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Abstract

This study attempted to develop statistical regression models for predicting the settleability

of activated sludge based on the quality of incoming sewage and on the identified dominant

filamentous species. As part of the analyses conducted for the purpose, classification models are

presented that enable identification of the respective filamentous microorganisms, based on the working

parameters of the bioreactor and the quality of the influent. The study calculations demonstrated

that the modeling methods based on artificial neural networks, random forests, and boost trees can be

applied for the identification of filamentous microorganisms Microthrix parvicella, Nostocoida sp.,
and Thiotrix sp. in activated sludge chambers in the STP located in Sitkéwka-Nowiny. The best

predictive capacity, covering identification of the above-mentioned filamentous bacterial species in

activated sludge chambers, was observed for statistical models obtained by the random forest method.

Keywords: activated sludge, hybrid models, settleability

Introduction

Considering the stochasticity of the volume and
quality of the incoming sewage, the operating parameters
of reactors need to be controlled within a certain range
so that the performance of the respective units of
a sewage treatment plant (STP) can be optimized and
the desirable pollution reduction effect achieved [I,
2]. This requires prediction of various biochemical
processes taking place in the reactor, using physical

*e-mail: k.chmielowski@ur.krakow.pl

or statistical method for the purpose. The former have
the advantage that the qualitative variability of sewage
at the discharge from the reactor and the biological
reactor’s operating parameters is based on differential
equation systems. However, for the -calibration of
physical models, one needs detailed information
about the reaction path in the respective units, which
requires continuous high-resolution measurements
of a number of qualitative parameters of the sewage
at the inlet, discharge and inside the reactor, leading
to considerable problems in the experimental phase.
Moreover, due to the number of model parameters
and strong interactions between them, their calibration
may often be difficult, as confirmed in multiple
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reports [3, 4]. In view of the above, statistical models
are also used in which a model structure is generated
in the training phase, based on which the parameters
of interest will be predicted. In this category, multiple
regression is the simplest method and the more complex
methods include artificial neural network, support
vectors, genetic programming, regression trees and
others. Since the processes occurring in activated
sludge are very complex, statistical models are used in
the simulation of its settling properties, as reported in
[5-7]. 1t is worth noting that continuous control of the
parameters determining the sludge settling process is
essential to the course of the sewage treatment process.
Their deterioration may result in increasingly high
concentrations of carbon compounds and suspended
solids in the sewage at the discharge of the secondary
tank, exceeding their permissible levels. Therefore, it is
necessary to create mathematical models enabling the
parameters of the activated sludge settling process to be
predicted. A literature survey [8-11] indicates that the
settleability of sludge is assessed based on the sludge
index. On the other hand, the previously used models
failed to account for the fact that both the quality
and the working parameters of the activated sludge
chamber tend to affect the presence of filamentous
microorganisms, which are known to be essential to
the course of the activated sludge settling process. The
presence of the filamentous species in the activated
sludge is normal: filamentous colonies form a skeleton
structure that promotes the attachment of bacterial
colonies constituting the sludge mass. Moreover,
the presence of filaments considerably reduces the
susceptibility of flocs to fragmentation under vigorous
mixing conditions and favors the formation of larger
aggregates that settle more readily. On the other hand,
particularly excessive microbial growth is detrimental
to the flocs structure and their settleability. From the
technological point of view, the value of the sludge index
is determined by its settleability, defined as the sludge
volume after settling in the Imhoff cone for 30 minutes.
It is worth noting that the parameter is used in many
STPs for the assessment of sludge settleability. This is
due to the fact that, considering the various biochemical
processes occurring in place in the activated sludge
and its metastable nature, the sludge index that is
predominantly used in practice (the intensive quantity)
is not always an optimum source of data for simulating
STP performance. Therefore, it seems correct to use an
alternative approach, based on the extensive quantity,

which means that creating models for simulating the
process parameter is justified. The literature survey
indicates that the issue of predicting sludge settleability
has so far been of interest only to [5, 12], although the
effect on the value of SE for filamentous microorganisms
was not described in these reports.

For the reasons stated above, this study attempted
to develop statistical regression models for predicting
the settleability of activated sludge based on the quality
of incoming sewage and on the identified dominant
filamentous species. As part of the analyses conducted
for the purpose, classification models are presented
that enable identification of the respective filamentous
microorganisms based on the working parameters of the
bioreactor and the quality of the influent.

Test Facility

The tests were carried out in the municipal STP
located in the commune of Sitkéwka-Nowiny, which
handles sewage from the separate sewage system of
the city of Kielce, Sitkowka-Nowiny and part of the
commune of Mastow. There are many factories located
in the area, which results in a considerable variation
of the pollution load in the influent since industrial
wastewater contributes more than 20% of the total
pollution load. Nominal capacity of the test facility is
72,000 m*/d for a load of 275,000 PE. The influent is first
handled mechanically (stepped screens, aerated sand
trap, primary settlement tank), and then biologically in
a reactor with separate de-nitrification and nitrification
chambers (BARDENPHO system).

After being mechanically treated, sewage with the
activated sludge is clarified in secondary tanks and
discharged to the receiving water body: the Bobrza
River. The parameters of the sewage are controlled
by the municipal water supply company, Wodociagi
Kieleckie Sp. z 0.0., by measuring the quality of the
influent and the working parameters of activated
sludge. The sludge biocenosis is also determined as, for
instance, its filamentous microorganisms are identified.

Methodology

The analyses aimed to develop a hybrid model
simulating activated sludge settleability (SE). In this
model the process parameter of interest is found by three
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Fig. 1. A simplified block diagram of the STP in Sitkowka-Nowiny.
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Fig. 2. Calculating activated sludge settleability.

data mining methods, based on input data describing
the amount (Q), quality of the influent (BOD, COD,
NH,, TN, TSS) and the presence of various filamentous
microbial species in activated sludge chambers. It
was assumed that the filamentous bacteria taken into
consideration in the mathematical model for simulating
the value of SE would be predicted using classification
models in which the exogenous variables would comprise
the values of the parameters describing the sewage
quality and the working parameters of the activated
sludge chambers, such as: pH, sludge temperature (T),
oxygen concentration in the nitrification chamber (DO),
substrate load (F/M), dosage of methanol, and PIX. To
identify the variables explaining the presence of the
respective filamentous microorganisms in the activated
sludge, the values of importance (IMP) were found for
the considered predictors by means of classification
trees; the algorithm for the measurement of the value
of IMP is described in detail in [13]. The calculation
diagram for the present method for predicting the
settleability of sludge is shown in Fig. 2.

The filamentous bacteria were identified by the
method proposed by [14], in which the microorganisms
are divided into dominant and subordinate species.
Molecular methods offer an alternative solution: they
enable quantitative and qualitative identification of
microbial species but have a serious disadvantage of
being costly, therefore their applicability in the daily
operation of STPs is limited. A quantitative assessment
of the prevalence of the respective filamentous species in
the sludge by the conventional method is very complex,
since there may be a multiple number of species in it
in comparable quantities, especially if the STP handles
industrial wastewater.

In this case, several filamentous bacterial species
may be present and be regarded as dominant, which
is commonly assumed in such considerations. In this
study, the conventional method based on the observation
of multiple activated sludge preparations enabled

classification of the bacteria as either dominant or
subordinate, and the former type was only used in the
statistical model.

The input and output data were normalized by
min-max transformation [15] before proceeding to
the development of mathematical models. Moreover,
to avoid an excessive fitting of simulation results to
the measurement data, a 5-fold cross-validation was
performed as follows: the dataset was divided into N
subsets, the training dataset and the testing dataset
were isolated and N results of models were averaged in
order to obtain a single result. In this paper, methods
based on artificial neural networks, random forests and
boost trees were used for predicting the settleability of
activated sludge and identification of microorganisms.

Artificial neural networks (ANN) are used for
the simulation of linear and non-linear processes,
optimization, classification and control [16, 17]. MLP
(multi-layer perceptron) is a structure which has
many applications in the simulation of processes in
environmental engineering and other fields. In MLP,
the input signals (x;) are multiplied by weight inputs
(w;) before being transmitted to the neurons of the
hidden layer and there, in single neurons, summing
takes place. The sums are subjected to linear or non-
linear transformation using the activation function and
then transferred to the output neurons. Since there is no
hint at the choice of the ANN structure for modeling the
value of SE, STATISTICA software and the automatic
designer function were used in this paper. At the step of
analyses, 200 different neural networks were generated
for the input data and their parameters of fitting between
the calculation results and the measurement data were
established. In these considerations, it was assumed that,
in the models of interest, the number of neurons in the
hidden layer varied between 2 and 12 and the authors
considered the linear, exponential, sinus, and hyperbolic
tangent functions for the hidden neural layer, and the
linear function in the output layer.
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The random forest algorithm (RF), originally
developed by [18] for classification purposes, has also
been applied to regression problems. In the RF method,
according to the classic bootstrap principle, random
samples are first drawn with replacement from the
testing dataset, based on which training datasets (n)
are determined for trees. Next, n structures of tress are
generated using a suitable algorithm, thus constructing
a forest. Based on the obtained forest of n trees,
prediction is established for every tree by finding the
arithmetic mean of individual predictions as the result
of the whole model. As part of the analyses (settleability
and identification of filamentous microorganisms), the
number of trees taken into account when generating the
forest varied between 100 and 500.

Boosting trees (BT) are the implementation of
the stochastic gradient boosting method, as used in
classification- and regression-related problems [19].
The main idea of the method is to create a series of
decision trees, such that each following tree will be used
for determining the residues generated by the previous
one.

Model Assessment Criteria
The predictive capacity of the models used for
predicting activated sludge settleability was assessed

using the following:

- mean absolute error (MAE):

n
1

1
MAE = H ' z Yi,obs - Yi,pred

= ()
- mean percentage error (MPE):
MAPE:l.ZM 100%
n g yi,obs )

..where 'y, , . — suitably measured and calculated
values of sewage quality indicators, n — number of
components in dataset; in the case of interest, the dataset
is composed of 160 values.

The predictive capacity of the obtained
classification models for identifying various filamentous
microorganisms was assessed using the following
parameters:

- sensitivity:
SENS =100- L
TP + FN 3)
- specificity:
SPEC =100 L IN
FP + TN “)

- prediction error:

2 TP + TN

R, =100 -
TP + TN + FP + FN ®)

z

...where FP, FN, TP, TN — results of classification
(Table 1).

Results and Discussion

Based on the amount, quality and operating
parameters of the activated sludge chambers, variability
range was determined for these parameters (Table I).
The variability range is very important in the aspect
of applicability of the models being developed because
it indicates the range of their usability. The data in
Table 1 indicate that the values of the sewage quality
indicators (BOD, COD, TN, TP, TSS, N-NH,) varied
in a broad range, affecting significantly the activated
sludge in terms of concentration and settleability and,
as a result, also its substrate load. The process data
in this research paper were the basis of theoretical
considerations of which the aim was to develop models
for predicting such parameters of the activated sludge as
concentration, substrate load, sludge index, and quality
indicators [5, 6, 20].

Microbiological tests on the samples drawn from the
activated sludge chamber in the test period identified
five filamentous species: Microthrix  parvicella,
Thiothrix sp., Nostocoida sp., Beggiatoa sp. and
Sphaerotilus natans. The species 1-3 were dominant
either individually or in combinations, and 4-5 were the
subordinate species (Table 2). Another observation was
that not all five filamentous species were found in the
activated sludge at a time. Observations of the sludge
samples indicated the simultaneous presence of the
species Thiothrix sp., Sphaerotilus natans, Microthrix
parvicella and Beggiatoa sp., potentially suggesting low
oxygen content (Table 2).

The microbiological tests of the activated sludge
indicate that the bacteria Microthrix parvicella was
present as the dominant species either alone or as one
of two or three dominant species, in combination with
the filamentous species Thiothrix sp. or Nostocoida sp.
Moreover, the analyses showed that in the test period,
Microthrix parvicella was typically detected in the
activated sludge (either alone or as the dominant species

Table 1. Example of classification table.

Predicted decision

Classification
Positive Negative
Positive True False
Observed positive (TP) negative (FN)

decisions N . False True
egative positive (FP) negative (TN)
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Table 2. Range of variability (mean, minimum, maximum) of the
values of the qualitative indicators of the incoming sewage and

the operating parameters of the activated sludge chamber.

Variable Range Mean

Q; m*/d 32564+86592 41584

T; °C 10.6+23.0 15.9
pH 7.2+7.8 7.6

DO 0.55+5.78 2.56
BOD; mg/dm? 127+557 320
COD; mg/dm? 384+1250 790
TSS, mg/dm® 45+168 91.4
TP; mg/dm? 4.3+12.6 7.8
TN; mg/dm? 39.91+124.09 77.6

N-NH,, mg/dm* 24.40+65.90 48.86
MLSS; kg/m? 1.19+5.89 3.57
F/M, gBZT /gMLSS-d 0.028+0.172 0.07
methanol, m/d 0.0+4.56 1.35
PIX, m*/d 0.00+1.93 0.80
SE, cm’/dm? 250980 785

in 30% of the test samples), in combination with Thiotrix
sp. in 25% of the test samples and with Nostocoida sp.
in 45% of the test samples.

In the next step, the classification trees method
was used to develop statistical models for predicting
the dominant filamentous bacterial species (Microthrix
parvicella, Nostocoida sp., Thiotrix sp.). It enabled
identification of the explanatory variables (quality of
the sewage and operating parameters of the reactor),
which are decisive for their presence; the results of
these analyses are shown in Figs 3(a-c). The analysis
indicate that the presence of Microthrix parvicella

a) ..

03
01
00
Do con Tos FM pH NH4 PIX P met
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0.9
M ‘ ‘ | ‘ ‘
)
o
PIX Tos

NH4 FM Do TP con pH met

PIX FiM P pH

Fig. 3. Numerical values of the importance of explanatory
variables for the presence of filamentous bacteria: a) Microthrix
parvicella, b) Thiotrix sp., ¢) Nostocoida sp.

Importance

Importance
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=
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Table 3. Possible combinations of the filamentous bacterial species in the test period (+/-): presence/absence of the respective filamentous

bacterial species in activated sludge.

Variant jl‘yﬁicf:?ctzlrll; Thiothrix sp. Sphaerotilus natans Beggiatoa sp. Nostocoida sp.
1 + - - R +
2 + + + - +
3 + + - - -
4 + - + - -
5 + + + - -
6 + + - - +
7 + - - - +
8 + + + + -
where: (+/-) — presence/absence of the respective filamentous bacterial species in activated sludge.
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Table 4. Parameters of fitting (SPEC, SENS, R ?) of classification of the respective filamentous bacterial species by ANN, RF and BT.

Microthrix parvicella Thiotrix sp. Nostocoida sp.
Parameter
ANN BT RF ANN BT RF ANN BT RF
SPEC 0.91 0.90 0.88 0.81 0.87 0.90 0.89 0.90 0.89
SENS 0.62 0.86 0.86 0.69 0.84 0.51 0.67 0.87 0.77
R 0.86 0.89 0.87 0.77 0.86 0.67 0.76 0.88 0.80

in the activated sludge in the test facility was determined
predominantly by oxygen content, as suggested by the
maximum value of IMP = 1.0. A slightly lower effect
was observed for COD (IMP = 0.91), temperature
of activated sludge (IMP = 0.88), and substrate load
(IMP = 0.86). The values of importance for pH, NH,,
TP and dosage of PIX and methanol are below 0.80.

Moreover, the calculations indicate that the dosage
of PIX and the value for NH, have the decisive effect
on the presence of Thiotrix sp. (IMP = 1.0), whereas
a less pronounced effect was observed for the load
(IMP = 0.89), oxygen content in the nitrification
chamber (IMP = 0.85) and total phosphorus content
(IMP = 0.82). In the other cases (COD, pH, T, methanol)
the values of importance were lower than IMP = 0.80.
The analyses indicate that the decisive effect on the
presence of Nostocoida sp. was observed for oxygen
content (IMP = 1.0) and for the content of organic
substances and nitrogen compounds in the influent,
as confirmed by the calculated values of importance
for NH, and COD, which were IMP = 0.99 and
IMP = 0.92, respectively, as well as the dosage of
methanol and PIX, sludge temperature and substrate
load, for which the value of importance was IMP = 0.90;
IMP = 0.81; IM = 0.85 and IMP = 0.80. These results
of calculations for the respective filamentous species
are confirmed by the analytical results, reported by [21,
22], who investigated sludge bulking in municipal STPs,
caused by the presence of filamentous bacteria.

In view of the above calculation results, classification
models were developed using the methods of ANN, RF
and BT for identification of filamentous microorganisms,
based on variables for which IMP>0.80. Table 4 shows
the values of parameters of fitting (SPEC, SENS, R ?)
between the results of measurements and calculations
for validation datasets (test datasets).

The data in Table 4 indicate that the methods of
ANN, RF and BT can be applied in predicting the
presence of filamentous microorganisms in activated
sludge chambers, as confirmed by the -calculated
values of the fitting parameters SPEC, SENS and
Rzz. Among the three methods (ANN, BT, RF), the
statistical model obtained using the boost tree (BT)
showed the best predictive capacity for Microthrix
parvicella. The presence of Microthrix parvicella was
correctly identified in 90% of cases and its absence in
the activated sludge in 86% of cases. The model based
on artificial neural networks (ANN) showed a much

worse predictive capacity in respect to the analyzed
bacteria. The results of calculations indicate that ANN
enabled correct classification in 62% of cases in which
Microthrix parvicella was not identified in the activated
sludge.

Considering the developed statistical models
(Table 3) for the analysis of the presence of Thiotrix
sp. in the activated sludge, the poorest predictions
were provided by the random forest method. The best
fitting between the results of calculation (classification
of Thiotrix sp.) and measurements was obtained in the
BT-based statistical model. In the mathematical models
based on RF and BT, 90% and 87%, respectively, of
occurrences were correctly identified and the presence
of Thiotrix sp. was detected in the activated sludge. A
much worse fitting between the results of calculations
and measurements was obtained in the classification of
cases, including occurrences when Thiotrix sp. was not
detected in the activated sludge chamber: the models
based on RF and BT correctly identified 51% and 84%
of occurrences. Moreover, the data in Table 3 indicate
that among the considered methods (ANN, BT, RF),
the least error in the classification of Nostocoida sp.
was obtained by the BT-based mathematical model.
The model enabled correct classification in 90% of
occurrences when the presence of Nostocoida sp. in
the activated sludge chamber was detected and 87%
occurrences in which the bacteria was not found in the
activated sludge.

Taking into account the fact that the developed
statistical models for the analysis of the occurrence
of filamentous bacteria have a satisfactory predicting
capacity, it seems justified to propose a hybrid model
concept (based on classification and regression),
establishing the impact of interactions between the
biocenosis species found in the activated sludge on
its settleability. Therefore, mathematical models were
created to predict the settleability of the sludge: first,
the pollution load (COD, BOD, NH,, TN, TP, TSS) of
the influent and then the bacterial flora, including the
filamentous species, were taken into account. Table 4
shows the values of mean relative error (MRE) and mean
percentage error (MAPE) of the results of measurements
for the -calculation of settleability after a 5-fold
cross-validation for the validation dataset. Additionally,
Fig. 5 shows a comparison between measured values
of SE and those obtained using the statistical model,
resulting in the lowest MAE and MAPE.



Using Data Mining to Predict Sludge...

3111

Table 5. Fitting parameters (MAE, MAPE) for the results of measurements of settleability by RF, BT, ANN for a model based on the
influent sewage quality (I) and the presence of the filamentous species (II).

RF BT ANN
Model
MAE MAPE MAE MAPE MAE MAPE
1 101.9 15.88 102.37 16.89 86.04 14.06
II 85.73 14.03 43.6 6.39 17.82 2.362

The data in Table 5 indicate that the lowest errors
were obtained for models provided by the ANN
method and the highest values of the mean relative
error and mean percentage error resulting from the
RF method. The analyses showed that the lowest
errors (MAE = 17.82 cm?/dm® and MAPE = 2.36%)
were obtained for the ANN model, in which the input
data were the sewage quality and the identified
filamentous microorganisms; much higher values of
errors (MAE = 86.04 cm¥dm?® and MAPE = 14.06%)
were obtained for the model covering the quality
of the influent only. The values of errors in the SE
prediction, resulting from the model in which the
filamentous microorganisms were covered as well, are
much lower than those obtained by [5], who developed
a mathematical model using the MARS method based
on the measurements of the amount and quality of
the influent sewage and the bioreactor’s operating
parameters, and who obtained MAE = 9.9 cm*/dm?. The
simulation results obtained in the study indicate that both
the quality of sewage and filamentous microorganisms
have a significant impact on the course of the activated
sludge sedimentation process, as confirmed by the
values of errors of results match to the measurements
(Table 5) and studies carried out by Belanche et al.
[23]. The relationships observed in this study (strong
correlation between the settleability of activated sludge

500

SE, cmifdm?

400

300

200

100

and the presence of individual groups of filamentous
bacteria) are confirmed by the study of Bezak-Mazur
et al. [24], who — based on the results of measurements
of operational parameters of a bioreactor (concentration
of activated sludge, dissolved oxygen concentration,
temperature, pH) and the microbial composition of the
sludge (bacteria Microthrix parvicella, Thiothrix sp.,
Nostocoida sp., Beggiatoa sp., Sphaerotilus natans)
— developed a qualitative model by a logistic regression
method to assess how individual microorganisms and
interactions between them affect the process of activated
sludge sedimentation. In the models presented in the
paper, it is not possible to clearly assess the effect of the
considered filamentous bacteria on the settleability of
activated sludge based on the determined parameters of
the model, which is a disadvantage of many data mining
methods. In order for this relationship to be established,
it is necessary to perform additional calculations for
various boundary conditions, which is labor-intensive
and time-consuming.

When analyzing the obtained results of analyses
(Table 5) it may be concluded that the same range of
variability of SE forecast errors in the model taking into
account only the quality of sewage on the inflow to the
treatment plant was obtained by Szelag and Gawdzik
[5], who — by using different data mining methods for
independent variables including the measurements of

measurement

_____ ANN {gquality inflow)

--------- ANN {guality infloveHilam entous bacteria)

800 1000 1z00 1400

t, day

Fig. 4. Comparison of the results of measurements and calculations of activated sludge settleability as obtained by the artificial neural

networks method.
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BOD, SS, TP, TN — obtained the value of MAE error
of the SE forecast equal to 82.1 cm*/dm* when using the
SVM method and 62.2 cm?dm?® when using the MARS
method. The SE forecast error values (Table 5) obtained
in this study, based solely on the data covering the
quality of sewage on the inflow to the STP, are larger
than those obtained in the models given by Szelag and
Gawdzik [5], where independent variables, except for
the quality of sewage, were the operational parameters
of the biological reactor, such as sludge temperature,
concentration of activated sludge, and substrate load of
the sludge. This fact confirms the significant impact of
operational parameters of the bioreactor on the course
of the sedimentation process of the sludge, which is also
confirmed by the analyses conducted by Bagherii et al.
[7], Cortés et al. [10], and Szelag et al. [S].

Fig. 4 presents comparison of the results of
measurements and calculations of activated sludge
settleability, obtained by the artificial neural networks
method. The measured SE values ranged from 250 to
980 cm*/dm’.

It is worth noting that the inclusion of microbial
species in the BT method results in lower MAE
and MAPE, which decreased from 102.37 cm®/dm?
to 43.60 cm?dm?® and from 16.89% to 6.39%,
respectively. In the RF method, the values of
the percentage error and relative error decreased from
101.90 cm*dm?® to 85.73 cm?dm® and from 15.88%
to 14.03%, respectively. Based on these analyses, it
can be stated that the developed classification models
for identifying filamentous bacteria and the obtained
regression model for modeling activated sludge
settleability have a satisfactory predictive capacity.

Conclusions

The study calculations demonstrated that the
modeling methods based on artificial neural networks,
random forests, and boost trees can be applied for the
identification of filamentous microorganisms Microthrix
parvicella, Nostocoida sp., and Thiotrix sp. in activated
sludge chambers in the STP located in Sitkéwka-Nowiny.
The best predictive capacity, covering identification of
the above-mentioned filamentous bacterial species in
activated sludge chambers, was observed for statistical
models obtained by the random forest method. In
the case of Microthrix parvicella, Nostocoida sp.
and Thiotrix sp., the poorest classification capacity
was observed for the models based on the artificial
neural networks and the random forests, respectively.
Moreover, it was concluded that much lower values of
errors of prediction of activated sludge settleability are
obtained by statistical models with the inclusion of the
filamentous microorganisms. It is worth noting that,
within the methods of interest, the lowest errors of
settleability prediction were obtained for the artificial
neural networks and the highest for the model developed
by the random forest method. The study demonstrated

that the sludge settleability prediction model presented
in this paper, in which the filamentous microorganisms
are identified based on sewage quality indicators and
bioreactor operating parameters using the classification
model, can be applied in practice.
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