
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

A Model Predictive Control using a data-driven ASM model for online optimization of
WRRFs under different performance objectives

Stentoft, Peter Alexander ; Munk-Nielsen, Thomas; Valverde Pérez, Borja; Vezzaro, Luca

Published in:
WRRmod2021 Conference Proceedings

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Stentoft, P. A., Munk-Nielsen, T., Valverde Pérez, B., & Vezzaro, L. (2021). A Model Predictive Control using a
data-driven ASM model for online optimization of WRRFs under different performance objectives. In
WRRmod2021 Conference Proceedings (pp. 49-52)

https://orbit.dtu.dk/en/publications/ff713d82-454c-492b-b9ce-75495ab279d3


   Plenary Sessions – Technical Abstracts 

7th IWA Water Resource Recovery Modelling Seminar   Page 49 of 225 

A Model Predictive Control using a data-driven ASM model for online 
optimization of WRRFs under different performance objectives 

Peter Alexander Stentoft1, Thomas Munk-Nielsen1, Borja Valverde Pérez2, Luca Vezzaro1,2 
1 Krüger A/S, Veolia Water Technologies, Gladsaxevej 363, 2860 Søborg, Denmark (pas@kruger.dk, thm@kruger.dk) 
2 Department of Environmental Engineering (DTU Environment) Technical University of Denmark, Bygningstorvet, Building 

115, 2800 Kongens Lyngby, Denmark. (bvape@env.dtu.dk, luve@env.dtu.dk) 

Keywords: Stochastic Differential Equations, N2O emissions, Multi-objective optimization, variable electricity 
prices, operational digital twin. 

Introduction 
Water Resource Recovery Facilities (WRRFs) need to fulfil new or stricter environmental targets 
that are continuously updated to cope with global challenges. This requires investment into new 
processes, or a modification of the current plant operation. In this context, automatic control 
operations play an important role in ensuring good plant performance. 
Existing control strategies, however, were developed according to past/current performance 
criteria, and resources (time for simulating and assessing the impact of new controls, skilled 
workforce) are thus needed to adapt them to future or new performance indicators. Stentoft et al. 
(2019) proposed a new approach based on Model Predictive Control (MPC), where a simplified 
version of ASM1 model is actively used to control the aeration and thus the 
nitrification/denitrification processes. In this work we tested a general MPC setup using stochastic 
differential equations allowing WRRF operators to balance between different management 
objectives: 

• Optimal nitrogen removal (Obj. A), where MPC operates solely to  comply with effluent 
requirements for NH4+ and NO3-; 

• Minimal electricity consumption (Obj. B), where the MPC focuses on using as little electricity 
for aeration as possible; 

• Reduction of operational costs (Obj. C), calculated as the sum of aeration electricity 
consumption (with variable electricity prices) and the effluent taxes (defined according to the 
Danish legislation); 

• Reduction of global warming potential (Obj. D), considering both the GWP from electricity 
production and the N2O emission from N removal (assumed to be directly proportional to 
NH4+ oxidation). 

The performance of the MPC in fulfilling these four objectives were simulated by using data from 
a small alternating WRRF (cf. Isaacs and Thornberg, 1998) in Denmark (Nørre Snede). Also, we 
illustrated the flexibility of the MPC in operating in a multiobjective perspective, where WRRF 
operators can quickly change the control priorities, choosing how to prioritize e.g. cost reduction 
or reduction of climate change impacts. Our results open new possibilities for a flexible operation 
of WRRFs by combining information provided by online sensors with the process knowledge 
incorporated in the ASM models. 
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Methodological Approach  
The tested MPC uses a modified version of the model described in (Stentoft et al., 2019), which is 
based on the description of the nitrification/denitrification processes in the ASM1 model (Henze 
et al., 2000): 
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where eq. 1 and 2 represent the traditional ASM1 formulations, expressed as stochastic differential 
equations, i.e. with the inclusion of the stochastic term 𝜎!𝑑𝜔! and 𝜎"𝑑𝜔". The terms f(t), O1(t) 
and O2(t) represent the diurnal variation of incoming NH4+, and a formulation of the alternating 
aeration signal with different delay for NH4+ and NO3-, respectively. Further details on these 
formulations can be found in Stentoft et al. (2019) and in Stentoft (2020). 
MPC finds the best aeration strategy based on an optimization over future objectives, evaluated by 
the objective function J(u), while respecting constraints on the process and on the aeration signal 
itself. To account for the four different management objectives, four objective functions were 
formulated, all using the aeration on/off time (𝜏6/, 𝜏677)	as control variables: 

𝐽(𝐴)%𝜏𝑜𝑛, 𝜏𝑜𝑓𝑓, = 4 (𝑆𝑁𝐻(𝑡) + 𝑆𝑁𝑂(𝑡))
24ℎ

𝑡=0
𝑑𝑡 𝐽(𝐵)%𝜏𝑜𝑛, 𝜏𝑜𝑓𝑓, = 4 𝐴𝑖𝑟𝑜𝑛%𝜏𝑜𝑛, 𝜏𝑜𝑓𝑓, 𝑡,

24ℎ

𝑡=0
𝑑𝑡 

𝐽(8)%𝜏6/, 𝜏677, = 4 %𝐸𝑝(𝐴𝑖𝑟6/%𝜏6/, 𝜏677 , 𝑡,𝐸𝑐 + (𝑆!"(𝑡) + 𝑆!&(𝑡))𝑇!,
49:

(;<
	𝑑𝑡 

𝐽(𝐷)%𝜏𝑜𝑛, 𝜏𝑜𝑓𝑓, = 4 <𝑅𝑁2𝑂 =𝑟𝑁𝐻%𝑡, 𝜏𝑜𝑛, 𝜏𝑜𝑓𝑓,>𝐶𝑁2𝑂,𝐶𝑂2 + (𝑆𝑁𝐻(𝑡) + 𝑆𝑁𝑂(𝑡))𝐸𝑓𝑓𝑁2𝑂𝐶𝑁2𝑂,𝐶𝑂2
24ℎ

𝑡=0

+ 𝐺𝐻𝐺𝐸𝑙,𝑘𝐴𝑖𝑟𝑜𝑛%𝜏𝑜𝑛, 𝜏𝑜𝑓𝑓, 𝑡,? 	𝑑𝑡 

Where JA considers the total N in the effluent, JB the total time aeration is on, JC the electricity 
consumed by aeration and the taxation of the total N in the effluent, and JD includes both the direct 
N2O emissions from NH4+ oxidation and the indirect from N discharge in the receiving water, as 
well as the GWP of the consumed electricity. 
The MPC setup was tested by using data from the Nørre Snede WRRF (Denmark). This is a small 
plant with a biological treatment volume of 3500m3 and an average daily inlet volume of 1.350m3 
(in dry weather). Air diffusers are operated to alternate the tank between aerobic and anoxic 
conditions (referred to as “on” and “off” control or intermittent aeration), according to an advanced 
Rule-Based Control (RBC) focusing on simultaneous carbon and nitrogen removal (Isaacs and 
Thornberg, 1998). The RBC relies on online NH4+ and NO3- measurements, collected at 5-min 
intervals. 
Data for 51 days in the period from 2019/01/14 to 2020/02/18 were selected to obtain a dataset 
that was representative of seasonal and weekly variations in electricity prices and in Global 
Warming Potential (expressed as CO2-eq) of electricity production. Further details on the model 
and MPC setup can be found in Stentoft (2020). 
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Results and Discussion 
Figure 1 shows the results from the MPC application on an example day while using Objective C 
(optimization of total operational costs) and D (optimization of global warming potential). Given 
that the electricity price was negative between 00:00 and 05:00, the MPC prioritizes aeration 
periods in order to save aeration costs while ensuring low N effluent levels. Since the GWP in the 
same date had limited diurnal variations, the MPC focused on optimizing the NH4+ oxidation rate, 
minimizing to N2O emissions. Figure 1 shows how the proposed MPC is capable of modifying the 
plant operations by simply modifying the objective function J. This underlines the flexibility of 
proposed MPC, incorporating the process knowledge from the ASM formulations, compared to 
traditional, rule based controls, often based on heuristic approaches, often requiring time-
consuming tuning procedures. 
Figure 2a and b show the results from the complete simulated period, highlighting how the WRRF 
performance is aligned with expectations of the different management objectives. The lowest total 
costs are obtained for obj. B and C, while objectives focusing on environmental impacts (A,D) 
result in higher costs (Figure 2a). Conversely, objectives focusing on cost reduction (B,C) have a 
higher GWP impact than obj. D. Obj A, solely focusing on N removal is also achieving an 
important reduction in N2O emissions. These results highlight how different WRRF management 
objectives can result in contrasting effects on the plant impact, with e.g. energy-saving control 
potentially resulting in higher GWP impacts. 

 
Figure 1 NH4+ and NO3- concentration and aeration controls 24 hours ahead (starting from 2019/01/14 00:00), 
obtained for the MPC operating with Objective C and D, compared against the current RBC. Aeration phases (aeration 
being “on”) are indicated by the brown background. 
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Figure 2 Boxplots showing (a) total costs and (b) global warming potential obtained for the 51 simulated days by 
using the four control scenarios (A-D) and the current rule-based control (RBC). The boxplots show max/min 
(whiskers), +/- 2 standard deviations and the mean. (c) Trade-off between total costs and global warming potential 
using a combined objective function for the different values of α (α=0 corresponds to cost prioritization only, α=1 
corresponds to GWP prioritization only). 

The trade-off between costs and GWP was investigated by using a combined objective function 
JC+D, combining the functions JC and JD through a weight α (Figure 2c). This analysis highlights 
how WRRF manages can identify optimal regions, avoiding areas were minimal improvement in 
GWP can result in a significant increase of costs (as for α above 0.75). 

Conclusion 
Our work shows how the proposed MPC, employing the knowledge from the well- established 
ASM models with the information from online sensors, can provide effective control actions that 
can be quickly adapted to new or more stringent management objectives.  

Opinion  
The simplified ASM modelling approach employed in this study only focused on aeration control 
for nitrogen removal, but it can potentially be expanded to include additional processes and 
controls (e.g., P removal, sludge recycling rates, carbon recovery). This opens new research areas 
in terms of definition of model complexity (how should we simplify the traditional ASM 
formulation? how do we design the right digital twin for a flexible MPC control?) and in 
exploitation of available information (can more/different sensors yield to simpler digital twins able 
to fulfil the demands of the MPC?). 

References 
Henze, M., Gujer, W., Takashi, M., van Loosdrecht, M. (2000) Activated Sludge Models ASM1, ASM2, 
ASM2d and ASM3, IWA Publishing. 
Isaacs, S., Thornberg, D. (1998) Rule based control of a periodic activated sludge process. Water Science 
and Technology, 38(3). 
Stentoft, P. A. (2020) Stochastic Modelling and Predictive Control of Wastewater Treatment Processes. 
PhD thesis, Technical University of Denmark 
Stentoft, P. A., Munk-Nielsen, T., Vezzaro, L., Madsen, H., Møller, J. K., Mikkelsen, P. S. (2019) Towards 
model predictive control: Online predictions of ammonium and nitrate removal by using a stochastic ASM. 
Water Science and Technology, 79(1), 51–62. 


