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Abstract: The article is concerned with energy conservation in the process of cleaning grain. The
study aimed to find ways of reducing energy consumption when cleaning food grains by using
energy-saving operating modes (ESOM) on the production lines of grain storage facilities. For this
purpose, experimental tests were performed which involved studying the effects of physical and
chemical properties of grain as well as the influence of various operating modes of the production
lines on the specific energy consumption (SEC), which was found to be the most informative indicator
for determining ESOM. The mathematical description of the target function was carried out by
conducting a multifactorial experiment with the application of the orthogonal central composite
design (OCCD) of the second order. Calculations produced a number of mathematical models
describing the dependence of the response function on the input parameters. The proposed approach
made it possible to obtain the minimum SEC for cleaning food grains and to develop practical
recommendations for ways to reduce energy consumption, which resulted in the development of
scientifically based SEC standards for a grain cleaning machine.

Keywords: energy efficiency; energy saving; multifactorial experiment; grain cleaning machine

1. Introduction

The problem of energy conservation, which is extremely urgent globally today, is
particularly acute for Ukraine, as it is capable of meeting only 35–40% of energy needs using
its own resources. For this reason, energy conservation is a challenging issue that requires
the attention of researchers [1–3]. One way to address this problem is the use of alternative
energy sources converting wind, solar and other types of sustainable energy [4–7]. The
current situation in the energy market makes it necessary to assess energy efficiency and
energy use in any production, considering both numerical and qualitative indicators [8–10].

The aim of the study is to determine whether it is possible to reduce energy consump-
tion while cleaning food grains on the production lines of grain storage facilities by using
ESOM of the electrical equipment. The SEC while grain cleaning proved to be the most
informative indicator for determining ESOM [11].

To attain the aim of the research, the following tasks were solved:
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(1) Investigating the influence of physical and chemical properties of grain and operating
modes of the production lines on SEC;

(2) Determining the quantitative value of the SEC of the production lines for grain
cleaning;

(3) Establishing the correlation between the SEC of grain cleaning process, its productivity
and operating modes of the production lines equipment [7];

(4) Carrying out a comparative analysis of theoretical and experimental data.

In conducting the experiments, statistical methods of processing the research results
were used. The data obtained from the research allow technical implementation of energy
conservation in the process of grain cleaning on the production lines.

Improving the energy efficiency of grain cleaning production lines is a pressing con-
cern. The cost-effectiveness of grain production depends on the use of energy-efficient,
resource-saving technology providing a quality workflow [6,12,13].

A number of researchers have laid the foundations for mechanical and technological
ways of increasing the efficiency of mechanized complexes for post-harvest grain and seed
treatment [14], improving machinery to produce high-quality grain [15] and provided a
comprehensive overview and analysis of modern electric motors, as well as modelling
methods with the use of a variety of applications [16].

Some authors consider ways of improving the design of the equipment for grain
purification and technical ways of improving grain separators, one of which is a vibrating
centrifuge separator in which a linear induction motor is used as a vibratory drive. This
type of motor enables energy-efficient electric vibration motion with adjustable vibration
parameters [17].

To determine the flow around characteristics of an air-sieve scalper separator, a method
was developed [18] which allows making adjustments when determining the optimal values
of characteristics and modes of operation of a pneumatic system [19].

The separation parameters and efficiency values were optimized by the researchers [20]
who utilized software based on genetic algorithms. The optimum operating parameters of
the seed separator for increasing the separation efficiency were determined [21].

Much attention has recently been paid to the workflow of the cross-flow fan in the rotat-
ing coordinate system [22–24]. The characteristics of the cross-flow fan were substantiated
on the basis of the mathematical model of its operation [25–27].

One of the objectives in producing quality seeds is the prospect of modelling ways
to divide the grain into fractions in the fluidized layer. This would help to optimize the
separation parameters and design new working surfaces for their implementation. The
influence of the physical and mechanical properties of raw materials must be considered in
the modelling process [28].

Research was also carried out with grain cleaning machines of various configurations.
A grain cleaning machine with a linear induction motor [29] is proposed instead of the
traditional mechanical drive [30]. Energy consumption is reduced through the work of an
impulse drive [31]. At the same time, the technological characteristics of different crops,
including the various physical and mechanical properties of the crop being cleaned, can be
regulated in a broad range [32,33]. A number of research papers were aimed at reducing
the energy consumption of the grain cleaning process [34–36].

Much attention is paid nowadays to improving the designs for pneumatic grain
transporters [37,38]. This is a new direction in grain cleaning workflow.

Another increasingly popular, although not widely used in post-harvest grain treat-
ment, method is the use of discrete elements in modelling [39] along with dynamic nu-
merical modelling [40]. In calculating the power of electric motors, the SEC method is
applied [41,42]. It is recommended to develop and analyse the mathematical models of
electricity consumption [43] and optimize the operating modes of electrical equipment [13].

The review of literature shows that the researchers focused their work on post-harvest
grain treatment and improvements to the configuration of individual machines, while
insufficient attention was paid to energy-related parameters of the process. In order to
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address energy conservation issues, the problems of optimization of the entire process must
first be solved [44]. This requires a sufficient amount of information on energy consumption
of the entire grain cleaning process, namely the entire production line instead of individual
machines composing the production line [45].

2. Materials and Methods

The experimental studies were conducted on the most typical grain cleaning machine
in southern Ukraine, ZAV-20, on farms whose activity area corresponded to the main
production area of the region, with the highest level of farm organization, its characteristics
and technical operation of the electrical equipment, as well as a reliable and uninterrupted
power supply.

The experiment was conducted during the busy period of grain storage facilities, in
June through August, under different production conditions, with the existing loads and
operating time of the machines.

A portable stand was developed to study the specific electricity consumption of grain
cleaning in a production environment, which included an active and reactive energy meters
box and a portable measuring set (accuracy class 0.2). The stand did not disrupt the
production workflow of the grain cleaning production lines in experimental studies and
ensured compliance with safety regulations. The stand included an automatic switch for
the emergency disconnection of the machine’s production line [1].

The schematic circuit diagram of the measuring stand is shown in Figure 1.
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Figure 1. Schematic circuit diagram of the measuring stand: *—generator clamp (connects to
power supply).

In addition to electrical parameters, the operating time and performance of the pro-
duction line over the investigated period of time were measured. A minimum of three
repetitions were performed during the experiment. The duration of each repetition was at
least 15 min.

In the course of the experiment, when cleaning food grain on a ZAV-20 grain-cleaning
unit with a capacity of 20 t/h on one production line without disc separators, grain batches
with different moisture and dockage, which were determined in the control laboratory
of physical and mechanical properties of grain, were weighed. The cleaning time was
measured by a stopwatch, and the electrical parameters—current, power and voltage—
were measured using the stand. The Active and Reactive Energy Meters measured the
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electricity consumption for cleaning each grain batch. Then the SEC for cleaning each batch
was determined. Similar experiments were conducted for two production lines without
disc separators.

In order to reduce the number of experiments and increase their reliability, the method
of active experimental planning was used [7]. This method enables quantitative eval-
uation of the influence of any given factor on the electrical consumption under multi-
factorial exposure. In addition, this method can be used to find the optimum value of
energy consumption.

The algorithm of conducting the research by method of active design of the experiment
is presented in graphic form in Figure 2.
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Preliminary experiments were conducted to estimate the factors that significantly affect
energy consumption. They were performed in accordance with the basic experimental
research methodology [7].

By using the random balance method, the experiments were set up by the given
design, and a number of significant factors were identified from the total number of factors
and their interactions using the analysis of a priori information about the object of the
study [46]; insignificant factors including hygroscopicity, looseness, interparticle space and
freshness of the grain were screened out, while significant ones were distinguished: the
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machine’s capacity, grain humidity and grain dockage. A full factorial experiment was
then conducted.

An experiment in which all possible combinations of levels of the factors are repre-
sented is called a full factorial experiment (FFE). If each factor varies at two levels, the FFE
will be of 2n type, where n is the number of factors. The total number of basic tests in FFE
is determined by the following formula.

N = 2n

The resulting data were processed using Microsoft Excel and Mathcad application software.

3. Results

The issue of optimizing the process of cleaning food grains on the production lines
of grain dispensers is to find such modes of operation of the grain cleaning production
lines, which result in the minimum SEC within the range of changes of input parame-
ters. The process of cleaning food grains on the production lines without disc separators
was investigated.

A multifactorial experiment [8] is appropriate for determining the influence of factors
on the optimization criteria of the grain cleaning process on the production lines of grain
storage facilities. The theory and practice of its design are characterized by a high level of
development and make it possible to obtain, with a minimum number of tests, a credible
mathematical model of the object of the research and, in solving the problem of optimization,
to determine the optimal conditions of its functioning.

The relationship between the SEC and performance is non-linear, so second-order
designs were used to obtain the regression equation. The selection of factors, ranges and the
range of variation are based on the analysis of a priori information. The variation limits of
the factors under investigation were adopted, considering the technical characteristics of the
machines and the technological constraints conditioned by the production of high-quality
grains [15]. The variables are: x1—the machine’s capacity, (Q), t/h; x2—grain humidity,
(Hum), % and x3—grain dockage, (Doc), %. The specific electricity consumption (Wsp),
kW·h/t, was selected as a response function. The Box–Wilson orthogonal central composite
design (OCCD) of the second order [15] was used to mathematically describe the specific
electricity consumption.

A number of mathematical models describing the response function’s dependence on
input parameters were derived from the calculations.

Factor levels and factor variability intervals were taken for ZAV-20 with one production
line without disc separators (Table 1).

Table 1. Factor levels and factor variability intervals for ZAV-20 (one production line without
disc separators).

Levels Standardized
Variable

Actual Scale

x1, t/h x2, % x3, %

Base level 0 6.5 13.5 3.5
Variability level ∆xi ±1 1.5 1.5 0.5

Lower level of the FFE −1 5.0 12.0 3.0
Upper level of the FFE +1 8.0 15.0 4.0

Lower star point of the OCCD −1.215 4.7 11.7 2.9
Upper star point of the OCCD +1.215 8.3 15.3 4.1

A regression equation was obtained to calculate the specific electricity consumption
depending on the productivity, humidity and dockage for the ZAV-20 grain-cleaning
machine with one production line without disc separators both in dimensionless form:



Appl. Sci. 2022, 12, 1418 6 of 12

ỹ = 2.748 − 0.5451x1 + 0.0411x2 + 0.0703x3 + 0.1216x2
1 + 0.0271x2

2 + 0.0203x2
3 (1)

and in natural values of the factors:

Wsp = 9.7 − 1.065 · Q − 0.296 · Hum − 0.427 · Doc + 0.054 · Q2 + 0.012 · Hum2 + 0.081 · Hum2, (2)

Similar studies were performed on two production lines with no disc separators
(Table 2).

Table 2. Factor levels and factor variability intervals for ZAV-20 (two production lines without
disc separators).

Levels Standardized
Variable

Actual Scale

x1, t/h x2, % x3, %

Base level 0 11.5 13.5 3.5
Variability level ∆xi ±1 3.5 1.5 0.5

Lower level of the FFE −1 8.0 12.0 3.0
Upper level of the FFE +1 15.0 15.0 4.0

Lower star point of the OCCD −1.215 7.3 11.7 2.9
Upper star point of the OCCD +1.215 15.8 15.3 4.1

A regression equation was obtained to calculate the specific electricity consumption
depending on the capacity, humidity and dockage for the ZAV-20 grain-cleaning machine
with two production lines without disc separators both in dimensionless form:

ỹ = 1.7437 − 0.4629x1 + 0.053x2 + 0.0183x3 + 0.0275x1x2 + 0.2042x2
1 + 0.0455x2

2 + 0.0118x2
3 (3)

and in natural values of the factors:

Wsp = 9.941 − 0.5864 · Q − 0.5709 · Hum − 0.2938 · Doc + 0.0052 · Q · Hum+
+0.0167 · Q2 + 0.0202 · Hum2 + 0.0472 · Doc2 (4)

After obtaining an adequate mathematical model of the second order, the coordinates
of the optimum were determined.

For one production line without disc separators, the second order regression Equation (1)
is differentiated for each factor and is set to zero:

∂ŷ
∂x1

= −0.5451 + 0.2432x1 = 0;
∂ŷ
∂x2

= 0.0411 + 0.0542x2 = 0;
∂ŷ
∂x3

= 0.0703 + 0.0406x3 = 0.

By solving the system of equations, centre coordinates were obtained in coded units:

x1S = 2.2; x2S = −0.76; x3S = −1.73; yS = 2.06

which correspond to the following values of the factors and target functions in physical units:

Q = 9.86 t/h; Hum = 12.4%; Doc = 2.6%; Wsp = 2.06 kW·h/t

For two production lines without disc separators, the regression equation of the second
order (3) is differentiated for each factor and is set to zero:

∂ŷ
∂x1

= −0.5451 + 0.2432x1 = 0;
∂ŷ
∂x2

= 0.0411 + 0.0542x2 = 0;
∂ŷ
∂x3

= 0.0703 + 0.0406x3 = 0.
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By solving the system of equations, centre coordinates were obtained in coded units:

x1S = 1.2; x2S = −0.94; x3S = −0.78; yS = 1.43

which correspond to the following values of factors and target functions in physical units:

Q = 15.7 t/h; Hum = 12.1%; Doc = 3.1%; Wsp = 1.43 kW·h/t

4. Discussion

The SEC on the production lines was obtained while cleaning wheat of varying
humidity within the range of 11–17%.

The experimental research on ZAV-20 has shown that with a 1% increase in grain
humidity the SEC of production lines increases by an average of 10–12%, as the weight
by volume of grain decreases with an increase in grain humidity. At the same time, the
capacity of the production line decreases by an average of 0.3–0.5 t/h. The SEC for cleaning
one ton of seeds is higher than for cleaning one ton of food grain by an average of 18–20%.

The workflow of post-harvest processing of food grains and seed grains is carried out
through systems of machines and installations, which can be distinguished as main and
supporting ones [47].

The main machines gradually process the raw material to final product status. These
are the separating machines. Supporting machines do not change the quality of grain but
are used to help the main ones. These include transporters and car lifts.

While building the production lines, only the passport capacity of machines is consid-
ered, which is indicated when working with wheat of normal humidity (up to 15%) and
average dockage (up to 5%). The actual dockage of the grain arriving for cleaning includes
straw impurities—up to 8%, weed seeds—up to 5% and soil—up to 2%.

The operating experience of the ZAV-20 grain-cleaning machine [1] shows that, as a
rule, the capacity of grain cleaning equipment is below nominal values by 30–60%. The
reason for the low capacity lies in organizational, technical and technological deficiencies.
Organizational and technical deficiencies can be addressed as operating experience is
gained and the equipment of the grain cleaning operating line is upgraded. The decline
in the capacity of the operating line for technological reasons is mainly related to the
probability of grain flow and the grain cleaning process. One of the main factors limiting the
machine’s capacity is the quality of grain cleaning, which in turn influences the uniformity
of the machine load. The obtained data indicate that 50% of ZAV’s operating capacity
is used.

Large deviations from the nominal values for loading the electric motors of individ-
ual ZAV machines (17–57% in power, 44–90% in current) indicate the need for further
improvements in the design of the machines and possible coordination of their operating
performance [1].

It has been established that the actual capacity of the production lines is lower than
the nominal capacity of any of the machines forming it. It decreases with an increase in the
number of machines in the production line and the variability coefficient of its performance.

The key and indispensable factor for the most economical operation of the production
line is the same nominal capacity of all the machines and mechanisms connected in a series
and forming the line. Otherwise, the production line capacity will be determined by the
machine with the lowest nominal performance.

The experimental data underwent a thorough analysis. The influence of many pro-
duction and physical factors on the specific electricity consumption can be considered
by utilizing mathematical tools and using probability theory and mathematical statistics
involving the application of computer software.

Based on the calculations, mathematical models were obtained that relate the specific
energy input to the production line capacity, humidity and grain dockage (Equations (2)
and (4)).
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Through the regression equations obtained from this stage of the research, it is pos-
sible to determine the SEC of grain cleaning by different technological schemes with
varying physical and mechanical properties of grain. This enables grain cleaning with
minimum SEC.

For each grain cleaning production line of the ZAV-20 machine, nomograms of electric
consumption are proposed (Figures 3 and 4) which are characterized by legibility and
convenience in selecting the optimum load of production lines with the minimum SEC
(Quadrant 1) at different humidity and dockage values.
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By known values of humidity (Quadrant 2) and dockage of the grain (Quadrant 3)
and the minimum specific electricity consumption, the optimum load of the production
line is determined.
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Figure 3 shows an example of using the nomogram for the ZAV-20 grain-cleaning
machine in the grain cleaning process on two production lines without disc separators,
while Figure 4 demonstrates the nomogram for one production line without disc separators.

According to the BAT Directorate, a number of threshold indicators have been intro-
duced in some industries to strengthen the application of energy efficiency standards. Such
an indicator in the grain cleaning process is the specific electricity consumption [48].

The BAT Directorate indicates the practical application of specific methods that provide
a basis for achieving threshold indicators in economic solutions of the issues [48]. Such a
method in the grain cleaning process is the scientifically based method for the rate setting
of energy consumption that was developed [49] and used in the present paper to address
energy conservation issues.

An important factor affecting the efficiency of the use of electrified energy resources
is the electricity consumption standard [50]. The latter is known to serve as a criterion in
the evaluation of electrical consumption. Sometimes those standards were unavailable. In
addition, the lack of scientific evidence on the extent to which a given factor affected energy
performance made it very difficult to adjust the standards that are inevitable as a result of
changes in technology conditions. If the standards do not correspond to the optimal ESOM,
their mobilization role will be reduced or even exclude, and the standards will not be an
incentive for energy conservation.

The issues of energy intensity of grain cleaning processes at grain stations and their
correlation with technological factors were not considered at all in previous studies or were
of a secondary nature. Moreover, in a number of instances, the random nature of electrical
loads was not taken into account, so the probability theory, mathematical statistics and
experiment planning methods were not used when assessing the electrical performance
of grain stations. As a result, the nature of the relationship between the electric power
indicators of grain stations remained insufficiently studied. The method of power rationing
in the system of processing and storage of grain crops described in [48] proved to be the
most suitable for grain stations. However, the developed norms of SEC for processing
enterprises are not suitable for grain stations, since grain stations are equipped with
technological equipment different from the equipment of these enterprises. The proposed
norms [46] cannot be used when rationing the SEC for the ZAV-20 grain-cleaning unit,
which represents a unified production line.

In determining the SEC for grain cleaning, it is necessary to take into account the
purpose of the grain, the condition of the grain material and the capacity of the grain
cleaning equipment.

It has been established that the energy consumption reported in the technical publica-
tions differs by a factor of 2–3 for the same grain cleaning units and ranges between 1.1 and
3.7 kW·h/t [51], as different authors propose different definitions of the SEC. This indicates
that the methodology for determining the SEC requires further development.

The conducted research resulted in the development of scientifically based SEC
standards for grain cleaning production schemes using the ZAV-20 grain-cleaning ma-
chine [49,50] (Table 3).

Table 3. Comparative data of electricity consumption rates for grain cleaning on the production lines
of ZAV-20 grain-cleaning unit.

Process Diagrams of ZAV-20
Grain-Cleaning Unit Capacity, t/h

Calculated
Wsp. calc.,
kW·h/t

Variation
Limit ∆Wsp,

kW·h/t

Minimum,
Wsp,

kW·h/t

Experimental,
Wsp. ex.,
kW·h/t

One production line with disc separators 7.5 2.393 +0.082 2.475 2.669
One production line without disc separators 10.0 1.623 +0.103 1.726 1.931

One production line with disc separators 15.0 1.464 +0.098 1.562 1.662
One production line without disc separators 20.0 0.933 +0.136 1.069 1.1
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The scientifically justified standards (minimum SEC) for post-harvest grain treatment
for various technological circuits, obtained by experimental planning (Table 3), are lower
than those presented in [51] by 5.9–34%.

The obtained scientifically justified SEC rates were discussed and approved by the
Technical Council of Zaporizhia Oblast, Melitopol District Department of Agriculture and
Velyikolepetykhsky District Administration of Agriculture of Kherson Oblast, as evidenced
by the certificates of the implementation of the research results.

The recommended scientifically justified energy consumption standards are intended
for Planning and Economic Departments of the Oblast Directorates of Agriculture for the
planning and control of electricity consumption for the processes of grain cleaning on the
production lines of the grain storage facilities of the South of Ukraine. Similar studies are
being carried out for other grain cleaning units produced by the industry.

5. Conclusions

As a result of the experimental studies, dependencies have been obtained in the form
of regression equations of the specific electricity consumption in terms of production line
capacity, grain humidity and grain dockage, which allow enhancing the grain cleaning
mode. Thus, for two production lines without disc separators, a minimum of 1.43 kW·h/t
of electricity has been obtained at a capacity of 15.7 t/h, humidity of 12.1% and dockage
of 3.1%; for one production line without disc separators, these indicators are as follows:
2.06 kW·h/t with a capacity of 9.8 t/h, humidity of 12.4% and dockage of 2.6%.

Experimental studies have shown that the disagreement in theoretical and experi-
mental data does not exceed 8–10%, with a strong correlation (r = 0.9–0.98) between the
operating modes of power-driven electrical equipment as well as physical and mechanical
properties of grain and the specific electricity consumption.

A comparison of theoretical and experimental data has determined a sufficient degree
of justification for the relationship between the SEC of the grain cleaning process on the
production lines with grain properties, equipment condition and operating modes.

As practical recommendations for implementing energy-saving modes of electrome-
chanical grain cleaning systems on grain terminals, nomograms have been developed
which allow defining the operating modes of the production line.
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