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Abstract: This paper presents the application of artificial neural networks and decision trees for the
prediction of odor properties of post-fermentation sludge from a biological-mechanical wastewater
treatment plant. The input parameters were concentrations of popular compounds present in the
sludge, such as toluene, p-xylene, and p-cresol, and process parameters including the concentration
of volatile fatty acids, pH, and alkalinity in the fermentation sludge. The analyses revealed that the
implementation of artificial neural networks allowed the prediction of the values of odor intensity
and the hedonic tone of the post-fermentation sludge at the level of 30% mean absolute percentage
error. Application of the decision tree made it possible to determine what input parameters the
fermentation feed should have in order to arrive at the post-fermentation sludge with an odor
intensity <2 and hedonic tone >-1. It was shown that the aforementioned phenomenon was
influenced by the following factors: concentration of p-xylene, pH, concentration of volatile fatty
acids, and concentration of p-cresol.

Keywords: sludge; wastewater treatment plant; HS-GC-MS/MS; odor prediction

1. Introduction

The presence of odorous compounds in ambient air is a serious problem, especially for the
residents of areas directly adjacent to municipal plants, such as wastewater treatment ones [1,2].
The odorous compounds can have an influence on the deterioration of life quality, causing symptoms
associated with long-term exposure, including headaches, nausea, problems with concentration, a loss
of appetite, stress, insomnia, and discomfort [3]. Taking into account the unit processes in wastewater
treatment plants, it was found that the operations connected with sludge processing constituted the
main source of odorous substance emissions [4,5]. Stuetz and Frechen, based on investigations in
wastewater treatment plants in Germany and France, revealed that the operations connected with
sludge thickening, dewatering, and processing contributed to ca. 62% of the total emission of odorous
compounds [6].

A regulation implemented in 2016, according to which the disposal of municipal wastewater
sludge on a landfill is banned, resulted in an increased interest in other, more pro-ecological methods of
sludge management [7]. The most popular methods of sludge management include use in agriculture
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for the cultivation of non-consumption crops, reclamation and adjustment of soil to a particular
application, the production of compost, the use of sludge (after incineration) in the building industry,
the production of adsorbents for industry, and thermal utilization [8,9]. In order to provide safety,
the introduction of sludge to soil must be preceded by its dewatering, stabilization, and composting.
These operations are aimed at a reduction of the risk of the uncontrolled release of hazardous chemical
substances to soil and ground water [10,11]. Utilization of sludge in the building industry calls for
its thermal treatment in order to produce ash. Depending on the other substrates admixed during
the building material formation process, it is possible to obtain a final product fulfilling the required
mechanical standards [12]. Thermal utilization of sludge is characterized by practically the total
mineralization of chemical compounds present in the sludge. At a high temperature (>700 °C), organic
substances are oxidized to simple inorganic compounds—mainly carbon dioxide and water. However,
there is a risk of the formation of compounds more harmful for the environment, for example, carbon
monoxide, sulphur, and nitrogen oxides [13]. A decrease in their emission during thermal processing
can be achieved, among other things, via the co-incineration of sludge with other energetic materials
(coal, crude oil) [14].

Due to the complexity of the wastewater sludge management problem, the number of respective
legal acts is very large. One of the main related documents is the Directive of the European Parliament
and Council 2008/98/WE of 19 November 2008, which contains the guidelines concerning environmental
protection via the prevention and reduction of negative effects connected with waste production.
The Directive of the Council 86/278/EWG of 12 June 1986 implements the regulations related to the
usage of sludge in agriculture; the decree of the Minister of Development (Polish law) of 21 January
2016 defines the requirements concerning the thermal management of waste; and the Directive of the
European Parliament and Council 2009/28/WE of 23 April 2009 describes the required energy levels
acquired from renewable energy sources, including biomass, which also engulfs wastewater sludge.
The aforementioned legal acts do not pertain to the admissible content of many hazardous chemical
substances present in sludge, as well as its further management. One of the sparse examples indirectly
referring to the discussed problem is a decree of the Minister of Environment (Polish law) of 9 September
2002 regarding soil quality standards, which mentions the values of admissible concentrations of
different pollutants, including the aromatic hydrocarbons present in soil.

In the case of the sludge management solutions described above, one of the main requirements is
sludge stabilization. This is usually done in a biological, chemical, or thermal way [15]. One of the most
frequently used forms of biological stabilization of sludge is anaerobic fermentation with simultaneous
biogas recovery. This method gained popularity due to the fact that the energy generated during the
process is regarded as a renewable one [16]. The sludge after anaerobic fermentation can still exhibit
a tendency to release chemical substances, including malodorous compounds [17]. One possibility
for reducing the amount of odorous substances present in sludge is to regulate the process in such
a way as to maximize the transfer of these compounds into a volatile fraction of the biogas, which
subsequently has to be purified prior to further use [18].

Optimization of the methane fermentation process by the application of various model tools
is a topic of interest for many scientists all over the world. One of the main models describing the
anaerobic fermentation process is the ADM1 (Anaerobic Digestion Model No.1) model elaborated by
the International Water Association (IWA), which covers many physico-chemical and biochemical
stages [19]. Bareha et al. investigated the possibilities of the prediction of organic nitrogen compound
conversion during the methane fermentation process using fractionation methods [20]. Hu et al. made
an attempt to elaborate a model methane fermentation system, which could be adopted for household
wastewater treatment plants [21]. Ivanovs et al. presented the potentialities connected with model
design of the methane fermentation process of fish waste, including biomethane generation [22]. These
and other literature examples are characterized by a relatively high complexity.

Among the solutions regarding the modeling of sludge anaerobic fermentation, one can also
find investigations employing artificial neural networks. This tool allows a very good reflection of
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complex dependences of a given process, without taking into account detailed mechanisms of particular
processes [23]. Artificial neural networks have already been used with the anaerobic fermentation
process, for example, for prediction of the biogas production rate [24,25]. However, these papers
did not take into account odor properties of the sludge before and after the fermentation process.
The importance of the issue of further processing of the post-fermentation sludge is highlighted in the
works of Ricon et al. In [26], it was demonstrated that the composting of post-fermentation sludge
generates emissions in the range of app. 30 oug per gram of the initial content of the composted
matter. This is a relatively high odor concentration, which could be significantly reduced by carefully
controlling the parameters of the fermentation process. In a different study [27], the composting of
post-fermentation sludge was investigated using sensory and instrumental methods. It was shown
that the post-fermentation sludge continues to carry a large odorogenic load and that the use of
instrumental methods can not only reduce the cost of olfactometric measurements, but also simplify
the process of odor concentration monitoring. Based on just the above developments, two distinct
scientific problems and application challenges can be formulated. These are the adjustment of the
process parameters in such a way as to minimize the odor nuisance of the post-fermentation sludge,
and the use of the lowest possible number of instruments for measurements in order to reduce the cost
of process control. The former issue can be solved by using combinatory techniques for odor analysis,
such as sensory and instrumental methods [26,27].

The aim of the present investigation was verification of the possibility of artificial neural network
implementation for the prediction of odor properties of the wastewater sludge subjected to anaerobic
fermentation. The input data were as follows: (i) concentrations of three odorous compounds from
the volatile organic compounds group (toluene, p-xylene, p-cresol) present in the sludge; (ii) values
of the parameters describing the odor character of the investigated samples, namely odor intensity
and hedonic tone; and (iii) 3 the most important parameters characterizing the methane fermentation
process (volatile fatty acids, pH, and alkalinity), the values of which differed during successive
measurement cycles. Additionally, decision trees were used to determine what input parameters the
fermentation feed should have in order to arrive at the post-fermentation sludge characterized by
a low odor intensity and hedonic quality. Instrumental and sensory techniques were employed in
the measurements. The possibility of the prediction of odor nuisance caused by post-fermentation
sludge is a significant added value because it can define further sludge management in different fields
of human activity. Moreover, process control and maintaining the process parameters at a proper
level will not only enable the reduction of odor nuisance caused by post-fermentation sludge, but also
reduce the costs associated with its further processing and the end product’s odor nuisance.

2. Materials and Methods

2.1. Plant Description and Sampling Methodology

Two wastewater treatment plants localized in Pomorskie voivodship (Poland) were selected
to perform the investigations. Both plants employ mechanical-biological treatment with a methane
fermentation process and biogas recovery. Plant No. 1 treats a larger amount of sewage (55,000 m3/day)
than plant No. 2 (10,000 m>/day), which results in more sludge production (31 tons/day versus 6 tons/day,
respectively).

In order to measure the concentration of selected compounds from the volatile organic compounds
group, the sludge samples were collected before and after the fermentation process. The samples were
taken from nine fermentation cycles. For each cycle, 12 sludge samples were collected prior to the
fermentation and 12 samples were obtained following the fermentation, in order to execute sensory
measurements. Instrumental measurements involved three samples collected before the fermentation
and three samples collected after the fermentation. The sludge was placed in the 500 mL glass bottles
and transported to the laboratory. The investigations involved 135 samples of sludge collected before
the fermentation and 135 sludge samples after the fermentation, which gives 270 samples from each
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treatment plant; a total of 540 samples of sludge were examined during the studies. The samples were
stored at +4 °C in sealed bottles between the sampling day and analysis day.

2.2. Chemicals, Reagents, and Sample Preparation

All chemical reagents used in this investigation were supplied by Sigma-Aldrich (St. Louis, MO,
USA): toluene, p-xylene, and p-cresole. Methanol (HPLC grade) used as a solvent in stock solutions
was obtained from Merck (Darmstadt, Germany), and sodium chloride (NaCl) powder was obtained
from POCH (Gliwice, Poland).

For each analysis, 5 g of sludge were weighed into a 15 mL headspace vial. Subsequently, 2 g
of NaCl was added for each sample. Then, the headspace (HS) vial was sealed with a septum lined
cap, and the samples were mixed for 30 s in order to homogenize the mixture. After this operation,
the samples were placed in an autosampler and analysed by HS-GC-MS/MS.

For quantification, stock solutions were prepared in MeOH by diluting the certified standard
solution to 2 mg/mL. Stock solutions were stored at —20 °C until analysis. Fresh stock solutions were
made each week.

2.3. HS-GC-MS/MS Conditions

For chromatographic separation, a Shimadzu GC-2010 PLUS system (Kyoto, Japan) equipped
with an AOC- 20s autosampler was used. Separation of the analytes was performed on a Phenomenex
ZB-WAX (30 m x 0.25 mm i.d., 0.25 um film thickness) capillary column. As a carrier gas, helium
(purity >99.999%) was applied, with a constant flow rate of 1 mL/min. The sludge samples were
placed in 15 mL sealed vials, heated, and agitated. The incubation temperature was kept at 70 °C,
with an incubation time of 15 min. The injector port was kept at 240 °C, in split mode (10:1), while the
headspace syringe temperature was maintained at 85 °C. The injection volume was 500 pL in the split
injection mode. The oven temperature gradient program was as follows: 40 °C (held for 3 min), ramp
to 90 °C at 10 °C/min, and then to 240 °C (held for 2 min) at 30 °C/min.

A Shimadzu TQ8050 triple quadrupole mass spectrometer equipped with a highly sensitive and
stable ion source (Kyoto, Japan) was used in the study. The MS was operated in electron impact
(EI) mode with an electron energy of 70 eV and the temperatures of the ion source and MS interface
were 220 and 235 °C, respectively. Argon (purity >99.999%) was applied as the collision-induced
dissociation (CID) gas with a scan range that covered 30-250 m/z. The instrument was operated in the
multiple reaction monitoring mode (MRM).

2.4. Evaluation of Odor of Wastewater Sludge Samples

The samples of wastewater sludge were subjected to sensory analysis by a team of assessors
trained in olfactometric analysis, including two men and two women aged 25-30. The assessors
evaluating the odor of the samples by the determination of odor intensity and hedonic tone fulfilled
the requirements specified in the European standard PN-EN 13725:2007. For at least 30 min prior the
the evaluation, members of the team did not consume any meals and they did not drink anything,
except water. Sensory analyses were performed in the laboratory. Odor intensity and hedonic tone
were determined during the analyses according to the classification described in the German standard
VDI 3940 (The Association of German Engineers). Evaluation of odor intensity was carried out using
a 6-degree scale (particular intensity was assigned a value from 0 to 6, where 0 means no odor and
6 corresponds to extremely strong odor). Hedonic tone determination employed a scale in which
different odor categories were assigned with a value from —4 (extremely unpleasant odor), through 0
(neutral odor), to +4 (extremely pleasant odor). Each assessor was given a datasheet to write down
the grades. The members of the team could not make contact with each other in order to avoid an
exchange of information about the sensations associated with odor evaluations. The assessors were
also obliged to take some breaks during the investigations to minimize the risk of olfactory adaptation.
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The results obtained during the sensory analyses were treated as the data to design a model taking into
account odor properties of the sludge samples before and after methane fermentation.

2.5. Data Analysis

2.5.1. Artificial Neural Network

The artificial neural network was comprised of four layers:

e Input layer (8 neurons);

e Hidden layer (4 neurons);
e Hidden layer (2 neurons);
e  Output layer (1 neuron).

The proposed network structure is dedicated to a problem of the regression of a single property
determined at the output of the dataset. The neurons in a network’s layer are connected with all
neurons of the previous and following layers. The conical structure of the neural network was designed
to strengthen generalization, which means better fitting of the network to new cases, unknown during
a teaching process. The eight input parameters were selected based on their importance in process
monitoring, as they can be relatively easily measured using available instruments. Since the number
of variables was relatively low compared to the size of the dataset, we are confident that the risk
of overfitting was low. Exploratory Data Analysis (EDA) with the Seaborn library and the pairplot
function was performed prior to construction of the model, together with a pairwise analysis of the
distribution of values and relationships. Since the training and application of the model did not require
excessive computational power, there was no need to reduce the number of variables, and their impact
was adjusted based on the loss function used.

Apart from the proposed network, the structures containing a larger number of neurons in each
layer were also verified. However, they lost their ability of generalization to the expense of a better
accuracy of regression for the cases defined in the teaching datasets. Mean absolute error (MAE)
minimization was defined as a cost function during the teaching process. Teaching and testing of the
neural network employed the k-fold technique. A dataset was divided into k equipotent datasets. Then,
teaching procedures were defined, where k-1 folds were used in the neural network teaching process
and the remaining 1 fold was employed in the testing process. The coefficient k = 10 was adopted in
the investigations. Moreover, in the case of the data provided in k-1 folds, 80% of it was attributed
to neural network teaching and the remaining 20% was used for model validation during teaching.
Ten experiments were conducted for each model and the obtained results were averaged. The k-fold
technique minimizes the problem of data bias, which could have an influence on the evaluation of
designed models. The k-fold cross-validation is a common technique for the validation of machine
learning models. One of the earliest references to its use in data analysis is reference [28].

2.5.2. Decision Trees Algorithm

The algorithm of decision tree teaching is a non-arbitrary algorithm. The tree was taught by
dividing a training set into subsets based on an attribute value test. This process was repeated on
every derivative subset in a recurrent way, named recurrent partitioning. Recursion is finished when
a subset in the nod has the same values of the target variable or when division does not add any
value to the prediction. The main advantages of decision trees are their non-parametric character,
as well as the automatic identification of the most important variables conducted by the algorithm
and the elimination of statistically insignificant variables. Moreover, mathematical transformation of
one or more explanatory variables does not change the structure of a tree, which is only altered by
the threshold values. A disadvantage is the fact that small modification of a training set (for example,
removal of a few observations) can result in a radical change of the tree’s structure. Additionally,
in a single step, the tree can divide the space only with respect to one variable. In other words, division
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lines are always perpendicular to the division axis in variable space. The use of decision trees for the
evaluation of processes such as biofiltration, wastewater treatment, or the analysis of data obtained
from the electronic nose, has already been used, among others, in the works [29-31]. All calculations
were performed in RStudio 1.1.463 using the ‘rpart’ library.

3. Results

Concentration of Investigated Compounds in Sludge Samples

Application of the headspace fraction analysis technique coupled with gas chromatography
and tandem mass spectrometry allowed the identification and quantitative measurement of the
concentration of three chemical compounds present in the investigated sludge samples. A literature
survey showed that the chosen compounds can be regarded as the most frequently identified volatile
aromatic compounds released from wastewater sludge, which have a substantial influence on the
perceived odor connected with sludge processing [32-34]. Table 1 presents the concentration ranges of
particular substances, including the sampling sites (before and after the fermentation process) and the
treatment plant, from which the sample was collected.

Table 1. Concentration range of aromatic compounds in wastewater sludge determined before and
after the methane fermentation process using the chromatographic technique.

Concentration Range [ng/g of Sludgel]

Measured WWTP No. 1 WWTP No. 2
Compound Sludge before Sludge after Sludge before Sludge after
Fermentation Fermentation Fermentation Fermentation
toluene 1.3-7.0 4.1-12.0 7.2-16.4 15.0-25.3
p-xylene 8.0-18.3 4.3-10.0 10.2-20.9 3.2-15.0
p-cresole 12.9-19.0 3.2-9.9 7.2-12.9 5.1-10.9

Based on the data in Table 1, it can be seen that for the treatment plants No. 1 and 2, the content of
toluene is higher in the sludge after fermentation than in the samples before that process. In the case of
the remaining two compounds, their concentration is lower after the methane fermentation. This can
be connected with the decomposition of complex chemical compounds during the fermentation
process. Changes of toluene concentration in the sludge before and after fermentation are related
to particular phases of the fermentation process. Earlier investigations reported that an increase in
toluene concentration was observed during acetogenesis, whereas methanogenesis was associated with
a decrease in toluene content [35]. Table 2 shows the minimum, maximum, and average values of the
three most important parameters characterizing the methane fermentation process: the concentration
of volatile fatty acids, pH, and alkalinity defined as CaCOj content per one liter of fermentation mass
for both wastewater treatment plants.

Table 2. Parameters describing the operation of the fermentation chamber.

WWTP No. 1 WWTP No.2
Parameter Unit
Minimum Maximum Average Minimum Maximum Average
VFAs mg CH3;COOH/L 69.3 276.1 149.6 55.0 184.0 119.5
pH - 6.1 7.7 6.9 6.1 7.5 6.9
alkalinity mg CaCO3/L 900.0 2575.0 1516.7 1274.0 3200.0 2060.4

Table 3 gathers average ranges of odor intensity and hedonic tone values determined for the
wastewater sludge before and after the fermentation process, including the wastewater treatment
plant, from which the samples were collected.

After the methane fermentation, the odor intensity and hedonic tone values associated with
the sludge decreased (regardless of the treatment plant). This was caused by the fact that some
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odorous compounds (especially volatile ones) moved into the gas phase. Unfortunately, a relatively
large load of unpleasant odors is combined with the post-fermentation sludge. The value of odor
intensity of the sludge oscillates between 1 and 3, which corresponds to a clearly detectable odor
intensity. In the case of hedonic tone, this parameter for the post-fermentation sludge varies from
-3 to 0, which means that the odor characteristics cover the range from very unpleasant to neutral.
The possibility of the prediction of odor intensity and hedonic tone values of the post-fermentation
sludge by measurement of the concentration of only three basic aromatic compounds (toluene, p-xylene,
p-cresol) in fermentation feed and fundamental parameters of the fermentation process makes it
possible to decide about the further destination of sludge. Prediction can be carried out with many
methods, but the authors employed artificial neural networks and decision trees. Figure 1 depicts
the plots presenting the dependence between the determined (evaluated) value and predicted value
for (a) odor intensity, (b) concentration of toluene, (c) concentration of p-xylene, (d) concentration
of p-cresole, and (e) hedonic tone, for wastewater treatment plant No. 1. Figure 2 shows analogous
dependences, but for treatment plant No. 2.

Table 3. Average ranges of odor intensity and hedonic tone values determined by a team of assessors
for wastewater sludge before and after the fermentation process.

WWTP No. 1 WWTP No. 2
Parameter Sludge before Sludge after Sludge before Sludge after
Fermentation Fermentation Fermentation Fermentation
odour intensity 2.7-4.1 1.1-2.7 1444 1.1-2.8
hedonic tone —-4.1to-1.2 -2.6t00.3 -39to-2.1 -29to-14
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Figure 1. Dependence between the determined (evaluated) value and predicted value for (a) odor
intensity, (b) concentration of toluene, (¢) concentration of p-xylene, (d) concentration of p-cresole,
and (e) hedonic tone. Results obtained for wastewater treatment plant No. 1.
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Figure 2. Dependence between the determined (evaluated) value and predicted value for (a) odor
intensity, (b) concentration of toluene, (¢) concentration of p-xylene, (d) concentration of p-cresole,
and (e) hedonic tone. Results obtained for wastewater treatment plant No. 2.

Table 4 presents the values of two metrics describing the prediction level using artificial neural
networks regarding the odor intensity, concentration of toluene, concentration of p-xylene, concentration
of p-cresole, and hedonic tone of the post-fermentation sludge. Correctness of prediction was
determined with mean absolute error (MAE) and mean absolute percentage error (MAPE).

Table 4. Values of mean absolute error (MAE) and mean absolute percentage error (MAPE) for the
prediction of odor intensity, concentration of toluene, concentration of p-xylene, concentration of p-cresole,
and hedonic tone of post-fermentation sludge for wastewater treatment plants No. 1 and No. 2.

WWTP No. 1 WWTP No. 2
Parameter
MAE MAPE MAE MAPE

odour intensity 0.57 +0.30 28.99 + 13.15% 0.38 + 0.32 18.34 + 13.26%
concentration of toluene 1.95 +0.87 26.11 + 10.77% 5.01 £3.73 25.34 + 18.37%
concentration of p-xylene 0.95 +0.62 12.93 + 7.95% 1.11 +0.87 18.43 + 14.62%
concentration of p-cresole 1.43 +0.64 21.43 + 9.56% 1.07 £1.25 13.85 + 14.45%
hedonic tone 0.72 + 0.32 64.02 + 48.37% 0.57 + 0.42 26.43 + 19.62%

The information in Table 2 shows that the worst fitting is observed for odor intensity and hedonic
tone (in the case of treatment plant No. 2, it is the concentration of toluene not odor intensity that was
characterized by the worst fitting). Such a situation was expected because the odor mixture consisted
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of many components and our predictions were based on the information about the concentration of
only three components and three parameters of the fermentation process. Accepting this limitation,
it can be stated that the implementation of artificial neural networks provided satisfactory results as
far as the prediction of odor intensity and hedonic tone of the post-fermentation sludge is concerned.
The average MAPE value for both predicted parameters was at the level of 30%, which suggests good
fitting. Additionally, the average MAE value for the odor intensity was at a satisfactory level of ca.
0.4 units. In the case of the average MAE value for hedonic tone of ca. 0.65 units, one can also speak
of satisfactory prediction [36,37]. The application of artificial neural networks and minimum input
from process measurements allows a satisfactory prediction of odor intensity and hedonic tone of the
post-fermentation sludge. Such an approach reduces the time and cost connected with laboratory
and olfactometric analyses, which require not only qualified personnel, but also a special laboratory
fulfilling strictly defined rules concerning olfactory measurements. Routine measurements make
it possible to assess odor nuisance with relatively good approximation via the evaluation of two
fundamental properties of odor—its intensity and hedonic tone. This knowledge helps to decide about
the further destination of post-fermentation sludge; whether it can be used in agriculture, for the
cultivation of non-consumption crops and the production of compost, or directed to thermal utilization.

Figure 3 illustrates a decision tree, which allows a prediction of the process parameters of the
fermentation feed in order to obtain the post-fermentation sludge characterized by odor intensity
below 2 (weak) and hedonic tone above —1 (slightly unpleasant).

0.45
100%

Cpxylene = 15 ng/g of sludge

—pH<7.4— — VFA < 85 mg CH;COOH/L

095
39%

Cp-cresule =18 ngf'g of sludge—

0.85
2%

1
Cp-xylene =12 ngf'g of sludge
0.014 1 017 057 i 1
44% 5% 11% 4% 8% 27%.

Figure 3. Decision tree defining the process parameters of fermentation feed necessary to arrive at
weak and slightly unpleasant odor nuisance of post-fermentation sludge.

Looking at the presented decision tree, it can be noticed that if the p-xylene concentration is higher
than 15 ng/g of sludge and the pH of sludge exceeds 7.4, then the obtained post-fermentation sludge
will be characterized by an odor intensity <2 and hedonic tone >—1. When the p-xylene concentration
is lower than 15 ng/g of sludge, an odor intensity <2 and hedonic tone >~-1 can be achieved if the
concentration of volatile fatty acids is above 85 and the p-cresole concentration is below 15 ng/g of
sludge, or if the concentration of volatile fatty acids is above 85, the p-cresole concentration is above 15,
and the p-xylene concentration is below 12 ng/g of sludge. It is evident that in order to determine and
predict the odor intensity and hedonic tone of post-fermentation sludge characterized by moderate
odor nuisance, it is enough to know the concentration of p-xylene, concentration of p-cresole, pH,
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or concentration of volatile fatty acids. Obviously, the certainty level is limited to ca. 67% (0.45 x 0.12 +
0.45 x 0.78 x 0.95 + 0.45 x 0.78 x 0.95 x 0.85).

Proper control of the process and selection of the fermentation feed allows post-fermentation
sludge with defined odor parameters to be obtained. Implementation of artificial neural networks and
decision trees, with a simultaneous minimum measurement input (measurement of concentration of
three basic aromatic hydrocarbons and three process parameters) gives the possibility to predict the
odor intensity and hedonic tone of post-fermentation sludge and what parameters the fermentation
process should have in order to arrive at post-fermentation sludge with defined odor intensity and
hedonic tone values. Such an approach results in a reduction of the process control cost and allows
post-fermentation sludge characterized by defined parameters and ready for further processing to be
obtained. Furthermore, adhering to the process parameters established using decision trees facilitates
a reduction of costs at further stages of the processing of the post-fermentation sludge into the
end-product used in agriculture, composting, and thermal utilization.

4. Conclusions

This paper has presented the application of artificial neural networks and decision trees to the
prediction of odor properties of post-fermentation sludge from two biological-mechanical treatment
plants located in the north of Poland. The input parameters were concentrations of popular compounds
present in wastewater sludge: toluene, p-xylene, and p-cresole. Additional parameters employed
in the prediction process included the concentration of volatile fatty acids, pH, and alkalinity in the
post-fermentation sludge. Performed analyses proved that implementation of the artificial neural
network with the structure 8-4-2-1 allowed the prediction of odor intensity and hedonic tone values
of the post-fermentation sludge at the level of ca. 30% in terms of the mean absolute percentage
error (accordingly, MAE for the odor intensity of about 0.4 and for hedonic tone, 0.65). Taking into
account the low number of input parameters used for the prediction of odor intensity and hedonic
tone, the performed prediction can be regarded as satisfactory, especially as the analysed odor mixture
consisted of many components, which influenced the perceived odor intensity and hedonic tone of the
post-fermentation sludge. Utilization of the decision tree made it possible to determine what input
parameters the fermentation feed should have in order to obtain post-fermentation sludge with an odor
intensity <2 and hedonic tone >~1. It was found that these parameters involved the concentration of
p-Xxylene, pH, concentration of volatile fatty acids, and concentration of p-cresole.

The authors realize that the presented studies should be continued to elaborate the optimum
process conditions and to determine the minimum number of measurements allowing fast process
control aimed at the evaluation of odor nuisance of the post-fermentation sludge. Nevertheless,
it seems that the presented results are promising and can contribute to effective management of the
post-fermentation sludge in different fields of human activity.

Author Contributions: Conceptualization, ].G. and H.B.; methodology, ].G. and A.S.; software, A.S.; writing—original
draft preparation, J.G., H.B.; writing—review and editing, ].G.; supervision J.G.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Carrera-Chapela, F.; Donoso-Bravo, A.; Souto, J.A.; Ruiz-Filippi, G. Modeling the odor generation in WWTP:
An integrated approach review. Water Air Soil Pollut. 2014, 225. [CrossRef]

2. Gebicki, J.; Dymerski, T.; Namiesnik, ]. Monitoring of Odour Nuisance from Landfill Using Electronic Nose.
Chem. Eng. Trans. 2014, 40, 85-90. [CrossRef]

3. Byliniski, H.; Gebicki, ].; Namiesénik, J. Evaluation of Health Hazard Due to Emission of Volatile Organic
Compounds from Various Processing Units of Wastewater Treatment Plant. Int. J. Environ. Res. Public Health
2019, 16, 1712. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s11270-014-1932-y
http://dx.doi.org/10.3303/CET1440015
http://dx.doi.org/10.3390/ijerph16101712
http://www.ncbi.nlm.nih.gov/pubmed/31100774
http://mostwiedzy.pl

A\ MOST

Sustainability 2019, 11, 4407 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Séwka, L; Bezyk, Y.; Grzelka, A.; Miller, U.; Pachurka, L. Seasonal odor impact range of selected wastewater
treatment plants—Modeling studies using Polish reference model. Water Sci. Technol. 2017, 2017, 422-429.
[CrossRef] [PubMed]

Byliniski, H.; Dymerski, T.; Gebicki, ].; Namiesnik, J. Complementary use of GCxGC-TOF-MS and statistics
for differentiation of variety in biosolid samples. Monatshefte fiir Chemie 2018, 149, 1587.

Stuetz, RM.; Frechen, E.B. Odours in Wastewater Treatment: Measurement, Modeling and Control; IWA Publishing:
London, UK, 2001.

Cieslik, B.; Konieczka, P. Sewage sludge management methods. Challenges and opportunities. Arch. Waste
Manag. Environ. Prot. 2016, 18, 15-32.

Grobelak, A.; Grosser, A.; Kacprzak, M.; Kamizela, T. Sewage sludge processing and management in small
and medium-sized municipal wastewater treatment plant-new technical solution. J. Environ. Manag. 2019,
234,90-96. [CrossRef]

Yang, G.; Zhang, G.; Wang, H. Current state of sludge production, management, treatment and disposal in
China. Water Res. 2015, 78, 60-73. [CrossRef]

Lombardi, L.; Nocita, C.; Bettazzi, E.; Fibbi, D.; Carnevale, E. Environmental comparison of alternative
treatments for sewage sludge: An Italian case study. Waste Manag. 2017, 69, 365-376. [CrossRef]

Roig, N.; Sierra, J.; Marti, E.; Nadal, M.; Schuhmacher, M.; Domingo, J.L. Long-term amendment of Spanish
soils with sewage sludge: Effects on soil functioning. Agric. Ecosyst. Environ. 2012, 158, 41-48. [CrossRef]
Swierczek, L.; Cieslik, B.M.; Konieczka, P. The potential of raw sewage sludge in construction industry—A
review. J. Clean. Prod. 2018, 200, 342-356. [CrossRef]

Zhang, Q.; Hu, J.; Lee, D.J; Chang, Y.; Lee, Y.J. Sludge treatment: Current research trends. Bioresour. Technol.
2017, 243, 1159-1172. [CrossRef] [PubMed]

Kor-Bicakci, G.; Eskicioglu, C. Recent developments on thermal municipal sludge pretreatment technologies
for enhanced anaerobic digestion. Renew. Sustain. Energy Rev. 2019, 110, 423-443. [CrossRef]

Cieslik, B.M.; Namiesnik, J.; Konieczka, P. Review of sewage sludge management: Standards, regulations
and analytical methods. J. Clean. Prod. 2015, 90, 1-15. [CrossRef]

Wu, D,; Li, L.; Zhao, X.; Peng, Y.; Yang, P.; Peng, X. Anaerobic digestion: A review on process monitoring.
Renew. Sustain. Energy Rev. 2019, 103, 1-12. [CrossRef]

Byliniski, H.; Barczak, R.J.; Gebicki, J.; Namiesnik, J. Monitoring of odors emitted from stabilized dewatered
sludge subjected to aging using proton transfer reaction-mass spectrometry. Environ. Sci. Pollut. Res. 2019,
26, 5500-5513. [CrossRef] [PubMed]

Costa, ]J.A.V.; de Morais, M.G. The role of biochemical engineering in the production of biofuels from
microalgae. Bioresour. Technol. 2011, 102, 2-9. [CrossRef] [PubMed]

Blumensaat, F,; Keller, ]. Modelling of two-stage anaerobic digestion using the IWA Anaerobic Digestion
Model No. 1 (ADM1). Water Res. 2005, 39, 171-183. [CrossRef]

Bareha, Y; Girault, R.; Jimenez, J.; Trémier, A. Characterization and prediction of organic nitrogen biodegradability
during anaerobic digestion: A bioaccessibility approach. Bioresour. Technol. 2018, 263, 425-436. [CrossRef]

Hu, C,; Yan, B.; Wang, K.J.; Xiao, X.M. Modeling the performance of anaerobic digestion reactor by the
anaerobic digestion system model (ADSM). J. Environ. Chem. Eng. 2018, 6, 2095-2104. [CrossRef]

Ivanovs, K.; Spalvins, K.; Blumberga, D. Approach for modelling anaerobic digestion processes of fish waste.
Energy Procedia 2018, 147, 390-396. [CrossRef]

Hu, Y,; Yang, C.; Dan, J.; Pu, W,; Yang, ]. Modeling of expanded granular sludge bed reactor using artificial
neural network. J. Environ. Chem. Eng. 2017, 5, 2142-2150. [CrossRef]

Abu Qdais, H.; Bani Hani, K.; Shatnawi, N. Modeling and optimization of biogas production from a waste
digester using artificial neural network and genetic algorithm. Resour. Conserv. Recycl. 2010, 54, 359-363.
[CrossRef]

Yetilmezsoy, K.; Turkdogan, F.I.; Temizel, I.; Gunay, A. Development of ann-based models to predict biogas
and methane productions in anaerobic treatment of molasses wastewater. Int. J. Green Energy. 2013, 10,
885-907. [CrossRef]

Rincén, C.A.; De Guardia, A.; Couvert, A.; Le Roux, S.; Soutrel, I.; Daumoin, M.; Benoist, ].C. Chemical and
odor characterization of gas emissions released during composting of solid wastes and digestates. J. Environ.
Manag. 2019, 233, 39-53. [CrossRef] [PubMed]


http://dx.doi.org/10.2166/wst.2018.156
http://www.ncbi.nlm.nih.gov/pubmed/29851394
http://dx.doi.org/10.1016/j.jenvman.2018.12.111
http://dx.doi.org/10.1016/j.watres.2015.04.002
http://dx.doi.org/10.1016/j.wasman.2017.08.040
http://dx.doi.org/10.1016/j.agee.2012.05.016
http://dx.doi.org/10.1016/j.jclepro.2018.07.188
http://dx.doi.org/10.1016/j.biortech.2017.07.070
http://www.ncbi.nlm.nih.gov/pubmed/28764130
http://dx.doi.org/10.1016/j.rser.2019.05.002
http://dx.doi.org/10.1016/j.jclepro.2014.11.031
http://dx.doi.org/10.1016/j.rser.2018.12.039
http://dx.doi.org/10.1007/s11356-018-4041-4
http://www.ncbi.nlm.nih.gov/pubmed/30610582
http://dx.doi.org/10.1016/j.biortech.2010.06.014
http://www.ncbi.nlm.nih.gov/pubmed/20580548
http://dx.doi.org/10.1016/j.watres.2004.07.024
http://dx.doi.org/10.1016/j.biortech.2018.04.085
http://dx.doi.org/10.1016/j.jece.2018.03.018
http://dx.doi.org/10.1016/j.egypro.2018.07.108
http://dx.doi.org/10.1016/j.jece.2017.04.007
http://dx.doi.org/10.1016/j.resconrec.2009.08.012
http://dx.doi.org/10.1080/15435075.2012.727116
http://dx.doi.org/10.1016/j.jenvman.2018.12.009
http://www.ncbi.nlm.nih.gov/pubmed/30554023
http://mostwiedzy.pl

A\ MOST

Sustainability 2019, 11, 4407 12 of 12

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Andrés, C.; De Guardia, A.; Couvert, A.; Wolbert, D.; Le, S.; Soutrel, I.; Nunes, G. Odor concentration
(OC) prediction based on odor activity values (OAVs) during composting of solid wastes and digestates.
Atmos. Environ. 2019, 201, 1-12. [CrossRef]

Mosteller, F.; Tukey, ].W. Data analysis, including statistics. In Handbook of Social Psychology; Addison-Wesley:
Reading, MA, USA, 1968; Volume 2, pp. 1-17.

Gospodarek, M.; Rybarczyk, P.; Szulczyniski, B.; Gebicki, J. Comparative Evaluation of Selected Biological
Methods for the Removal of Hydrophilic and Hydrophobic Odorous VOCs from Air. Processes 2019, 7, 187.
[CrossRef]

Lagod, G.; Duda, S.M.; Majerek, D.; Szutt, A,; Dothanczuk-Srédka, A. Application of Electronic Nose for
Evaluation of Wastewater Treatment Process Effects at Full-Scale WWTP. Processes 2019, 7, 251. [CrossRef]
Cho, J.H.; Kurup, P.U. Decision tree approach for classification and dimensionality reduction of electronic
nose data. Sens. Actuators B Chem. 2011, 160, 542-548. [CrossRef]

Fisher, R M.; Barczak, R.J.; Suffet, LH.M.; Hayes, ].E.; Stuetz, R M. Framework for the use of odour wheels
to manage odours throughout wastewater biosolids processing. Sci. Total Environ. 2018, 634, 214-223.
[CrossRef]

Barczak, R.J.; Fisher, R M.; Wang, X.; Stuetz, R.M. Variations of odorous VOCs detected by different assessors
via gas chromatography coupled with mass spectrometry and olfactory detection port (ODP) system.
Water Sci. Technol. 2018, 77, 759-765. [CrossRef] [PubMed]

Harrison, E.Z.; Oakes, S.R.; Hysell, M.; Hay, A. Organic chemicals in sewage sludges. Sci. Total Environ. 2006,
367,481-497. [CrossRef] [PubMed]

Marczak, M.; Wolska, L.; Namiesnik, J. Determination of toluene formed during fermentation of sewage
sludge. Int. ]. Environ. Stud. 2006, 63, 171-178. [CrossRef]

De Myttenaere, A.; Golden, B.; Le Grand, B.; Rossi, F. Mean Absolute Percentage Error for Regression Models.
Neurocomputing 2016, 192, 38-48. [CrossRef]

Willmott, K.; Matsuura, C.J. Advantages of the mean absolute error (MAE) over the root mean square error
(RMSE) in assessing average model performance. Clim. Res. 2005, 10, 79-82. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.atmosenv.2018.12.030
http://dx.doi.org/10.3390/pr7040187
http://dx.doi.org/10.3390/pr7050251
http://dx.doi.org/10.1016/j.snb.2011.08.027
http://dx.doi.org/10.1016/j.scitotenv.2018.03.352
http://dx.doi.org/10.2166/wst.2017.569
http://www.ncbi.nlm.nih.gov/pubmed/29431721
http://dx.doi.org/10.1016/j.scitotenv.2006.04.002
http://www.ncbi.nlm.nih.gov/pubmed/16750559
http://dx.doi.org/10.1080/00207230600662310
http://dx.doi.org/10.1016/j.neucom.2015.12.114
http://dx.doi.org/10.3354/cr030079
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.
http://mostwiedzy.pl

	Introduction 
	Materials and Methods 
	Plant Description and Sampling Methodology 
	Chemicals, Reagents, and Sample Preparation 
	HS-GC-MS/MS Conditions 
	Evaluation of Odor of Wastewater Sludge Samples 
	Data Analysis 
	Artificial Neural Network 
	Decision Trees Algorithm 


	Results 
	Conclusions 
	References

