON process can achieve nitritation while stabilizing the sludge retention
time (SRT). This mechanism helps in the growing of nitrite-oxidizing biomass at high
temperatures and a pH of 7. Because of these conditions, the SHARON reactor can then
carry out the denitrification process for pH control in its original layout, and through
partial nitritation, it can function similarly, generating great savings in the operation of
WWTPs [4]. Furthermore, nitrogen removal can be achieved more sustainably through
the coupling of the SHARON and Anammox reactors. This coupling can represent huge
advantages leading to cost savings via the reduction in aeration usage and waste sludge
for instance [7]. The Anammox reactor helps to prevent the oxidation of nitrite to nitrate
and enhance the ammonium and nitrite conversion to nitrogen gas through the activity
of autotrophic microorganisms [4]. In a nutshell, the combined SHARON and Anammox
process allows the oxidation of ammonium to nitrite first in the SHARON reactor, and later,
when mixed with the ammonium entering the Anammox reactor, it is converted to nitrogen
gas in anaerobic conditions [4,7].

Although the SHARON and Anammox processes can improve nitrogen removal,
many factors of their implementation and performance remain unexplored and need to
be analyzed [13]. For instance, process control in WWTPs could be advanced to develop
feasible systems for enhanced nitrogen removal. Existing research has addressed the imple-
mentation of control strategies to optimize operation conditions in WWTPs for nitrogen
removal, cost minimization, and further improvements in effluent quality standards for sus-
tainable operation [4,14,15]. In WWTP systems, ammonia-based aeration control strategies
have gained attention for providing enough aeration to nitrify ammonia to meet the dis-
charge standards and save operational costs while increasing denitrification [16]. Similarly,
refs. [17–19] described pH control strategies for SHARON and Anammox processes in sub-
merged attached-growth bioreactors with low carbon-to-nitrogen (C/N) ratio conditions.
Furthermore, artificial intelligence (AI) techniques have been implemented with WWTP
systems to maximize removal efficiency and operational conditions [20]. However, despite
the wide range of research on control strategies for WWTPs, cascade control strategies,
which could optimize the operation of SHARON and Anammox processes in WWTPs,
have not been studied much.

Control strategies involving proportional–integrative–derivative (PID) control [4,15,21]
or advanced model predictive control (MPC) [18,21,22] are regularly depicted in research,
where they have outperformed other strategies. Advanced control strategies, such as
the cascade control, can surpass the performance of simple PID or MPC controls by in-
tegrating them. For instance, a cascade control was implemented by [15] to control the
ammonium concentration in the aerobic tank of a WWTP. In that work, a DO controller
used the oxygen transfer coefficient to maintain the oxygen concentration in the fourth
tank, while an ammonium controller manipulated the oxygen controller to maintain the
ammonium concentration in the last tank. That strategy offered good control of the am-
monium concentration and reduced the carbon dosage. Ref. [23] described a cascade
control composed of feedforward loops that adjusted the influent ammonium loading
by manipulating the aeration flow into the aerobic tank. Cascade controllers can work
accurately and quickly to achieve good effluent quality. Although cascade controllers



Water 2023, 15, 4015 3 of 20

are highly recommended and outperform single controllers in WWTP applications, their
implementation in the deammonification process is still lacking. Therefore, this study
investigates the use of cascade controllers in different control strategies to enhance nitrogen
removal and WWTP performance.

Because the deammonification process requires certain factors for appropriate opera-
tion, the optimization of operational conditions needs to be researched. Few studies have
presented the effects of varying effluent from the anaerobic digester, which can present a
different C/N ratio as the influent to the partial nitritation process [1] and an inappropriate
NO2/NH4 ratio as the influent to the Anammox process [24]. An optimal and low C/N
ratio, for nitrogen removal, has the potential to completely convert ammonium to nitrogen
gas (N2) in ammonium-rich wastewater [1,5,25,26]. The NO2/NH4 ratio is an underlying
condition for the correct operation of the Anammox process. Given that the effluent from
the anaerobic digester should be able to oxidize half of the ammonium to nitrite, an ade-
quate product mixture from the partial nitritation process can be obtained by manipulating
the NO2/NH4 ratio, which affects the nitrogen removal efficiency in the Anammox process
by reducing nitrate production in the deammonification process [12]. A NO2/NH4 ratio
of around 1 to 1.3 prevents the oxidation of nitrite to nitrate, influencing the bacterial
growth needed [1,24,27]. Thus, the conditions needed to achieve the correct NO2/NH4
ratio in the operation of the deammonification process need to be thoroughly analyzed.
This work proposes the use of cascade controllers to evaluate the optimal operation of the
deammonification process and maximize nitrogen removal.

The objective of this study is to optimize the nitrogen removal strategy in a WWTP by
implementing the SHAMX process in the Benchmark Simulation Model No. 2 (BSM2) of a
WWTP, the BSM2-SHAMX model. To do that, the SHARON and Anammox processes are
first integrated into BSM2 to analyze the removal efficiency of the system. The SHARON–
Anammox processes are coupled after the dewatering process. Second, five established
control strategies, PID control for DO, PID control for ammonia, cascade PI-PI, cascade
PI-MPC, and cascade MPC-MPC, are compared. The controllers are implemented in a
cascade control strategy under several influent scenarios to enhance nitrogen removal
efficiency while increasing the resource recovery potential of the SHAMX process. Third,
the performance and resource recovery potential of the control strategies are evaluated
by considering the aeration energy (AE), pumping energy (PE), sludge production (SP),
operation cost (OC), and methane production (METP).

2. Materials and Methods
2.1. Problem Statement

This study evaluated the performance of a WWTP system using different cascade
controllers for the deammonification, partial nitritation, SHARON (SH), and Anammox
(AMX) processes to treat high-strength ammonium wastewaters from anaerobic digestion.
The flowrate of high-strength ammonium wastewaters from reject water affects nitrogen
removal in the WWTP, and SHAMX is used to mitigate that condition. However, the AMX
process requires a sufficient NO2/NH4 ratio, which can be difficult to achieve naturally
in WWTP reject water. Therefore, cascade controllers can be integrated into the system to
achieve that ratio and improve the plant’s overall nitrogen removal.

The WWTP model consists of the biological process in the main line and the sludge
and reject water treatment in the sidestream. The model contains information about the
flowrates, sludge concentration, and physical and operational conditions of the biological
reactors, settlers, anaerobic digester (AD), and SHARON and Anammox processes. The
influent flowrate used in the model is presented in Figure S1a, and the influent-suspended
solids and ammonia concentrations are shown in Figure S1b for a period of 153 days. The
developed model includes the following three main points:
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1. The data include the influent flowrate and the flowrate of the components, such as
nitrate, ammonia, and oxygen, as well as the sludge concentration, among others in
form of model input data such as nitrite, C/N ratio, solids, particulate matter, etc. All
of these are required for the model.

2. The processes of a simple biological treatment are given in the WWTP model as
one primary clarifier, five biological reactors, one secondary clarifier, one AD,
one SHARON, and one Anammox reactor.

The data for the operations and design of the system are contained in the model for
both the biological treatment and the reject water treatment (AD, SH, and AMX).

2.2. Proposed Method

The framework proposed in this study is comprehensively presented in Figure 1. It
is divided into three main parts: BSM2-SHAMX system modeling including parameter
calibration, evaluation through the sensitivity analysis for controller’s implementation, and
control performance analysis. The sensitivity analysis was developed to obtain insights
into the variations in the model caused by different influent concentrations and various
operating conditions that influence nitrogen removal in the plant. Then, two single-loop
controllers and three cascade controllers were implemented using the BSM2-SHAMX model.
The single-loop controllers are PI controllers, and the cascade controllers are PI-PI, PI-MPC,
and MPC-MPC controls.
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The control performance of the plant was assessed in terms of effluent quality and
resource recovery potential. The conditions encountered during the sensitivity analysis and
parameters taken from the literature [4,18] were used for the process control implementation
on the BSM2-SHAMX model. Five control strategies were evaluated for their nitrogen
removal efficiency to assess the resource recovery potential of the model-based WWTP.

2.3. BSM2-SHAMX Model

The kinetics and stoichiometry of the deammonification process (SHARON and Anam-
mox) were adapted to the BSM2 model. The BSM2-SHAMX model was extended from
the BSM2, which is a WWTP benchmark developed by the Institute of Water Association
(IWA) [28,29]. The BSM2 is composed of a primary clarifier, five biological reactors, a
secondary clarifier, and a thickener; in the sidestream is an AD, a dewatering unit, and a
storage tank [28]. The biological treatment in the BSM2 follows activated sludge model
No. 1 (ASM1) [28,29]. More detailed information about the BSM2 design is presented in
Supplementary Materials.

To this layout, the SHARON and Anammox units were integrated into the sidestream
after the dewatering unit under the assumption that they would improve the removal
efficiency by treating reject water [4,7,18]. The SHARON and Anammox models were
adapted from [4]. The plant configuration is presented in Figure S2, and the components
considered in the BSM2-SHAMX model are presented in Tables S1–S3 of Supplementary
Materials. The kinetic and stoichiometric parameters of the SH and AMX models are
presented in Table S4, and additional Petersen matrices for the BSM2-SHAMX model
are presented in Tables S5–S7. The kinetic parameters of the model were additionally
calibrated using ranges defined from the literature, as presented in Table S8. Later, they
were calibrated to operational influent loadings, as given in Table S9 of Supplementary
Materials. Appropriate coefficient and process rates for the models were adapted from
the literature [4,14]. More detailed information about the SHAMX design is presented in
Supplementary Materials.

2.4. MPC State Space Model

Cascade controllers using nonlinear MPC were implemented to define advanced
control strategies that could improve the effluent quality and nitrogen removal. MPC
uses the receding horizon principle (RHP) (Figure S4). At sample instant k, an open-loop
optimal control problem is solved, and a prediction is made considering the current and
future constraints. The future outputs are then computed over the prediction horizon,
HP. The control moves over a control horizon to estimate the optimal trajectory for a
defined optimization criterion. Thus, only the first move of the optimal sequence is ap-
plied to the plant; after that, the state estimated is corrected with the measured output
at the present sampling instant. That process is then repeated at sampling time k + 1
using the present state x(k + 1) [30,31]. Overall, MPC consists of the RHP and the op-
timization for choosing the best sequence of control actions in the time horizon. The
optimization comprises the optimization model, an internal MPC model, and its opti-
mization solver [32]. For the control process, the state-space model (SSM) is established
assuming the current state x(k), control input u(k), disturbance input d(k), and output y(k)
(Equations (1) and (2)) [30,31].

x(k + 1) = Ax(k) + B1u(k) + B2d(k) (1)

y(k) = Cx(k) + D1u(k) + D2d(k) (2)

where A, B1, B2, C, D1, and D2 are the respective coefficient matrices. The output y(k + 1)
of the next step is estimated from the iteration of Equations (1) and (2), as presented in
Equation (3).

y(k + 1) = C(Ax(k) + B1u(k) + B2d(k)) + D1u(k) + D2d(k) (3)
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The iteration is continued until the step of the prediction horizon (HP) (Equations (4)–(10)).
From Equations (4) and (5), the SSM establishes relationships among the system output,
current state, control input, and disturbances from which the system behavior for the next
steps can be predicted.

X(k + 1) = Ax(k) + B1∆u(k) + B2∆d(k) (4)

y(k) = CX(k) + D2d(k) (5)

X(k) =
[

∆x(k)
y(k)

]
(6)

A =

[
AHP 0

CHP AHP I

]
(7)

B =

[
BHP

1
CHP BHP

1

]
(8)

B2 =

[
0

DHP
1

]
(9)

C =
[
0 I

]
(10)

In this study, ammonia (SNH,AMX) in the AMX reactor is the controlled variable, and
the manipulated variable is the DO (SO,SH) from the SH reactor. The linear model matrices
A, B, C, and D are determined by minimizing the error between the process measurements
and the simulated model outputs, which are estimated using the MPC toolbox in MATLAB
R2016a. In this work, the following matrices represent the MPC model (Equations (11)–(14)):

A =

[
0.8950 −0.0056
0.6715 1.0487

]
(11)

B =

[
−0.067
11.1464

]
(12)

C =
[
56.3987 −0.5147

]
(13)

D = [0] (14)

2.5. Sensitivity Analysis of BSM2-SHAMX

A sensitivity analysis shows which measures should be prioritized to improve nitro-
gen removal efficiency [33–37]. SHAMX model operation requires the selection of priority
parameters, in this case to achieve nitrogen removal efficiency before the control strategies
in the system can be evaluated. To make those selections, Monte Carlo simulations with the
dimension of N = 1000 were conducted and evaluated using model regressions with the ob-
jective of reducing the DO concentration in the SH reactor, the total nitrogen concentration
in the SH reactor, and the total ammonia concentration in the SHAMX. Equations S20 to S27
present the process for that analysis. More details about the sensitivity analysis metrics are
presented in Section 1.4 of Supplementary Materials.

2.6. Control Strategy Modeling and Evaluation
2.6.1. Implementation of the Control Strategies

The goal of process control is to limit the process output and make the system behave
in a desired way by manipulating the process input while reducing utility consumption
and operating costs [38]. To compare the performance of control strategies in this study,
single PID controllers were implemented as well as MPC cascade controllers. MATLAB
R2016a/Simulink software was used to develop the process model and control algorithms.
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A detailed description of the control strategies is presented in Table 1. The structures of
the single-loop control strategies (C1 and C2) are presented in Figure S5, and the cascade
control strategies (C3 to C5) are presented in Figure 2.

Table 1. Configuration of the proposed control strategies on BSM2-SHAMX.

Control Strategy Base Case C0 C1 C2 C3 C4 C5

Controlled variable -
SO from

SHARON reactor
(SO,SH)

SNH from
Anammox reactor

(SNH,AMX)

SNH from
Anammox reactor

(SNH,AMX)

SNH from
Anammox reactor

(SNH,AMX)

SNH from
Anammox reactor

(SNH,AMX)

Set point - SO,SH
= 0.0354 * mg/L

SNH,AMX
= 12 * mg/L

SNH,AMX
= 12 * mg/L

SNH,AMX
= 12 * mg/L

SNH,AMX
= 12 * mg/L

Manipulated
variable - KLa in SHARON

reactor (KLa,SH) KLa,SH; SO,SH KLa,SH; SO,SH KLa,SH; SO,SH KLa,SH; SO,SH

Measured variable - SO,SH SNH,AMX SNH,AMX SNH,AMX SNH,AMX

Control algorithm - 1 feedback PI
control

1 feedback PI
control

1 cascade PI-PI
control

1 cascade PI-MPC
control

1 cascade
MPC-MPC

control
Proportional

gain (Kp) - 689.23 79.88 0.181 79.88 -

Integral gain (Ti) - 1.98 3.17 3.33 3.17 -

* Value adapted from [3].
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loop calculates the dissolved oxygen concentration (SO) at the set point given, SO,sp, and tracks the SO

set point by adjusting the kLa of the system. The primary control loop compensates for the errors in
the SO measurement to attain the desired NO2/NH4 ratio. The primary and secondary control loops
are obtained by the feedback of the SO and NO2/NH4 ratio, respectively.

C0 has been defined as a starting point for comparison purposes because this control
strategy represents an open-loop system. This configuration represents the BSM2-SHAMX
with no controller integration. C1 is proposed as a DO controller on the SHARON process
to control the partial nitritation process for the Anammox operation. This control strategy
consists of a PI controller that controls the DO concentration from the SH reactor (SO,SH) by
manipulating the oxygen transfer coefficient in the SH reactor (KLa,SH). C2 uses an NH4
controller on the Anammox process to regulate the NH4 concentration going into the main
stream of the system. The controlled variable is the ammonia concentration in the AMX
reactor (SNH,AMX), and the manipulated variable is the SO,SH. C3 proposes a cascade control
comprising PI-PI controllers. SNH,AMX is the controlled variable in the primary control
loop, and the manipulated variables are SO,SH in the primary control loop and kLa,SH in the
secondary control loop. This control scheme aims to control the deammonification process
to reduce the plant’s final nitrogen concentration.

A similar concept is implemented in control strategies C4 and C5. The proposed
MPC cascade control algorithms present a PI-DO controller and MPC-NH4 controller in
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C4, and an MPC-DO controller and MPC-NH4 controller in C5. The incorporation of
MPC controllers is proposed to enhance the nitrogen removal. In this work, nitrogen
control strategies were implemented by considering the nitrogen and ammonia component
variables that represent their removal. More details associated with the calculations of the
PID controllers are presented in Section 1.5 of Supplementary Materials.

The simulation results are given for realistic influent data containing daily variations.
Figure 3 presents the influent chemical oxygen demand (COD) and N concentrations for
C4 and C5. The influent is described for three conditions of influent variation: low C/N
ratio (below 1), intermediate C/N ratio (equal to 1), and high C/N ratio (above 1). The
ratio value was defined considering previous studies conditions for WWTPs [1,5,25,26].
The low-strength stream data from [28] and high-strength stream data adapted from [4]
were used in this study. In [28], the average influent flowrate was 20,648.36 m3/d, with an
average COD of 592.53 mg/L. Those data simulate the wastewater flowrate with daily and
seasonal variations, from which dry weather data were adopted. The data from [4] were
adopted for a period of 153 days, with an average influent flowrate of 16,730 m3/d, average
ammonia concentration of 24.42 mg/L, average nitrite concentration of 121.2 mg/L, and
average nitrate concentration of 337.9 mg/L.
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2.6.2. Control Performance Indices
The plant performance with each of the control strategies was evaluated in terms

of the effluent quality and operating cost. Equation (15) represents the effluent quality
index (EQI), adopted from the study of [28], which is calculated by weighting the different
components of the effluent loadings.

EQI =
1

1000(t f − t0)

t f∫
t0

(
βTSSTSSe(t) + βCODCODe(t) + βBODBODe(t)+
βTKN TKNe(t) + βNO NOe(t)

)
Qe(t)dt (15)

where t0 and t f represent the time at the starting point of the simulation and the time at
the end of the simulation, respectively; TSSe, CODe, BODe, TKNe, and NOe are the total
suspended solids, chemical oxygen demand, biological oxygen demand, total Kjeldahl
nitrogen, and nitrogen in the effluent concentrations in mg/L, respectively; Qe is the
effluent flowrate in mg/L; and βTSS, βCOD, βBOD, βTKN , and βNO are the weighting factors
for TSS, COD, BOD, TKN, and NO, respectively, whose values are 2, 1, 2, 20, and 20,
respectively [28]. Furthermore, the assessment incorporates an analysis of the operating
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cost (OC) to determine the cost per day of each control strategy in a WWTP. Equation (16)
presents the OC calculation, which has been adapted from [28,39,40].

OC = γ1 AE + γ1PE + γ2SP (16)

where AE is the aeration energy in kWh/d, PE is the pumping energy in kWh/d, and
SP is the sludge production disposal in kg/d. The weighting factors of OC were defined
as 0.1 EUR/kWh for γ1 and 0.5 EUR/kg for γ2. These values were adopted from the
previous studies of [39,40]. Equation (17) presents the SP calculation, which has been
adapted from [28,39,40].

SP =
1

t f − t0

TSS f − TSS0 + 0.75

 t f∫
t0

(XS,e + XI,e + XB,H,e + XB,A,e)(Qe)(t)dt


 (17)

Here, XS,e represents the parameter of particulate biodegradable organics in the ef-
fluent flow in mg/L, XI,e is the particulate undegradable organics in mg/L, XB,H,e is the
active heterotrophic biomass in mg/L, and XB,A,e is the active autotrophic biomass in mg/L.
Equation (18) shows the calculation of methane production, adapted from [28].

METP =
16(Patm)(13.89)
25.62(t f − t0)

 t f∫
t0

Qgas(t) · pgas,CH4(t)
Pgas(t)

dt

 (18)

Here, Patm represents the atmospheric pressure with a value of 1.013, Qgas is the
methane gas (CH4) flowrate in kWh/d, pgas,CH4 is the methane gas pressure in bar, and
Pgas is the gas pressure considering CO2, H2, and H2O in bar. More details on the perfor-
mance evaluation indices are presented in Section 1.3 of Supplementary Materials.

2.6.3. Resource Recovery Evaluation

The resource recovery of the plant with the different control strategies was briefly
assessed in this study. The recovery potential of the system was estimated using the nitrogen
removal, SP, and METP of BSM2-SHAMX. SP is described in Equation (17), and METP is
calculated based on Equation (18). In the resource recovery analysis, nutrient recycling is a
fundamental concept that evaluates the advantages of reusing and capturing the nutrients
present in wastewater [41]. Nitrogen recovery in wastewater treatment systems can be
complex, costly, and time-consuming, given that the process by which it is synthesized.
As a main disadvantage, this process consumes a large amount of energy, which increases
the cost of operations and supply. Moreover, nutrient recovery has been studied from
raw wastewater, semi-treated wastewater, and byproducts [41,42]. Although nitrogen
recovery is still a complex process, the evaluation in this study is based on an estimation of
the potential for nitrogen recovery and reuse. This evaluation is complemented by other
products that can be recovered from wastewater, such as sludge and methane, with the
overall goal of reducing energy consumption and lowering operational costs.

3. Results and Discussion
3.1. Sensitivity Analysis

The sensitivity analysis was carried out using Monte Carlo simulations. Figure 4
shows the parameters that influenced the DO and ammonia concentrations required for
the control strategies implemented in the BSM2-SHAMX model. The DO and ammonia
concentration variations are presented as they reflect changes in the parameters, such as
the volumes of the primary clarifiers, and the first and third reactors, the oxygen transfer
coefficient in the SHARON reactor, oxygen transfer coefficient in the fifth reactor, return
sludge flowrate, and wastage flowrate.
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Figure 4. Sensitivity results for (a) dissolved oxygen effluent concentration, (b) nitrate effluent
concentration, and (c) ammonia effluent concentration. KLa5 and KlaSH are the oxygen transfer
coefficient in the fifth and SHARON reactors, respectively; VOL1, VOL3, and VOL_P are the volumes
of the first and third reactors and the primary clarifier, respectively; Qr is the sludge return flowrate;
Qw is the wastage flowrate.

Figure 4 shows scatterplots of the correlations between selected input parameters and
the model output. The plots present the rank correlations, rank partial correlations, and rank
standardized regressions, which are explained in Section 1.4 of Supplementary Materials.
From those ranks, the rank partial correlation and rank standardized regression were used
because they showed the highest correlations. Figure 4a presents the correlations between
the plant’s operational parameters and the DO concentration in the partial nitritation
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process. The most influential variables for DO were the oxygen transfer coefficient of the
fifth reactor (kLa5) and the volume of the third reactor. Figure 4b,c show the correlations
between the parameters and the effluent nitrate and ammonia concentrations, respectively.
In Figure 4b, the parameters of importance for the nitrate effluent concentration are the
waste flowrate and the volume of the primary clarifier. Similarly, for the ammonia effluent
concentration, the most influential parameters are the volume of the first reactor, the waste
flowrate, and the volume of the primary clarifier (Figure 4c).

3.2. Control Performance

The performance of the five control strategies is summarized in Table 2. The perfor-
mance indices are the EQI, OC, and SP, and the comparison to the base case, C0, is detailed
based on the percentage of improvement. EQI, which represents the environmental load
through the discharge of pollutants, was estimated and analyzed for each control strategy.
As shown in Table 2, C1 and C2 had the lowest EQI for all the influent variations, indicating
that the WWTP system was able to remove the most pollutants with those control strategies,
in which the DO was controlled in the SH reactor. On the contrary, the second highest EQI
was presented by C3, in which a PI-PI cascade controller was implemented.

Analyzing the EQI alone, the system seems to better meet the effluent quality standards
with a single-loop controller because C1 and C2 showed a small decrease in EQI, and C3
had an increase of 3.01%. That occurs because the effluent quality of the plant strongly
depends on the dynamic behavior of the concentrations controlled and the biological
process dynamics, as described in previous studies. The highest EQI was found with control
strategies C4 and C5 for all influent variations, with an increase of 71.15%. Assessing the
variations in EQI in terms of variations in the SHARON influent shows no major variance,
indicating that this condition does not influence the removal efficiency of the plant. Overall,
of the five control strategies (C1 to C5), only C1 and C2 decreased the plant’s EQI compared
with the base case in which no control was implemented.

Analyzing the OC values in Table 2 obtained for each control strategy according to
variations in the SHARON influent, the lowest OC was for C5 with low C/N and high C/N.
C5 implemented an MPC-MPC cascade controller in which the secondary MPC control
loop maintains the DO concentration at the SH reactor to limit the output NO2/NH4 ratio,
which later influences the primary MPC control loop to maintain the NH4 concentration,
enhancing the plant’s nitrogen removal. The OC in C5 was reduced by 36.73%, representing
a total of 9596.71 EUR/d, an important improvement in plant operations.

The NO2/NH4 ratio helps achieve good nitrogen removal in the Anammox process by
decreasing nitrate production. C5 presents the lowest OC in part through lower SP, which
stems from the lower TSS in the system. On the other hand, the highest OC among the
control strategies was with C3 and C4 for all influent variations. However, the increase
compared to C0 is small. Efficient nitrogen removal and efficient operational costs are
achieved with all the control strategies because the controlled variables include the DO
concentration in the SHARON reactor and the ammonia concentration in the Anammox
reactor. Those variables directly influence nitrogen removal in WWTPs, affecting the
microorganisms in the sludge and the denitrification process in the main line.

The C5, MPC-MPC cascade controller, also showed the lowest SP with all the influent
variations detailed (Table 2). The TSS, particulate biodegradable organics, particulate
unbiodegradable organics, active heterotrophic biomass, and active autotrophic biomass
concentrations of the system decreased greatly with this control strategy thanks to the oper-
ational enhancement that the MPC-MPC control structure provided for the secondary line
(reject water) of the WWTP system. Besides the base case (C0), the highest SP was presented
by C3 and C4, with a very low and negative percentage of improvement as SP increased
compared with C0. For SP, the DO concentration is fundamental because it provides the
oxygen supply in the solids. Finally, with the MPC-MPC cascade control of C5, the plant
performed better in terms of the OC and SP, demonstrating that better nitrogen removal
was achieved by controlling the ammonia concentration in the deammonification process.
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Table 2. Plant performance indices for the two single-loop controllers (C1–C2) and three cascade controllers (C3–C5) compared with the base case (C0).

Influent
Variation to
SHARON

Control
Strategy Base Case C0 C1 C2 C3 Improvement (%) C4 Improvement (%) C5 Improvement (%)

Low C/N ratio
(C/N < 1)

EQI (kg of
pollutants/d) 916.53 916.49 916.50 944.08 −3.01% 1568.65 −71.15% 1568.65 −71.15%

OC (EUR/d) 26,129.97 26,129.98 26,130.02 26,130.02 0.00% 26,130.02 0.00% 16,533.26 36.73%
SP (kg/d) 160,544.83 160,544.92 160,545.13 160,545.13 0.00% 160,545.13 0.00% 100,565.38 37.36%

Intermediate
C/N ratio
(C/N = 1)

EQI (kg of
pollutants/d) 916.53 916.49 916.50 944.08 −3.01% 1568.65 −71.15% 1568.62 −71.15%

OC (EUR/d) 26,129.97 26,129.98 26,130.02 26,488.35 −1.37% 16,533.53 36.73% 16,533.32 36.73%
SP (kg/d) 160,544.83 160,544.92 160,545.13 162,784.71 −1.40% 100,567.08 37.36% 100,565.76 37.36%

High C/N ratio
(C/N > 1)

EQI (kg of
pollutants/d) 916.53 916.49 916.50 944.08 −3.01% 1568.65 −71.15% 1568.65 −71.15%

OC (EUR/d) 26,129.97 26,129.98 26,130.02 26,130.02 0.00% 26,130.02 0.00% 16,533.26 36.73%
SP (kg/d) 160,544.83 160,544.92 160,545.13 160,545.13 0.00% 160,545.13 0.00% 100,565.41 37.36%
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Figure 5 presents variations in EQI, OC, and SP in terms of the varied conditions for the
SHARON influent. For C4, Figure 5a shows that the low C/N ratio (C/N < 1) performed
the best for the plant’s operation, as at that point it had the lowest values for EQI, OC,
and SP. On the contrary, a high C/N ratio (C/N > 1) produced plant underperformance.
Overall, with C4, a lower C/N ratio correlated with better plant performance. Similarly,
with C5, a low C/N ratio correlated with good plant performance (Figure 5b). With C5, the
intermediate C/N ratio (C/N = 1) produced results close to those with the low C/N ratio
values. In general, C/N ratio variation in the influent to SHARON, seems to represent a
difference of thousands of EUR/d for operational cost but not much difference in EQI or SP.
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Comprehensively, C5 is the most suitable control strategy for the WWTP because
it can decrease the operational cost and SP even though the EQI was higher than C0.
The results of C5 based on the plant’s overall treatment performance are presented in
Figure 6. For this scenario, the optimal DO concentration is in the nitrite-oxidizing bacteria
(NOB) suppression region, for which the SO setpoint is close to zero, which resulted in
a NO2/NH4 ratio of 1.15 for a low C/N ratio (Figure 6a), a small decrease to 1 for the
intermediate C/N ratio (Figure 6b), and a lower NO2/NH4 ratio of 0.96 for a high C/N
ratio (Figure 6c). Moreover, with C5, the MPC-MPC cascade controller outperformed the
other control schemes on nitrogen removal, enhancing the operation of the system.
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Figure 6. Results for the C5 MPC-MPC cascade controller. (a) Low C/N ratio: NO2/NH4 output
ratio from SH, SO setpoint, and biomass concentration of ammonia-oxidizing biomass (XAmm), nitrite-
oxidizing biomass (XNit), anammox biomass (XAnammox), and heterotrophic biomass (XHet) from SH.
(b) Intermediate C/N ratio: NO2/NH4 output ratio from SH, SO setpoint, and biomass concentration
of XAmm, XNit, XAnammox, and XHet from SH. (c) High C/N ratio: NO2/NH4 output ratio from SH,
SO setpoint, and biomass concentration of XAmm, XNit, XAnammox, and XHet from SH.

Figure 6 shows the biomass concentration from the SHARON process for XAmm, XNit,
XAnammox, and XHet at all the influent variation conditions. The biomass concentration did
not vary with the different influent conditions. XAmm showed the highest values of around
0.20 mg/L, which later decreased to zero in the period tested. On the other hand, the highest
biomass concentration was for XAnammox, around 8 mg/L, followed by the XNit, showing
an increase in Anammox bacteria over ammonia-oxidizing bacteria (AOB) and NOB. The
nitrate concentration decreased as the NOB was suppressed, which also influenced the
ammonia concentration from SHARON. In general, according to the influent conditions
evaluated, the most significant result is that the NO2/NH4 ratio is somewhat affected,
improving when the C/N ratio is intermediate or low but underperforming when it is high.
More results from control strategies C1 to C3 are presented in Supplementary Materials.
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Figure 7 shows the comparison of effluent ammonia concentration obtained with the
different control strategies (C1 to C5). Ammonia concentration was evaluated because it
indicates the highest fraction of nitrogen in the biological treatment. The average ammonia
concentrations with control strategies C4 and C5 were the lowest, as expected given the
advantages of the cascade MPC controllers and corroborating the higher performance of
those control strategies. C4 and C5 produced an ammonia effluent concentration of around
25 mg/L, whereas C1 and C2 produced 27 mg/L, and C3 produced 35 mg/L. C1 and
C2 produced low values because the local controllers targeted the oxygen and ammonia
concentrations, respectively.
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Figure 7. Ammonia concentration (SNH,eff) in the effluent for control strategies C1 to C5 with a low
C/N ratio.

Overall, the results show that the cascade control strategies proposed here are robust
enough to be used for high-strength wastewater because they allow the controller to benefit
from periodic identification of the most sensitive parameters. The ammonium feedback
loops define a desirable NO2/NH4 ratio, and the setpoint for the controller then helps to
establish it. Moreover, given that the selection factor is the DO concentration, the influent
stream from the AD effluent is treated without modifying the flowrates in the partial nitrita-
tion process. In that way, when assuming a negligible nitrite concentration in the SHARON
input, the ammonium concentration can be controlled instead of the NO2/NH4 ratio.

3.3. Resource Recovery Potential

Resource recovery has been assessed in this study by analyzing the nutrient recovery
potential of the plant as a way to mitigate the consumption of resources in the WWTP.
Thus, the resource recovery potential of the control strategies was analyzed in terms of
nitrogen removal, SP, and METP, which are key variables from WWTPs that can be reused
and highly influence operational cost and management. Table 3 presents the results of the
variables evaluated for resource recovery. C2 to C5 reduced SP by controlling ammonia.
Sludge from municipal wastewater can be disposed of or reused as fertilizer. In this study,
the goal was to minimize SP because it generates operational costs in WWTPs. However,
as an additional way of disposing of sludge, the creation of fertilizer remains a good way
to maximize the resource recovery of the plant.
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Table 3. Resource recovery potential of the control strategies implemented on BSM2-SHAMX.

Influent
Variation to
SHARON

Evaluation Criteria
Control Strategies

Base Case C0 C1 C2 C3 C4 C5

Low C/N ratio
(C/N < 1)

Effluent nitrogen
concentration (mg/L) 7.5536 × 10−9 2.6178 × 10−9 2.6178 × 10−9 5.9164 × 10−6 0.00 0.00

Sludge production
(kg/d) 160,544.83 160,544.92 160,545.1 162,784.71 100,567.52 100,565.38

Methane production
(kg CH4/d) 980.17 980.48 980.47 994.22 0.00 0.00

Intermediate
C/N ratio
(C/N = 1)

Effluent nitrogen
concentration (mg/L) 1.0641 × 10−6 2.6178 × 10−9 2.6178 × 10−9 5.9164 × 10−6 0.00 0.00

Sludge production
(kg/d) 160,544.83 160,544.92 160,545.1 162,784.71 100,567.08 100,565.76

Methane production
(kg CH4/d) 980.17 980.48 980.47 994.22 0.00 0.00

High C/N
ratio (C/N > 1)

Effluent nitrogen
concentration (mg/L) 7.5536 × 10−9 2.6178 × 10−9 2.6178 × 10−9 5.9164 × 10−6 0.00 0.00

Sludge production
(kg/d) 160,544.83 160,544.92 160,545.1 162,784.71 100,566.85 100,565.41

Methane production
(kg CH4/d) 980.17 980.48 980.47 994.22 0.00 0.00

C4 and C5 greatly reduced methane production. This great reduction in methane is
likely due to the conditions from the control types of these scenarios. The control that
is applied in C4 for DO and NH4, influences on the later process of anaerobic digestion,
similarly occurs for the C5 where the same variables are controlled under an MPC control
type. Methane, as a biogas, is one of the most robust and valuable resources produced
by WWTPs. Biogas commonly fails to be exploited for energy generation. At least 70% of
methane can generate energy for use in the WWTP itself to reduce the operational cost of the
system. In analyzing the effluent nitrogen concentration, which was completely removed in
the C4 and C5 systems, it can be seen that the cascade controls outperformed the single-loop
controls. Nitrogen removal in WWTPs is fundamental to prevent eutrophication, which
can also be reused as fertilizer.

Among the resource recovery routes evaluated, methane recovery from COD in the
anaerobic digestion process presents drawbacks in the form of high energy losses, which
affect the energy efficiency of the entire process by about 15%, as described in the literature.
COD recovery in terms of organic materials instead of energy is a good alternative because
organic chemicals have an adequately high monetary value. In other words, given that
COD-derived product recovery routes could require trade-offs, the value of the recovered
products is also an important criterion when selecting the most suitable resource recovery
route. Overall, the search for new practices to enhance resource recovery in WWTPs needs
reliable data. The products of resource recovery from WWTP systems also need support
from value-chain actors willing to share the risks of innovation when implementing them
in WWTPs.

4. Conclusions

MPC cascade controllers were implemented to enhance nitrogen removal in WWTPs
through deammonification. Single-loop control algorithms are generally underfitting, and
the MPC cascade controllers proposed in this study were able to determine the optimal
operation conditions and improve nitrogen removal. Compared with the single-loop control
strategies, the MPC cascade controllers displayed better control performance in terms of
the lowest OC and SP. Therefore, the MPC cascade controllers can efficiently handle the
control objectives of WWTPs by varying the set-points of local controllers to accommodate
the influent conditions, maximizing nitrogen removal while reducing both operational
costs and SP. Moreover, for high-strength wastewater, the cascade controllers achieved a
NO2/NH4 ratio suitable for the Anammox process. In future work, this study could be



Water 2023, 15, 4015 18 of 20

extended to include more specific environmental and economic objectives for an integrated
analysis of the control strategies proposed. In addition, more varied scenarios considering
C/N ratio would be considered in future work, allowing for a more integral study.

Furthermore, the resource recovery potential of the plant was evaluated. Although
domestic wastewater cannot fully satisfy the elemental needs of industrialized societies,
it represents a substantial resource that should be fully exploited in the future. SP and
METP have large advantages in energy savings and operational cost reductions in WWTPs.
In addition, the most precious resource from municipal wastewater is the water itself.
Wastewater reuse can provide an alternative source of fresh water in regions or communities
where lasting shortages are expected in the future.
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