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In addition, performance and economic indicators can be included in order to better compare the 
different control strategies. In this case study we use nitrogen removal efficiency as performance 
indicator, while as economic indicators we use the aeration energy demand [32] and the chemical 
dosing needed to control pH. 

The different steps of the proposed methodology are summarized in Table 1. 

<Table1> 

4. APPLICATION OF THE METHODOLGY  

4.1 Step 1: Goal definition and process optimization 

The SHARON-Anammox reactor sequence is used in the treatment plant to remove nitrogen from 
high strength waste waters with low content on organic carbon. Therefore, the goal of the control 
system is to achieve a high and stable nitrogen removal.  

Based on stoichiometry (Eq. (1) and (2)), nitrogen removal is optimal when the effluent of the 
SHARON reactor has TNN/TAN ratio of 1.3. Accordingly, the optimal operation conditions in the 
SHARON reactor are determined mapping the effect of pH and DO on the performance of the 
reactor (Fig. 2). The TNN/TAN ratio shows an optimal point at pH 7.3 and a monotonous increase 
with DO which stabilizes asymptotically for excess of oxygen (Fig. 2). Therefore, in order to 
operate at minimum DO, and as a consequence decrease the needs of aeration, the selected 
operating conditions are pH=7.3 and DO=0.2 g m-3, corresponding to a ratio TNN/TAN of 1.3. 
Found values are in close agreement with the set points reported by Volcke et al. (2007) [3]. They 
chose as optimal pH 7.23, based on the maximum microbial growth rate dependency on pH for 
autotrophic bacteria [25], while the oxygen set point was initially set to 1.5 g m-3. However, when 
the oxygen set point was controlled by the master control loop based on measurements of 
TNN/TAN in the SHARON effluent, the oxygen level was drastically lowered to a value close to 
0.1 g m-3. 

<Figure 2> 

4.2 Step 2: Degrees of freedom analysis 

As stated earlier, the goal of the SHARON reactor is to provide a stable feed for the Anammox 
reactor with a molar ratio TNN/TAN of 1.3. This objective can be achieved using the molar ratio 
TNN/TAN as a CV. However, in order to keep a stable operation, other variables have to be 
controlled, as DO, pH or HRT. There are three available actuators or degrees of freedom in the 
SHARON reactor: i) the air supply, modelled through the kLa; ii) the acid (98% H2SO4) or base 
(50% NaOH) flows into the reactor; and c) the effluent flow rate.  If the SHARON reactor is 
directly fed from a digester, the influent flow rate is a disturbance and therefore the level has to be 
controlled using the outflow as a MV. As a consequence, there are only two degrees of freedom 
left: aeration and the acid or base flow. In case of the Anammox reactor, there is only one actuator 
available: the base flow rate which is used for pH control. Hence control degrees of freedom 





<Table 4> 

The RGA suggests pairing the pH with the acid/base flow rate and the DO with the kLa as the RGA 
elements are closest to 1 for this pairing. Therefore, this pairing is considered suitable and will be 
further analyzed by the CLDG plots in the next step for disturbance rejection.  

4.5 Step 5. Evaluation of the control structure based on disturbance rejection using closed-loop 
disturbance gain plots  

The MVs were scaled around their nominal values and the disturbances ±5% (ammonium load, 
inorganic carbon load), ±20% (biodegradable COD) or ±30% (flow) of their nominal values. The 
CVs were scaled in the following way: the maximum offset considered for the ratio TNN/TAN was 
±0.3. Then, the equivalent deviation in DO and pH was determined with the data from Fig. 2, 
resulting in 0.01 g m-3 for DO and 0.2 units for pH. For TAN and TNN the maximum offset was 
considered as 40 mg/L. Details of the transfer functions for the disturbances (Gd) can be found in 
the supplementary information (SI-3).  

The CLDG plots show the gain response for different frequencies. Fig. 4 shows that, within the 
variation considered, the change of inorganic carbon input has the most severe effect of all the 
disturbances and control action would be required in every case, quite likely due to the effect that it 
has on pH, and as consequence on substrate concentrations, and to the stoichiometric imbalance 
between TAN and TIC. On the other hand, changes in the biodegradable COD have a limited effect 
over the screened CVs.  

The DO-pH alternative is relatively unaffected by the disturbances, with exception of the TIC input 
variations. This is an intuitive alternative for regulation, since they are affected mainly by one of the 
actuators but, as a drawback, it is difficult to link with optimization objectives.  

<Figure 4> 

According to the CLDG plots the control structure outcome of the RGA performs best in terms of 
disturbance rejection. Therefore, the design of a feasible regulatory control layer is suggested as 
shown in Fig. 5. 

<Figure 5> 

Note that steps 3, 4 and 5 have been done only for the SHARON reactor. Since the Anammox 
reactor is run at anoxic conditions, only one actuator can be used upon it: the addition of acid or 
base to regulate the pH.  

4.6 Step 6. Controller tuning 

Once the pairing is done, the controllers have to be tuned. In this case, all controllers are PI 
controllers and were tuned using the IMC guidelines. Tuning parameters are shown in Table 5. 

4.7 Step 7. Supervisory layer design 



The proposed control structure regulates the SHARON reactor, keeping a stable pH and oxygen 
level. However, if the influent quality varies, the effluent TNN/TAN ratio will vary, as DO and pH 
set points were found for a specific influent composition. Optimal operation conditions depend on 
the influent composition, specially the TAN influent load. To overcome this situation, a supervisory 
layer was proposed by Volcke et al. (2006) [12]. In this structure (Fig.6), the effluent TNN/TAN 
ratio is controlled by manipulating the DO set point. This cascade control loop can affect the 
microbial activity of AOB to convert more or less TAN when the effluent TNN/TAN ratio droops 
below or gets over 1.3, respectively. The ratio controller is tuned according to the IMC guidelines 
and the tuning parameters are shown in Table 5. 

<Figure 6> 

In the Anammox reactor only pH is controlled. This strategy can effectively regulate the reactor 
operation but fails to address the control objective of maximizing nitrogen removal. In principle, if 
the TNN/TAN ratio in the feed to the Anammox reactor is kept at the optimum value, the removal 
of nitrogen is maximized. However, this design ratio may vary in the dynamic operation for a 
number of reasons: heterotrophic activity that denitrifies the influent nitrite and hence changes the 
relative amounts of nitrogen compounds or variation on microbial activity due to adaptation to the 
media or inhibition. In order to tackle those factors, a nested cascaded structure is proposed (Fig.7) 
where a master loop modifies the TNN/TAN ratio set point according to the concentration of nitrite 
and ammonia in the Anammox reactor. The objective of this control loop is to minimize the effluent 
nitrogen concentration. For this purpose, TAN and TNN are measured in the Anammox reactor. 
The controller works with the difference between TNN and TAN. The difference between TNN and 
TAN should be as close as possible to 0, indicating that the influent loads of both nitrogen species 
are well balanced for the Anammox performance. In case there is TAN in the reactor, the controller 
increases the TNN/TAN ratio set point, while if TNN is present the TNN/TAN ratio is lowered. In 
case both TNN and TAN are high the control action will remain low, as the performance deviation 
is due to a limitation of the Anammox reactor, either because a process failure or to high incoming 
loads, and any change on the operability of the SHARON reactor will give a benefit. This new 
controller is also tuned using the IMC rules (Table 5). It must be borne in mind that the AnAOB 
bacteria, present in the second reactor, have a considerably slow growth rate. Hence, it is more 
convenient to reduce the disturbances upstream, before they upset the operation of the Anammox 
reactor. The nested cascade structure is indeed more complex than the others but the loops work at a 
very different frequency range, giving place to the needed time-scale separation for a suitable 
operation.   

<Figure 7> 

<Table 5> 

4.8 Step 8. Evaluation 

According to Fig.10A the control structures lead to a high nitrogen removal rate, as in all the 3 
cases more than 85% of the influent ammonia is removed. We consider that this is an acceptable 
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disturbance; GANAMMOX: Anammox process; YSP: set point; YM: measured variable; D1: input 
disturbance; Y1: process output. Equivalent process flow diagram is shown in SI-4. 

Figure 7. Nested cascade control structure for the SHARON-Anammox reactor sequence. The 
TNN/TAN set point is manipulated to control the nitrogen removal efficiency of the SHARON-
Anammox reactor sequence. Abbreviations: GC,Neff: effluent nitrogen controller (master controller 
of GC,TNN/TAN); GC,TNN/TAN:  TNN/TAN ratio controller (slave controller of GC,Neff and master 
controller of GC,DO ); GC,pH: pH controller; GC,DO: dissolved oxygen controller (slave controller of 
GC,TNN/TAN); GSHARON: SHARON process; Gd1: process disturbance; GANAMMOX: Anammox process; 
YSP: set point; YM: measured variable; D1: input disturbance; Y1: process output. Equivalent process 
flow diagram is shown in SI-4. 

Figure 8. Production of nitrogen gas in the Anammox reactor for 30 days of evaluation with: A) the 
BSM2 anaerobic digester effluent (Fig.1); and B) the BSM2 anaerobic digester effluent with an 
average COD concentration of 300 g-N m-3.  The results from the regulatory structure are shown as 
a continuous line, the results from the cascade as a dashed line and the results from the nested 
cascade as a dotted line. 
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