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IntroductIon

In recent years, computer simulations are widely utilized 
in solving environmental problems. Proper operation and 
control of the process in a biological wastewater treatment 
plant  (WWTP)  is  very  difficult,  because  of  variations  in 
composition, strength and discharge of raw wastewater and 
the complex nature of the treatment processes.[1] Features 
of wastewater  in  each  area  differ  depending  on  people’s 
lifestyle, such that the operation of WWTP in each region 
depends on the experience and knowledge of engineers of that 
community. Moreover, the lack of adequate information about 
the  appropriate  range  of  input  variables,  affects  the  output 
quality of treatment plant.[2] In traditional modeling techniques 
that were employed for biological processes, mass and energy 

balance equations with the equations of microbial growth, 
substrate utilization, and the formation of products were 
applied. However, in microbial reactions and environmental 
interactions, there are nonlinear and time variable relationships 
with complex nature. Using these methods to predict the 
operation variables in WWTPs are time‑consuming and create 
barriers to optimal process control.[3]
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TSS, TKN, TP, respectively. Conclusion: ANN and GA combination provides powerful analysis tool for modeling and optimization of nonlinear 
relationships between the parameters in WWTPs and could be used for proper design and operation of the WWTPs.
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Artificial neural network (ANN) technique is a good alternative in 
compared with traditional models because this method has a high 
potential in the interpretation of nonlinear and complex relations 
between variables. Over the past decade, ANN models have been 
introduced in different fields of environmental engineering.[4,5]

There are a number of key variables in wastewater treatment 
and by studying them; the performance of the process can 
be understood. These variables include chemical oxygen 
demand (COD), biochemical oxygen demand (BOD), total 
suspended solids (TSS) using performance modeling; it was 
found that the neural network is a powerful tool for predicting 
the performance of WWTPs for the removal of these variables.[6]

In this study, multilayer ANN model was designed to predict 
the performance of Isfahan North WWTP for the removal of the 
main variables BOD, COD, TSS, total kjeldahl nitrogen (TKN) 
and total phosphorus (TP) in the A‑B process which is a 
two-stage  activated  sludge  process. The  5-year  data were 
employed for modeling. The model was tested for the last year 
of operation. By utilizing the results of this modeling, the plant 
operators will be able to predict the quality of the effluent based 
on input wastewater characteristics. Moreover, the optimized 
values of the input parameters for the best performance of 
the WWTP were determined using a genetic algorithm (GA).

MaterIals and Methods

Artificial neural network theory
ANN is an information processing system that is inspired of 
the brain’s nerve cell function. The development of the neural 
network is to compute the output variables of a process with 
the aid of input variables and calculations within the network.[7]

The  neural  network  is  trained  to  perform  a  specific  task. 
For training, the output values predicted by the model are 
compared with the target vector, which are the experimental 
results. Correcting connections values (weights) between the 
elements is carried out by calculating the error value. This will 
continue as long as the good predictive ability of the network 
is achieved and the model outputs have high compliance with 
the targeted vector. These concepts are shown in Figure 1a.

Trained neural networks are utilized to perform complex 
functions in various areas, such as pattern recognition, 
identification, classification, speech, vision, control systems 
and to solve complex problems that are difficult for traditional 
computers and humans. There are different types of learning 
algorithms. One of the most common classes of training 
algorithms for feed forward neural networks is called back 
propagation (BP).[5] The main component of neural networks 
is neuron or node as shown in Figure 1b.

Input and output variables are shown with a1 to an and Oj, 
respectively. Each node has received many signals and neuron 
that are investigated to make an output signal. W1j to Wnj are 
weights given to the inputs of each neuron. Weights are adaptive 
factors within the network that defines the intensity of the input 
signal to the neuron. Each input (a1, a2,…, an) is multiplied by 

their respective weight (W1, W2,…, Wn) and all of these values 
are added together (a1 × W1 + a2 × W2+… + an × Wn); then the 
transfer function estimates output signal. Another input to node 
is bj, which is called internal threshold or bias. This is a randomly 
selected value and will make outputs to be more accurate (Eq. 1).
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The final output of nodes (Oj) is obtained with a mathematical 
operation on uj. This is called transfer function. A transfer 
function change uj into Oj by a linear or non‑linear behavior. 
Three types of common transfer function are expressed in 
Eqs. (2-4).[8]

•	 Sigmoid transfer function (Eq. 2)
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•	 Hyperbolic tangent transfer function (Eq. 3)
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•	 Linear transfer function (Eq. 4)

f x x f x� � � �� � � � � �� �       (4)

In this study, Neural Network Toolbox of MATLAB R2013a 
software was used for modeling.

Figure 1: Neural networks training structure (a); the structure of a neural 
network neuron (b)
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Theory of genetic algorithm
GA is a heuristic search  that mimics  the process of natural 
selection. The development of this method is based on 
Darwin’s theory of evolution. At first, GAs were developed by 
John Holland as a tool for finding the best solutions for complex 
issues. This procedure is implemented by creating a population 
of chromosomes. Thereafter, the people in the population are 
put at the control of the evolution process. Each evolutionary 
step  is called a generation. Each member of  the population 
is evaluated based on a series of predefined quality criteria. 
This  is done by a fitness  function. For  the next generation, 
people are selected based on their competence. Therefore, 
the more qualified individuals are selected several times for 
the new population and will have more chances to reproduce, 
whereas less qualified people are faded, and have no chance 
to be selected and reproduce. Therefore, the more deserving 
chromosomes are increased until one of the stopping criteria 
is fulfilled. At this stage, the best solution is achieved.[9,10]

In GA, a chromosome is often represented as a simple string 
and is a set of parameters that define a proposed solution to 
the  problem  the GA  is  trying  to  solve.  Fitness  function  is 
a function that evaluates the quality of a chromosome as a 
response  to  the problem. GA component  selection  is  done 
so that the chromosomes can be directed to evolution. The 
recombination is a process where the competent chromosomes 
called parent are selected and the next generation are produced 
from them. The major components of the recombination 

are crossover and mutation. Crossover is performed via 
the exchange of parts of chromosome of two parents such 
that one or two new members called children are produced. 
Mutation acts on a single chromosome and with changes in 
chromosome components, the new members are produced. 
The stopping criteria are determined based on the number of 
produced generations or the desired competencies.[11] In this 
study, the MATLAB R2013a Toolbox software was used to 
optimize the process.

Data collection
An ANN was  employed  for modeling  in  the  second phase 
of Isfahan North WWTP. Isfahan North WWTP [Figure 2a]
has two phases and its first phase has been exploited in 1987 
with a nominal capacity of 400,000 people and nominal flow 
of 65,000 m3/day. The process of this phase is conventional 
activated sludge. The second phase of plant was started in 2008 
with a nominal capacity of 800,000 people. The process of this 
phase is two‑stage activated sludge (A‑B) [Figure 2b], which 
has a pumping station unit, screening, grit chamber, first phase 
aeration and sedimentation (A), aeration and sedimentation of 
the second phase (B), and chlorination basin. Also in sludge 
treatment, three stages of thickening, digestion, and dewatering 
of sludge are considered. Measured values for the parameters 
of BOD, COD, TSS, TKN, and TP during 6 years (2012-2018) 
were collected at the treatment plant. The results of 5 years 
were used to build the optimal neural network model and the 
results of 1 year were used to simulate the model.

Figure 2: Aerial view of the 1st and 2nd phase of wastewater treatment plant Isfahan North (a), Flow diagram of the wastewater treatment plant second 
phase using A‑B process (b)
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results

As mentioned before, the parameters of BOD, COD, TSS, 
TKN, and TP during 2012–2018 were taken from NWWTP 
operators.  Given  that  for  the  modeling;  the  results  of 
experiments conducted by operators were used, it is necessary 
to ensure normal distribution of data and outliers should be 
removed. Checking the normality of the data was done in 
SPSS software Version 26, (IBM Corp, Chicago, USA) and 
Kolmogorov–Smirnov test. The results are shown in Table 1 
and Figure 3.

Results of 60 conducted trials over 5 years in the treatment 
plant were used to develop a neural network (ANN) model 
and the results of 12 trials in the past year were set aside for 
simulation at the end of the study. Features of network are 
shown in Table 2.

In FFBP network, the input and output matrix (5 × 60) with five 
variables; BOD, COD, TSS, TKN, and TP were considered. 
Seventy percent of the required data for network designing were 
allocated for network training and 15% for validation and 15% 
for network testing. Data selecting for the said cases was carried 
out randomly by software. Performance of neural network is 
assessed through the mean squared error (MSE) and correlation 
coefficient ®, and their equations are shown in Eqs. (5, 6).
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In the equations above, n represents the number of data, ymodel, 
i and yobs, i are the output value predicted by the model and 
the measured output value, yobs, mean and ymodel, mean are average 
output values measured in the laboratory and average values 
predicted by the model.[12]

BP Levenberg–Marquardt (LMBP) algorithm was used to train 
network. Figure 1a illustrates the stages of this algorithm. In 
general, in the function estimation problems with network 
parameters  <100,  the  LMBP  algorithm  has  high  speed, 
performance and accuracy, because in many studies, this 
algorithm has reached the least error.[13]

During the training, the output predicted by the model is 

compared with the expected output and the MSE is calculated. 
If MSE  is higher  than  the amount of  error prescribed,  it  is 
redistributed from output to input and weights are modified 
accordingly. This is repeated until either the error reached the 
allowed limit or the maximum number of trial and error would 
be equal to the number of specified error. Weights modification 
in each trial is performed with the following equation (Eq. 7):

( ) ( )1W t MSE W tη α∆ = − + ∆ −     (7)

Where ɳ is training rate and α is momentum coefficient that 
is both in the range of 0–1.

MSE  is monitored  during  the  training  period.  In  the  first 
phase of training, error will decline so that network reaches 
the minimum error and then by giving more data, the error is 
increased; in this stage, network’s training is stopped and the 
weights in the minimum error is returned.[14]

The best neural network architecture is shown in Figure 4a. In 
addition, other results of MLPNN are observed in Figure 4b 
and c.

Designed network was applied for the simulation of data 
obtained in 2018, to evaluate the predictive ability of the 
ANN model for data that were not in the network designing 
in any way. The results of this simulation are shown in 
Figure 5.

Results of 72 experiments performed at plant in 5 years were 
introduced as an input to the GA. Each chromosome in the GA 
contains five components; BOD, COD, TSS, TKN, and TP. The 
aim is to determine the optimum amount of input to the plant so 
that all output parameters are minimal. The fitness function in 

Table 1: One‑sample Kolmogorov‑Smirnov test result

One‑sample Kolmogorov‑Smirnov test

BODin BODout CODin CODout TSSin TSSout TKNin TKNout TPin TPout

n 72 72 72 72 72 72 72 72 72 72
Mean (mg/l) 274.13 59.96 644.71 161.01 358.92 76.49 67.31 47.39 10.60 5.52
SD 54.11 19.52 137.42 45.69 93.26 24.77 10.61 9.48 2.70 1.67
Kolmogorov‑Smirnov Z 0.876 0.807 0.727 0.707 0.817 0.630 0.641 1.210 1.109 1.192
Asymptotic significance (two-tailed) 0.426 0.533 0.666 0.700 0.517 0.823 0.806 0.107 0.171 0.117
SD: Standard deviation, BOD: Biochemical oxygen demand, COD: Chemical oxygen demand, TSS: Total suspended solids, TKN: Total kjeldahl nitrogen, 
TP: Total phosphorus

Figure 3: Error bar graph based on the error of standard deviation for 
input and output variables
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GA in the studied problem is neural network model developed 
to predict the values in the output of the plant. Other settings 
intended  for GA are: Number of  generation 100,  the Rank 
scaling function, selection function of Stochastic uniform, 
the number of elite 2, Crossover fraction equal to 0.8, and the 
mutation function of constraint dependent and combination of 

scattered function. Finally, GA was able to optimize the input 
parameters to minimize the output parameters. The results of 
GA are presented in Table 3.

In Figure 6a, the diagram of best and average of fitness values 
in each generation is presented. Figure 6b also represents the 
best fitness value in the present generation.

Figure 5: Compare the results of modeling and experiments in 2018

Figure 4: Designed neural network architecture (a), Regression graph (b), Network performance graph (c)

c b
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dIscussIon

To determine the optimal network that has the lowest error and 
highest correlation coefficient, different networks are built with 
hidden layers and different neurons. As shown in Figure 4a, 
architecture of the best neural network that has the mentioned 
features with 3 layers. The number of neurons in hidden layer 
is equal to 10. As shown in Figure 4b, correlation coefficient 
in collections of training, validation, and testing are well 
consistent on target vectors with correlation coefficients >0.95. 
The correlation coefficient of  the entire collection has been 
obtained as 0.98. Hence,  the developed neural network has 
high ability to predict the performance of the plant.

In the graph of network performance [Figure 4c], MSE of the 
network starts from a great value and gradually decreases. This 
implies that the learning process of network has developed. The 
graph includes three lines because 60 input and target vectors 
have been divided randomly into three series of training (70%), 
validation  (15%),  and  test  (15%). Validation  collection  is 
employed in keeping the popularity of the network. Training 
process will continue until the network error is decreased on 
the validation network. Therefore, the least square error on 
validation graph has been identified. Hence, the over fit of the 
network on the training set is prevented.

Nasr et al.[15] by developing a three‑layer network and neuron 
number  10,  30,  and  3,  attained  a  correlation  coefficient  of 
0.90 for the variables of BOD, COD, and TSS, respectively 
in WWTP of EL-AGAMY with SBR process. Mjalli et al.[16] 
developed three separate three‑layer networks with neuron 
number 20, 10, and 1 for variables of BOD, COD and TSS, 
respectively. The correlation coefficients of these parameters 
are 0.924, 0.924, and 0.839, respectively  in  treatment plant 
in Doha East.

After training of the network, it can be employed to simulate 
the new data. As earlier mentioned, treatment plant data for 
the years 2012–2017 were utilized to develop optimized neural 
network  and  experimental  results  of  2018 were  considered 
for simulation. Therefore, the values of BOD, COD, TSS, 
TKN, and TP that were measured during 2018 were given to 
the optimized neural network as input. Predicted output value 
of these parameters in comparison with the measured output 
value in the WWTP is shown in Figure 5.

The methodology developed in this study is based on the 
combination of a GA and ANN for multiobjective optimization 
in existing WWTPs. According to the results, without having 
a large number of kinetic and stoichiometric coefficients that 
are needed in biochemical models such as ASMs, the WWTP 
performance could be predicted and optimized by having 
the main parameters of wastewater during some years and 
using a combination of multilayer neural network and GA. 
In this method, which wastewater treatment modeled using 
database methods, the characteristics of the input wastewater 
could even be optimized so that the treatment plant has the 
best performance. Apart from its applicability of biochemical 
models in the studied field, another constraint on the 
biochemical models to choose is that they should be able to 
solve multiobjective problems, which are complicated and time 
consuming. Adaptations of the ANN and GA algorithms were 
found to be the best solution to tackle such problems because 
of its working procedure, as well as the very little knowledge 
required about the problem to be solved.

conclusIon

The results of this study presented the appropriate ability of 
an ANN in predicting the performance of full-scale WWTP. 
The correlation coefficient was equal to 0.98 and introduces 
ANN model  as  reliable  and  accurate  one.  Conducted 

Table 3: Variables optimized by genetic algorithm

BOD COD TSS TKN TP
Input (mg/l) 324.36 457.37 359.11 60.09 14.15
Output (mg/l) 19.52 70.11 27.52 41.50 4.75
BOD: Biochemical oxygen demand, COD: Chemical oxygen demand, 
TSS: Total suspended solids, TKN: Total kjeldahl nitrogen, TP: Total 
phosphorus

Table 2: Features of designated neural network

Parameters Explanations and values
Network inputs BODin, CODin, TSSin, TKNin, TPin

Network outputs BODout, CODout, TSSout, TKNout, TPout

Network type Multi‑layer FFBP
Training function Trainlm
Adaption learning function Learngdm
Performance function MSE, R
Number of layers 3
Number of neurons in hidden layer 10
Transfer function In hidden layer: tangent sigmoid

In output layer: purelin
BOD: Biochemical oxygen demand, COD: Chemical oxygen demand, 
TSS: Total suspended solids, TKN: Total kjeldahl nitrogen, TP: Total 
phosphorus, FFBP: Feed-forward back-propagation, MSE: Mean squared 
error, R: Correlation coefficient

Figure 6: Output genetic algorithm graphs. (a) Fitness graph, (b) Best 
individuals, (c) Variables optimized by genetic algorithm

c

ba
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simulation demonstrated the high consistency of the results 
of modeling  and  experiments. GA achieved  the  best  value 
of input parameters; BOD, COD, TSS, TKN, TP, as 324.36, 
457.37, 359.11, 60.09, and 14.15 mg/l, respectively. It seems 
ANN alongside GAs could be applied to upgrade operation 
of WWTP. The performance of the WWTP without having all 
kinetic and stoichiometric coefficients is also predictable and 
manageable using data based modeling.
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