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 Abstract 

 Introduction. The research is conducted to justify of substantiating 

scientific foundations for the functioning of electrotechnological 

wastewater treatment systems of continuous production. 

Materials and methods. The approaches towards the creation of 

technical specifications for continuous production are being analyzed, 

taking into consideration the criteria of energy efficiency. The study is 

based on the methods of active and passive experiments on pilot plants 

and industrial equipment, the methods of cross-effects of water 

purification methods, the methods of the dominant dynamic pollutant, the 

modeling concept based on the notations of the universal modeling 

language UML for efficient processing of measurement information.  

Results and discussion. The architecture of the control system with 

adaptive adjustment of control strategies in real time is substantiated. The 

system makes it possible to make decisions under conditions of 

disturbances of natural and man-made origin, taking into account the 

criterion of energy efficiency. The generalized system includes: a local 

control system and a decision subsystem with an input signal filtering unit 

(the decision subsystem contains a block for adaptive formation of control 

strategies in real time based on Kohonen self-organizing maps). 

Practically implemented approaches to the object-oriented creation and 

implementation of technological regulations for combined 

electrotechnological systems for wastewater purification of continuous 

production. This made it possible to improve the energy efficiency of 

multicomponent effluent purification processes for a meat processing 

enterprise deviating the energy efficiency criterion from zero ± 9.6 %, 

and small metallurgy ± 3.4 %. The synthesis method of object-oriented 

technological regulations was further developed to improve the control 

algorithms for combined electrotechnological water purification systems 

of continuous production based on the energy efficiency criterion, based 

on assessing the efficiency of using energy resources as an integral 

parameter for the removal of pollutants from effluents. Intelligent energy-

efficient control of the process of removing the contaminants from 

wastewater is being realized through the synthesis of software and 

information control of the combined electrotechnology wastewater 

purification systems based on the object-oriented technical specifications 

for operation. 

Conclusion. An improved method for managing the operation of 

electrotechnological wastewater treatment systems for continuous 

production ensures compliance with the requirements for the efficient use 

of energy resources and environmental safety. 
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Introduction 
 

The use of technical and technological solutions to ensure the processes of wastewater 

treatment are to provide peculiar valid technological modes for the operation of such systems 

and meet the requirements of environmental safety and quality of wastewater purification [1, 

2]. Establishing a relationship between energy consumption levels and the quality of 

wastewater treatment appears to be an individual task in the formation of the resource 

allocation for the operation of the industrial wastewater purification systems. 

Increased efficiency is achieved by improving the technological regulations for the 

appropriate complex of equipment for wastewater purification based on the current water 

passport of the enterprise [3]. The sequence of creating the requirements documents, as 

universal decisions, is to be based on permanent, temporary, non-recurrent technical 

specifications (TS) as well as the peculiarities of operation of the specific equipment, which 

is currently installed at the enterprises.  

Wastewater differs from each other in the type and concentration of pollution, the rate 

of entry and other factors. Based on the multicomponent nature of wastewater, the following 

basic methods of wastewater purification exist [3–6]: mechanical (physical) methods, 

chemical methods, physical and chemical methods, biological methods, combined methods. 

However, the common drawbacks of such methods is that it is necessary to monitor dozens 

of parameters of water quality and technological processes in real time.  

Only industrial units of automated measuring instruments exist and operate reliably at 

continuous production [7, 8]: temperature, pressure, turbidity, flow rates, pH, redox potential, 

biological oxygen consumption, chemical oxygen consumption, absorption of chlorine, ionic 

composition. Other studies can only be carried out in laboratory conditions – these include 

express methods, since there is still a time delay from sampling to transmitting information 

to technological equipment. Moreover, when designing water purification systems, the 

possibility of emergency situations of industrial and natural origin is not taken into account, 

which is necessary for efficient and rational nature management [9]. The task of creating 

complex criterion for evaluating the performance of systems remove contaminants from 

aqueous solutions and energy costs for its implementation was not solved by any of the 

researchers.  

Moreover, all the described modern methods of removing pollutants from wastewater 

require the use of electrical systems (in which the conversion of electrical energy to other 

types of energy with the simultaneous implementation of technological processes) [10]. 

There are effective methods of water purification, however, due to the lack of the necessary 

list of measuring complexes, they work either environmentally dangerous or with the re-

deployment of resources.  

There are a large number of publication  devoted to the design  and study of 

mathematical models of electrode [15] and electro-membrane systems for removing 

pollutants from aqueous solutions [16]. An analytical study of wastewater purification from 

organic pollution in bioreactors-aerotanks with suspended and fixed biocenosis was carried 

out, which made it possible to optimize the work of biological water purification methods 

[17]. Separately, the direction of creating mathematical models of technological equipment 

is highlighted, which in the future will be the basis of automated control systems [18, 19]. 

Each of the options for modeling water purification processes has both advantages and 

disadvantages [20, 21]. But only a combination of physical and mathematical modeling of 

the processes of removing pollutants from aqueous solutions and the theory of automatic 

control in a single scientific method will allow integrating the strengths of the approaches 

and minimizing weaknesses.  



─── Processes and Equipment ─── 

─── Ukrainian Food Journal.   2020.  Volume 9. Issue 3 ─── 679 

That is why improving approaches to the creation and functioning of 

electrotechnological wastewater purification systems and reducing their total energy 

consumption is an urgent scientific and practical task [11]. This situation is also stimulated 

by the fact that drainage and water purification systems are developing at a rapid pace (an 

annual increase in their productivity of 4–5 %) [12, 13]. 

The research is conducted to justify of substantiating and creating scientific foundations 

for the functioning of electrotechnological wastewater purification systems of continuous 

production, the functioning of which will meet the requirements of the efficient use of energy 

resources and environmental safety. 

 
 

 
Materials and methods 
 

Materials 

 

The object of research is electrotechnological wastewater purification systems for 

continuous production on the example of a meat processing enterprise and a minor metallurgy 

enterprise.  

For the achievement of the put aim the work uses the methods of active and passive 

experiments on pilot plants and industrial equipment, the methods of cross-effects of water 

purification methods, the methods of the dominant dynamic pollutant, the modeling concept 

based on the notations of the universal modeling language UML for efficient processing of 

measurement information. The modern approaches towards the creation of technical 

specifications for continuous production are being analyzed, taking into consideration the 

criteria of energy efficiency. 

 

Methods 

 

Research plan  

 

The research includes stages: 

− Substantiation of the improvement of methods for creating technological regulations for 

wastewater purification systems based on the criterion of energy efficiency; 

− Substantiation of methods for improving the functioning of electrotechnological 

wastewater purification systems based on effective processing of measurement 

information; 

− Development of a model of a water purification process control system when processing 

measurement information in real time; 

− Experimental study of the created control system for electrotechnological water 

purification at a meat processing plant; 

− Analysis of the research results of electrotechnological water purification systems for 

continuous production for compliance with the requirements for the efficient use of 

energy resources. 
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Methods for creating technological regulations for wastewater purification 

systems 

 

Improvement of the TS for the combined electrotechnology wastewater purification of 

the continuous production is based on the use of familiar basic methods [21, 22], taking into 

account the technological scheme and elimination modes for the potential natural and man-

caused emergency situations, nomenclature and operation modes for wastewater purification 

equipment on the basis of complex acknowledgement of investments efficiency and energy 

efficiency levels in particular (Figure 1). 
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Figure 1. The building and logical scheme for the creation of the TS for the combined 

electrotechnology wastewater purification of the continuous production (UML notes) 
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Method of improving the functioning of electrotechnological wastewater 

purification systems based on effective processing of measurement information 

 

Stages of modeling the impact of emergency situations when setting up equipment for 

wastewater purification [1, 9, 11]:  

− When creating model solutions before treating water with the use of working standard of 

the combined electrotechnology wastewater purification by adding the contaminants with 

exceeding values which are recorded in the water passport of a particular enterprise; 

− When forming the knowledge base for the synthesis of the simulation modeling neural 

network. 

The object-oriented logical sequence of the advanced TS synthesis method includes a 

number of steps (Figure 2) [1, 11]. 

 

 

 

 
 

 
Figure 2. Logical model of the TS synthesis on the basis of an effective obtaining and processing 

of measurement information taking into account the effect of emergency situations 
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Cross-effect of different water purification methods 

 

 An analysis of the operation of purification systems, in the case of a combination of 

basic methods [24], showed the superposition of the action of different equipment on the 

same pollutants. On the basis of the results obtained, the sequence of creation of water 

purification systems with the expansion of functional capabilities and their ability to 

effectively counteract emergency situations is justified – the cross-effect of methods for 

removing pollutants from effluents. 

The key tasks for the practical implementation of the method of cross-effects are: the 

availability (development) of tools that would provide research on water purification in real 

time; establishing a limiting environmental criterion that would take into account the 

resource consumption for water purification. 

 

Dominant dynamic pollutant method 

 

At the stage of analyzing the quality of wastewater purification of real enterprises and 

model solutions [23], a hypothesis arose that in order to remove some pollutants, it is 

necessary to first eliminate other pollutants, which critically reduce the removal effect of the 

former. Taking into account the research results, it was concluded that it is rational to propose 

the use of the dominant dynamic pollutant (DDS) method. That is, DDS is a multicomponent 

wastewater pollutant that, given the actual composition of the wastewater, must be removed 

first. The technical and economic modes of its elimination have been determined by the 

method of cross-effects. The presence of the next DDS is assessed and removed, and these 

steps are iteratively repeated to meet regulatory requirements for effluent quality. 

 

Processing of research results 

 

According to the Kolmogorov (Kolmogorov-Smirnov) criterion, the possibility of using 

parametric approaches of mathematical statistics was established [28]. Verification of 

compliance with the normality requirements of the law of distribution of random variables 

with an analysis of the presence of outliers in the information received at enterprises. The 

nonparametric approach and analysis of the Mann-Whitney test results are applied for all 

pairs of production approbation samples (Jonkhier U) statistics. 

 

 

Results and discussion 

 
Forming generalizing criterion of efficiency 

 

Analysis of the logical model (see Figure 2) indicates (system-building blocks) that the 

key element for creating the TS is the development of a complex criterion for the efficiency 

evaluation of the use of electrotechnology wastewater purification means [25]. Herewith, 

technical efficiency (P) is calculated by the following formula: 

 
( )

100%in out
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С С
Р

С

−
=  ,                                        (1) 

where Сin is the value of the quality of wastewater under purification, and Сout is the 

concentration of contaminants after purification. 
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However, this approach to determining the efficiency takes into account the 

environmental component only, without considering the performance data which 

characterize the operation of the technological equipment. Taking into account the 

considerations presented in [4], it is apparent that the provision of a given level of wastewater 

purification can be implemented with various energy costs. Only comprehensive assessment 

of the operational efficiency of the technological equipment of wastewater purification will 

make it possible to find the boundaries of efficient energy resources use. On the basis of the 

conducted theoretical research and experimental tests [2-4] the basic criterion of energy 

efficiency has been obtained as follows: 

1
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where Lout is the actual value of the corresponding wastewater purification quality assessment 

parameter; Lref is a given (specified) value of the corresponding wastewater purification 

quality assessment parameter; Q is the equipment operating time in hours; W stands for 

electricity consumed by the electrotechnology wastewater purification equipment in kWh; N 

is the number of wastewater purification quality assessment parameters (they generally 

correspond to the number of plants involved into the wastewater purification process). 

Technologically, the task of controlling the combined wastewater purification system 

is in maintaining the value of the energy efficiency criterion (2) close to zero: if EFY>0, the 

purification is unsatisfactory, if EFY <0, the use of energy resources is inefficient. 

 

Justification intelligent control system 

 

Automated information-measuring complexes of water purification systems, with the 

maximum layout for solving control problems can be divided into levels [2, 6]: 

− the first level – means of obtaining information about the parameters of the 

technological control object (sensors); 

− the second level – primary analysis devices (in some cases, the sensors and organs are 

inseparable – control actions from sensor regulators can be formed); 

− the third level – means of centralized processing of information from sensors and 

regulators, as well as additional external information, for example, adaptive control 

algorithms and development of solutions for regulators in order to optimize the 

processes of obtaining specified quality criteria, including on economic requirements; 

− the fourth level – a centralized control system for a whole complex of technological 

objects, provides control over the work of local systems of the third level, a statistical 

analysis of the quality indicators of individual units and the development on this basis 

of optimal (effective) solutions for specific third-level systems. 

As a result of the research, the architecture of the control system with adaptive real-time 

control strategy adjustments with the possibility of making decisions under the effects of 

natural and man-caused disturbances, taking into account the energy efficiency criterion (2), 

has been developed. The generalized system includes a local control system and a decision-

making subsystem with an input signal filtering unit (the decision-making subsystem 

contains a unit of adaptive real-time control strategy building based on Kohonen Self-

organizing map). 
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The wastewater purification and wastewater purification equipment control system 

consists of a decision-making subsystem 1, which includes an input signal filtering unit 2, a 

unit for the neural network correction of fuzzy cognitive map (FCM) concepts 3; a decision-

making unit 4, a unit of real-time adaptive forming of control strategies 5, a control unit 6; a 

local control system 7 consisting of a local automatic control device 8, actuators 9 

(electrolyzer, pumps, vacuum pumps, valves, heaters, compressors, etc.), a control object 10 

(Figure 3). ICP DAS i-8417 PLC-class microcontroller (upper level), ATmega128-16AU 

microcontroller (lower level) [6] have been selected as control devices for the implementation 

of the instrumental information and measurement complex of the combined 

electrotechnology wastewater purification. C ++ programming software has been developed 

for these technical automation means with the use of the QT library in the Qt Creator 

programming environment. 

6 3 24
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8 9 10
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Ɵext
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U q

1
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Figure 3. Architecture of the intelligent system of energy efficient control of the combined 

electrotechnology wastewater purification:  

θext – signal from the sensing elements;  

θf – stands for the cleared information signals;  

Zp – stands for perturbations;  

Qi – stands for possible control actions and quality indicators;  

C – cost data of the components of the electrotechnology process;  

Uc – choice of the control strategy;  

U –  current control strategy;  

It – information entered by process control operators;  

Sa – updated set of strategies;  

Uref – change in control;  

Ust – stands for new images of the control strategy;  

θref – given value for control;  

θint – generated control value;  

q – stands for the influence on the water purification plants. 
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Analysis of test results 

 

The production testing of the control system was conducted at the enterprises of meat 

processing and minor metallurgy. Water passports and TS were previously developed for 

such enterprises [20, 26]. 

On the bases of the use of the working standard of the combined electrotechnology 

wastewater purification equipment for the meat processing enterprise, daily doses of 

contaminants (DDC) – fats (daily consumption – 1500 m3/day (± 300 m3/day [3]) have been 

defined. However, fats are organic contaminants and their complete removal does not provide 

for the purification of the wastewater from ammonia nitrogen, phosphorus and chlorides. 

Therefore, it is necessary to select DDC for inorganic contaminants, proceeding from the 

previous research [1, 26], the one adopted here is the "chlorides concentration" being the 

most difficult contaminant to be removed.  

When using combined wastewater purification systems for meat processing enterprises 

(DDS – fats), it was experimentally calculated [24] that as a result of the removal of such 

DDS, the concentration of other pollutants decreases by at least 50-95% (depending on the 

initial concentrations of pollutants). 

The occurrence of emergency situations in wastewater purification systems at the meat 

processing enterprise is due to the following: 

− Slaughter above the norm (leads to significant exceedances in the concentration of fats, 

phosphorus, ammonium nitrogen and increased turbidity of the wastewater); 

− Additional washing of the technological equipment (occurs at regular intervals and 

leads to significant exceedances in concentrations of synthetic surface-active substances 

(ssas) and turbidity of the wastewater); 

− Emptying of the skin salting tanks (occurs at regular intervals and results in significant 

exceedances in chloride concentrations). 

The implementation of the developed TS for the operation of the electrotechnology 

wastewater purification system, which includes electroflotocoagulation, electrolysis 

destruction, sorption filtration, sedimentation and hydrocycloning, has made it possible to 

fully meet the requirements for maximum permissible concentrations of contaminants in the 

wastewater of the enterprise (Figure 4). 

Adjusting the equipment to meet the developed energy efficiency criterion (2) has made 

it possible to meet the requirements for wastewater purification quality while minimizing the 

resource costs – the energy efficiency criterion (2) within a period of a month (October 2016) 

had a deviation from zero ± 9,6 % (including operation under uncertainty conditions caused 

by the effect of emergency situations) (Figure 5). 

The daily wastewater amounts of minor metallurgy enterprises which require 

purification equal 18 m3/day (± 2 m3/day). Following on from the use of the the working 

standard of the combined electrotechnology wastewater purification equipment, DDC for the 

wastewater of the minor metallurgy enterprise has been estimated – SPAR (Synthetic 

surfactants). Experimental simulation has determined that the removal of SPAR will securely 

remove such contaminants as ammonia nitrogen and petroleum derivatives [24]. 

Emergency situations can be caused by the penetration of accidental contaminants into 

wastewater [27]. That is why the electrocoagulator with the function of pH-correction of 

alkaline solutions with subsequent neutralization of the wastewater and a sorption filter, a 

deaerator with electrolysis destruction and hydrodynamic intensifiers have been included into 

the combined electrotechnology wastewater purification system. 
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Figure 4. Efficiency of the combined electrotechnology wastewater purification 

(using the example of a meat processing enterprise) 

 

 

 

 
 

Figure 5. Comparison of the energy efficiency of the electrotechnology industrial wastewater 

purification (using the example of a meat processing enterprise):  

1 – before implementing the control system and the technological complex (September 2016);  

2 – after implementing the control system and the technological complex (October 2016) 

 

 

According to the Kolmogorov (Kolmogorov-Smirnov) criterion [28], it was found that 

it is impossible to apply parametric approaches to the data samples obtained at the meat 

processing plant. The results of the work of the modeling complex of industrial water 

purification by the parameter of water quality "Concentration of nitrates" were selected and 

it was found that the significance of the results was less than 5 % (actually 0,5 %). The 
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statistical assessment of the data of the water passports of the studied enterprises showed that 

not all the obtained samples of the values of pollutants meet the requirements of the normality 

of the law of distribution of random variables (about 20 % do not correspond). At the same 

time, the absence of emissions in the information received at the enterprises was established. 

Applying nonparametric approaches and analyzing the results of the Mann-Whitney test 

for all pairs of industrial samples of approbation (Jonkhier U) statistics and the probability of 

accepting the hypothesis H0(p) and the distribution of samples of energy efficiency of various 

reactions), we came to the conclusion that the hypothesis H0 is accepted (the smallest values 

U = 46,5, p = 0,790953), all datasets are homogeneous [28]. The results of the work of the 

intelligent information-functional model are acceptable and the model can be used at 

industrial facilities, for example, as a decision support system. 

Adjusting the equipment to meet the energy efficiency criterion (2) has made it possible 

to meet the requirements on ensuring the quality of wastewater purification at the lowest 

possible energy costs (Figure 6).  

 

 

 
■ – Before purification; □ – After purification 

 

Figure 6. Combined system of electrotechnology wastewater purification  

(using the example of a minor metallurgy enterprise) 

 

 

 

Production observations of the wastewater purification processes with determination of 
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21.3

58
55.8

0.52
2.593

10

2.6
0.06 1.69

0

10

20

30

40

50

60

70

Floating bits BCS SPAR Petroleum
derivatives

Ammonia
nitrogen

m
g

/l
m

g
O

2
/d

m
3



─── Processes and Equipment ─── 

─── Ukrainian Food Journal.   2020.  Volume 9. Issue 3 ─── 688 

 
 

Figure 7. Comparison of energy efficiency of the electrotechnology industrial wastewater 

purification (using the example of a minor metallurgy enterprise):  

1 – before implementing the control system and the technological complex (February 2017);  

2 – after implementing the control system and the technological complex (March 2017) 

 

 

After analyzing the results of the industrial implementation of the energy efficient 

industrial electrotechnology wastewater purification systems at meat processing and minor 

metallurgy enterprises, it can be stated that the improved method [26] has provided an 

opportunity to fulfill the ecological requirements as to the quality of the wastewater discharge 

while meeting the energy efficiency (2). Such industrial enterprises have also been provided 

with the opportunity to reuse the purified wastewater in technological processes (e.g. 

equipment washing and irrigation of the territory), thereby increasing the resource efficiency. 

It has been confirmed that system-building elements of the advanced approaches of the 

TS synthesis of the combined electrotechnology wastewater purification are working 

standard of the combined electrotechnology wastewater purification and the DDC method 

(see Figure 2); at the same time, their object-oriented use is to be based on creation, as a result 

of systematic assessment of the objects of the wastewater discharge, the water passport. 

Having regard to the above, it can be claimed that not fully complying with the energy 

efficiency requirements (see Figs. 5 and 7), caused by an insufficiently long-lasting study of 

the enterprises, which were under testing,  the broadening of the informative base of the major 

research is crucial for the improvement of the energy efficiency.  

 

 
Conclusions 

 
1. The integrated use of the improved scientific and theoretical foundations of 

electrotechnology management for water purification makes it possible to improve the 

methods of removing pollutants from aqueous solutions by comprehensively 

accounting for the mutual influence of methods and techniques for their elimination. 
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2. The use of the advanced methods of synthesis of the TS for wastewater purification 

systems at continuous production has made it possible to introduce resource-saving 

schemes of wastewater discharge (re-use of water in technological processes).  

3. Practically implemented approaches aiming at improving the creation and operation of 

the combined electrotechnology wastewater purification systems of continuous 

production have improved the energy efficiency of processing multi-component 

wastewater discharges: for meat processing enterprises the deviation of the energy 

efficiency criterion from zero makes ± 9,6 %, ± 3,4 % for minor metallurgy enterprises. 

4. The analysis of the results obtained from the operation of the created wastewater 

purification systems at the continuous production has shown that the proposed 

approaches to the TS synthesis give an opportunity to reduce the negative effects of the 

man-caused and natural emergency situations, by means of using the equipment for 

setting up the combined electrotechnologies of wastewater purification and taking into 

account the DDC method in information-functional simulation. 
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