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1 Introduction 
 

In general, water utility providers are interested in increasing cost-effectiveness, reducing 

operating costs while improving efficiency. The majority of domestic communal wastewater 

treatment plants in Hungary fall into the category of continuous flow activated sludge systems. 

Activated sludge systems provide bacterial removal of organic matter and plant nutrient by 

aeration, which can be considered as the most expensive regarding operational costs (Beychok, 

Milton R., 1967, 1971). Electric energy consumption shares are high, giving cca. 20-33% of 

total operational costs (Hreiz et al., 2015). The introduction of oxygen from the gas phase into 

the liquid phase is the most energy-intensive process in wastewater treatment plants (Åmand et 

al., 2013). According to the literature, the electric energy consuption can reach up to 50-90% 

of total costs in the case of the aerated bioreactors (Drevnowski et al., 2019), (WEF 2009) , 

(Rosso et al.2008). However immediate intervention options are available and can be achieved: 

by fine tuning of aeration with the adjustment of cycle times or setting threshold levels by 

monitored nutrient levels in the reactor. Sludge recirculation intensity and chemical dosing 

adjustments are also viable options. 

 

2 Objectives 
The development of plant management requires a number of science-based reflections and 

significant methodological improvements. The object was to address the problems of process 

control and to present a different approach compared to the current practice. Following 

questions can be formulated: 

 

• Is it possible to use the biokinetic models in process control? The method in practice 

is either based on a linear approximation of biokinetic models or based on statistical 

data evaluation. For example, the DWA ATV design guide can be used to estimate 

reactor loads, but ignores the dynamic behaviour of biokinetic processes.  

• Is it possible to develop energy-efficient plant management on the basis of activated 

sludge models?  Energy efficiency is directly in correlation with the aeration of the 

reactors: by calculating the oxygen uptake of the biomass, a good estimation can be 

made.  

• Is the on-line organization of biokinetic-based plant management feasible by real-

time optimization of technological interventions that provide a scheme that can be 

used for practice? 

• What are the constraints on environmental discharges for optimal energy efficiency? 

• What methodological developments and tools are needed to achieve the former 

goals? 

 

In the light of the above, a number of science-based tasks can be formulated. In my dissertation 

I deal with the modeling of wastewater treatment and create a process control model: the cost 

implications of operation is being analyzed with a custom made decision support system able 
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to optimize operational efficiency in aspect of biokinetic processes. Reducing the operating 

costs of activated sludge wastewater treatment plants can be achieved through smarter plant 

management and changes in control schemes (aeration, sludge recirculation, chemical dosing) 

(Sid et al., 2017). However when analyzing cost reduction options, it is assumed that the 

primary task of wastewater treatment is to effectively remove contaminants, but economical 

operation should be achieved in the light of these conditions. In summary, the goal was to 

develop a methodology for modeling wastewater treatment plants at the level of process 

modeling of reactors and integrating cost analysis. Another goal was to develop a new 

methodology in order to reduce computational requirements for numerical procedures. 

3 Methods and materials 
 

The methods presented are based on integrating stochastic process control and activated sludge 

models. In order to model any activated sludge type wastewater treatment plant (either for any 

continuous flow or SBR system), it is necessary to describe the biokinetic models in the reactors 

as well as settling in the clarifier. Reactor processes were modelled by ASM models. Here the 

EAWAG ASM3 bioP model was used with 17 state variables describing wastewater fractions 

by 23 processes. While ASM simulators are usually limited to biological process simulation 

and usually do not imply optimum search (eg. parameter estimation) methods, the presented 

method is built upon the latter, to achieve the role of a decision support system. Optimum search 

is based on computational expensive iterations: A single operating scheme means the evaluation 

of a long time series. In frame of the present work a new method is introduced which can boost 

computation speed by an order of magnitude.  The method is based on the concept of finding 

alternative explicit equations to the ASM differential equation system in combination with 

neural networks.  

 

The method involves second order approximations for the differential equation’s initial 

conditions, describing the perfectly stirred reactor. The challenge was to deal with the problems 

of mass conservation related to the neural networks errors in predictions. A post-correction 

method was introduced to minimize the mass balance error. The presented model was 

implemented as a DSS where the application of Markov decision processes (MDP) is applied 

to find best economical operations. The solution of the MDP is represented as a policy matrix 

(a control scheme for a custom system control, for instance: aeration or recirculation). The 

solutions describe which interventions are recommended for a given system state in order to 

achieve a long-term cost minimum in parallel with efficient biokinetic process control. The new 

model methodology was applied on the analysis of a large wastewater treatment plant located 

in Hungary. 
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4 Results 
Quadratic – neural network model 

The first part of the objectives described was to achieve computational speed up. Supposing we 

can approximate the dependency of state variables with second order (quadratic) Eq. (1) on the 

interval [0,T] time step:    

𝑐𝑖
(𝑡)

= 𝑐𝑖
(𝑡=0)

+ 𝑏𝑖𝑡 + 𝑑𝑖𝑡2 

(0 < 𝑡 < 𝑇) 

𝐶 = [𝑐1
(𝑡)

, … , 𝑐𝑛
(𝑡)

] 

(1) 

where t is time for T time step, 𝑐𝑖
(𝑡)

 is the effluent concentration of the reactor for an i-th 

component and 𝑏𝑖 and 𝑑𝑖 are parameters we are looking for. Following criteria have to be 

satisfied: 

 

The polynomial approximation should fit at time, t = 0 and at the end of the chosen time step: 

 𝑐𝑖,𝑞𝑢𝑎𝑑
(0)

= 𝑐𝑖
(0)

 and 𝑐𝑖,𝑞𝑢𝑎𝑑
(𝑇)

= 𝑐𝑖
(𝑇)

. 

 The quadratic model approximation for mass balance should be valid for any T time step. The 

integral of concentrations in a short time step multiplied with the flow rate describes the effluent 

mass from the reactor, which should be equal with the second order approximation, described 

by Eq. (2a). 

𝑄 ∫ 𝑐𝑖𝑑𝑡
𝑇

0
= 𝑄(𝑐𝑖

(𝑡=0)
𝑇 + 𝑏𝑖

𝑇2

2
+ 𝑑𝑖

𝑇3

3
) (2a) 

∫ 𝑐𝑖𝑑𝑡
𝑇

0
≈ 𝑆𝐴𝑆𝑀,𝑖    (2b) 

The integral of concentrations for a time step however, can be calculated based on a chosen 

numerical method symbolled as 𝑆𝐴𝑆𝑀,𝑖 in Eq. (2b). The numerical method could be Euler, 

RungeKutta 4, or predictor correctors for instance: Dormand-Prince, Fehlberg,  Cash-Karp. The 

comparison was based on the ASM3bioP model applied to a large population equivalent 

wastewater treatment plant. The results represent the accuracy of the predictability of the 5-10 

minute time step, assuming that the initial conditions change continuously: the next step of the 

neural network depends on the previous step. The neural network was trained to approximate 

the quadratic model parameters. As a next step, mass balance error was minimized. The 

correction method is based on a parallel calculation of the ASM3bioP differential equations the 

quadratic model.  

 

4-1. group diagram.The quadratic- neural model approximation on the ASM3bioP differential equations 
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Markov Decision Process 

The goal of the research was to find a good approximation with low computational demand. By 

achieving this milestone, it got convenient to use this tool for determining the outcome of 

timeseries in the case of large number of scenarios. These solutions also allow for calculation 

of costs and expenditures (related to electric energy consumption, environmental fees, etc.). 

The final goal however is to find the best control scheme, the cheapest solution for long term 

operation, with minimal risks. In this paper, Markov Decision Process theory is proposed for 

the task. 
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Fig. 1. Markov States are formulated as combination of chosen wastewater variable concentration intervals. The path of arrows show that 

each state is a set of intervals from different wastewater fractions.  

 

By improving simulation speed to a greater extent, several hundred years of model time could 

be simulated efficiently allowing for detailed scenario analysis. Influent timeseries were 

generated based on autoregressive method. Markov decision processes (MDP) was 

implemented into the simulator. The MDP first became known by Bellman in 1957, and was 

initially used for optimum production tasks and logistics. The Markov decision process is a 

discrete-time stochastic process control theory. Similar to Markov chains, it is supposed that so 

called states Si may describe a system: A stochastic process has the Markov property if the 

conditional probability distribution of future states depends only upon the present state, not on 

the sequence of events in the past. MDP implements so called actions that might change the 

system process to another state with a given probability. An action is written as 𝑃𝑎(𝑠, 𝑠′) 

indicating the probability of state change from S to S’. Such action could be the adjustments for 

aeration levels or setting flow rates in recirculations, etc. MDP also implements revenues 𝑅(𝑆) 

for each state. In our example for each reactor state, an expenditure can be defined, such as cost 

of aeration, environmental fee based on current effluent quality, as well as fines, if conditions 

for effluent quality are not met within the wastewater treatment plant. These are negative values 

in aspect of revenues. It’s worth to note, that short term actions leading to higher revenues do 

not necessarily mean best revenues in long terms. To calculate optimum choice, the Bellman 

equation were evaluated by Howard’s policy iteration method. Based on nitrate, ammonium 

level combinations in the anoxic and aerobic reactors, the Markov states were determined 

(assuming that a control scheme can be applied by monitoring only some of the wastewater 

components). State transition probabilities of Markov processes were simulated for three 

different scenarios using data of a large Hungarian wastewater treatment plant: 

• In the first analysis, the aerobic reactor NH4-N and NO3-N was permitted to reach 80% of the 

actually environmental effluent concentration limit (4 mg/l in the case of NH4).  

• In the second analysis, the Markov states characterized the intermittently aerated reactor and 

the anoxic reactor combinations of the NH4-N and NO3-N components. A 50% level of statutory 

limit values was set as maximum for NH4-N. 

• In the third analysis, an equal cost to the original was achieved, but with lower NH4-N in the 

effluent as a result, meaning also a better nitrogen removal efficiency. 
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The revenue of Markov states was determined on the basis of environmental fee, aeration costs 

and environmental quality standards. The result of the MDP was a policy matrix, a control 

scheme for aeration, which may be programmed into a programmable logic component (PLC). 

(For example a single policy looks like the following: If NH4-N>1.7mg/l and 5mg/l<NO3-

N<10mg/l then aeration of O2=1.2mg/l level should be achieved with aeration). In the final step 

the policy was tested with existing time series. Comparison with the results of original aeration, 

showed results, summarized in the following table. 

 

 

Table 1. Result of MDP policies, efficiency. The number of intervals in the third column represents the amount of interval split for 

concentration in mg/l for a single state. 

MDP 

policy 

MDP 

number of 

policies 

Electric 

energy 

savings 

[%] 

Cost 

reduc-

tion [%] 

Effluent 

NH4-N as 

average 

[mg/l] 

Effluent N 

[mg/l] 

1 - 
Bench-

mark 

Bench-

mark 
1.47 19.75 

2 27 13.5 22.9 3.95 9.05 

3 172 19.2 11.5 2.40 11.67 

4 170 11.5 0 1.20 16.39 

*1 No MDP original aeration scheme; 2 Maximum savings,3 Median savings, 4 No savings but more efficient NH4-N removal 

 

 

Results showed that cost reduction is proportional to the effluent NH4-N, but for the same 

operational costs, it is possible to find better solutions, as shown by the following charts. 

 

 
Fig. 2. Total electric energy expenditure. Red dotted curve shows the wastewater treatment’s current electric energy expenditure with and 

average effluent ammonium-N level of 1.47mg/l. Note that cost reduction can be achieved with even better effluent ammonium levels 

(yellow curve). 

5 Summary and conclusions 
A new approach was presented as a method for approximation of ASM models. The differential 

equation system of the ASM3 bioP model was replaced by a second order solution and neural 

network. Computation time has been decreased by an order of magnitude, allowing convenient 

simulation for very long time series. The goal was to create wastewater treatment operation 

policies for automatic control cost efficiently: The large set of reactor operation time series 

were used as training data for the Markov decision process model. The MDP was trained to 
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optimize the current aeration scheme of an existing large wastewater treatment plant. With the 

presented method other intelligent intervention policies can be found, implementing the aspects 

of biokinetic processes into cost optimization. The results of the MDP intervention may also be 

integrated into logical program-driven operation control tools (PLCs). 
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6 Thesis  
 

1. thesis 
 

Previous works, current practice 

The activated sludge models (ASM) developed by the IAWPRC international research group 

form the basis of wastewater treatment plant simulators (Biowin, Simba, WEST, GPS-X). The 

advantages of these models give the abilty for the dynamic examination of the bioreactors, 

calibration typically is achieved manually. A problem with ASM models is that a long time 

simulation is required to evaluate the “over-parameterized” and highly collinear systems for a 

single calibration iteration. The goal was to evaluate a custom method for automatic calibration 

and optimization given the specific systems and models. 

 

Methods 

 

A decision support system was developed and applied for the case of a Hungarian, metropolitan 

wastewater treatment plant. The ASM3bioP model was calibrated and validated. A gradient-

free optimization procedure was applied, which can be classified as a stochastic global search 

algorithm, providing autocalibration for the model. Autoregressive data generation (AR),  

extended the time series of 5 years of influent wastewater into a 100-year period. The model 

formed the basis of the comparison. The next step was to develop an adequate approximation 

method. For a given time interval T, a quadratic approximation on the differential equation 

system model was developed. The complexity reduction was achieved with two models. The 

explicit schemes implied curve-fitting and valid mass-balance. 

 

Novelty 

The simulation speed of the models is proportional to the number of mathematical operations 

required for the correct solution. Taking advantage of this, simplification methods have been 

used in the past, a good example of which is the linearization of ASM models (Smets et al., 

2003). However, the numerical calculation is equally influenced by the choice of methods and 

time steps used to solve (ordinary) systems of differential equations. Two approximation 

methods were derived, allowing the second-order explicit approximation of differential 

equations. In the case of model ‘A’, the reaction kinetic term was separated the inflow and 

outflow of the perfectly mixed reactor. In the case of model ‘B’, the description of the effluent 

concentration with a second-order polynome was the basis of the hypothesis. 
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I. Two quadratic models were derived for the approximation of the perfectly mixed 

reactor:  The quadratic model ensures that material balance is maintained. With the 

presented method every initial condition of the differential equations can be 

expressed by a set of polynomial approximations given a timestep T.  

 

Publication related to the thesis: [1] 

 

 

2. thesis 
 

Previous works, current practice 

Neural networks are mathematical tools suitable for function approximation problems and can 

be classified as nonlinear regression methods. Neural networks are well suited for tasks where 

the relationship between several variables is unexplored. Neural networks have been used in 

many cases in the field of wastewater treatment, and most of these models are able to estimate 

effluent concentrations, in general trained on real (measured) data. The method has not been 

implemented as a replacement to ASM models at bioreactor level. 

 

Methods 

In order to generate the training set, the ASM3bioP model was used and approximated by two 

quadratic models derived. The multi-layer perceptron (MLP) feedforward neural network was 

trained on the latter. The derived ‘B’ type model showed lower noise sensitivity, which could 

provided adequate curve fitting on the model. 

 

Novelty 

It has been shown that the parameters of quadratic models can be trained for all initial conditions 

using a material balance correct approximation, an explicit scheme, and a non-linear regression 

method can be applied.  
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II. It was shown, quadratic models are adequate approximations for the describtion of 

perfectly mixed activated sludge reactors.  Model “B” was shown to be less sensitive 

on input noise and can be implemented in regression methods. Neural networks have 

been selected in the latter case. The implemented method was applied for single step 

approximation. 

 

Publications related to the thesis: [1], [2] 

 

 

3. thesis 
 

Previous works, current practice 

Previous research was focusing on the extent of errrors caused by the model. The system under 

study is non-linear, but it has been shown that the magnitude of the error committed is finite 

and correlates with the change in concentration predicted by the model. Quadratic-neural 

network model is a novel and has not been studied in literature. 

  

Methods 

In each time step T, the neural network determines the parameters of the quadratic model from 

which the change in concentration in the reactor can be modeled and the results are used in the 

next time step as the initial conditions of the concentrations. However, due to the estimation of 

the neural network parameter, a small error can be expected. The next step was to generate the 

error trajectories of the quadratic-neural model: based on the obtained results, the error follows 

a normal distribution, which can be characterized by σ standard deviation and M expected 

value.  The expected value is usually non-zero, which means that for the validated data set, the 

neural network error is not symmetric, so it estimates the expected values either below or above 

the real values. Based on these properties, the effect of the expected model error can be 

simulated before the quadratic model or neural network is implemented: the trajectory method 

can show distribution and error perturbation of the model. The magnitude of the error is finite 

and proportional to the change in concentration. An error correction scheme has been 

developed. The quadratic-neural network model and the solution of the differential equations 

of the perfectly mixed reactor in computed parallel for certain time steps, and error correction 

is applied for the following time steps. 

 

Novelty 

The previously shown single-step quadratic-neural network can be extended to approximate a 

bioreactor timeseries, but material balance correction should be applied during the iterative 

steps. Computation time has been decreased by an order of magnitude, allowing convenient 

simulation for very long time series. 
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III. It was shown, the quadratic-neural network model is also suitable for the 

approximation being applied in time series. The generated quadratic-neural model 

was validated on the ASM3 bioP model. It has become possible to derive the effluent 

concentration of reactors in explcit scheme instead of using the classical system of 

differential equations. An error correction method was presented. A simplified was 

developed decreasing computational speeds by an order of magnitude. The method 

can be applied in the case of optimization problems. 

Publications related to the thesis: [1],[2],[4],[5] 

 

 

4. thesis 
Previous works, current practice 

The new methodologies presented in the dissertation were implemented with the aim of creating 

a decision support system that allows the modeling of wastewater treatment plants and the cost-

optimization study of process control interventions. The concept was to include also biological 

process modeling. While control theory can be considered as a mature science for linear systems 

the presented method involves stochastic process modeling suitable for non-linear systems. 

 

Methods 

The Markov Decision Processes (MDP) method can be used for decision support problems, in 

cases where the effect of a decision is deterministic or even partially random. As a preliminary 

point, the aim was to reduce operating costs in addition to intensifying the wastewater treatment 

plant. The Markov states can be represented by a combination of reactor effluent components 

or fractions (eg COD, NH4-N, NO3-N, TP, other state variables) or ranges of physical 

parameters. A single Markov state is thus a set of intervals that well characterize the current 

operation of the reactor. Markov interventions (actions) can be defined with the same method. 

In practice, the intervention method is most often fine tuning of aeration, nitrate recirculation, 

sludge removal, chemical dosing, which can also be defined by sets of intervals. The costs can 

be characterized by the aeration costs (electric energy consumption), pumping costs, 

environmental charges, and fees. The task is to minimize costs in the long run, which can be 

achieved by solving the Bellman equations. In the present case, Howard iteration was used. 

 

Novelty 

The presented methods were realized by integrating stochastic process control and activated 

sludge models for nonlinear systems. To generate state transition probabilitiy matrices, it was  

necessary to generate long timeseries, which were realized by using the fast quadratic-neural 

model. A new methodology has been developed which can be used as a core for decision 

support system in wastewater modeling. 
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IV. A control theory was formulated in the case of activated sludge wastewater 

treatment systems based on the framework of Markov decision processes. The state 

transition probability matrix was generated by the quadratic-neural method, which 

made it possible to examine and simulate longer time series. Optimal control of the 

system was achieved, providing minimum of costs over long term. The solution was 

provided by Howard iteration.  

Publications related to the thesis: [2],[3] 

 

 

5. thesis 
 

Previous works, current practice 

Based on the control methods (assuming a linear model), the effects of the interventions can be 

examined. The regulation of aeration is often the subject of studies. For example, a DO cascade 

controller is used, where the dissolved oxygen level is measured and the volume flow of the 

aeration is controlled. In addition, ammonium-based control, FIFO and MIMO-based systems 

are often used. 

  

Methods 

The stochastic process control theory was applied in the case of a Hungarian metropolitan 

wastewater treatment plant. Different aeration schemes were presented according to different 

cost objective functions. The obtained results were validated based on the ASM3bioP model. 

 

Novelty 

The method can be applied in a practical cases in order to develop more efficient aeration 

schemes. The result of each analysis was a “policy” matrix that actually resulted in control 

schemes. Results can also be programmed into a plant control PLC (programmable logic 

component that performs a plant control function, eg controls aeration). Results showed, 

significant savings can be achieved in practice compared to the original batch aeration method. 

In general, it is possible to produce alternative control schemes and system configurations with 

the presented method. 

 

V. The applicability of the Markov decision processes and quadratic model for the case 

of a metropolitan wastewater treatment plant was shown in modeling practice. The 

method was proven as an adequate tool for developing new principles with special 

regard to the formulation of a more efficient aeration schemes. The results of the 

method can also be implemented in plant control systems (e.g. programmable logic 

circuits).  

Publications related to the thesis:[2], [3], [4], [5] 
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7 Publications related to the thesis 
1. Koncsos T., 2020. Bioreactor Simulation with Quadratic Neural Network Model Approximations and 

Cost Optimization with Markov Decision Process. Periodica Polytechnica Civil Engineering 64 (2), 614-

622 
 

2. Koncsos Tamás (Koncsos Tamás Építőmérnök) BME/ÉMK/Vízi Közmű és Környezetmérnöki Tanszék 

Quadratic form approximations on activated sludge models for enhancing optimization performance 

International Journal of Advanced Engineering and Management ( 2456-8066): 6 1 pp 1-15 (2021) 

 

3. Koncsos T., 2014. A szennyvíztisztító telepek hatékonyságnövelése és költségoptimalizálása hibrid-

modell alapú WASP szoftver segítségével. MASZESZ Hírcsatorna 2014 jan-febr. 

 

4. Koncsos T., 2012. The application of neural networks for solving complex optimization problems in 

modeling. In: Józsa János, Lovas Tamás, Németh Róbert (ed.) Proceedings of the Conference of Junior 

Researchers in Civil Engineering (ISBN:978-963-313-061-2) 

 

5. Koncsos T., Melicz Z., 2011. Eleveniszapos szennyvíztisztító rendszerek elfolyó vízminőségének 

előrejelzése neurális hálóval; HIDROLÓGIAI KÖZLÖNY 91:(1) pp. 15-20.  
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