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ABSTRACT: In order to determine the energy efficiency of production was conducted energy and instrumental survey
of individual consumers of the main technological equipment of the quarry. Instrumental examination included the
measurement and testing of individual electric energy receivers of basic and auxiliary equipment of a mining excavator
for the technological line on the excavation of 1m? of rock mass. Based on the results of instrumental measurements of
electric energy consumption on the excavation of 1 m* of rock mass, the distribution of variables as a function of time
on histograms is constructed. Mathematical processing of conducted instrumental measurements on the energy
efficiency of electric energy consumption with the excavation of 1m? of rock mass, the degree of raw material loading
has a significant impact on technological equipment. As a result of the regression analysis, a mathematical model of the
norm of electric energy consumption as a function of the consumed electricity and excavation of the rock mass was
obtained, in which the coefficients of the model are significant and reliable.
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I.LINTRODUCTION

In the careers of the mining industry the main technological equipment are the drilling rigs and excavators, from which
the power-consuming equipment are single-bucket excavators and the effectiveness of the use of their depends
essentially the work of the mining enterprise. The main indicator of existing excavators is energy efficiency of their
work [1].

The efficiency of production is determined by the specific consumption of fuel and energy resources per unit of output,
as well as for each structural subdivision of the enterprise [2]. In this regard, the necessary condition for production
efficiency is the development of progressive scientifically grounded norms for the expenditure of fuel and energy
resources for each workshop and, in general, for the plant.

Energy efficiency - scientifically based absolute or specific value of consumption of fuel and energy resources
resources on manufacture of a unit of production (works, services) of any purpose. Or in other words efficiency as a
matter of fact is norm of the expense in particular electric energy on manufacture of a unit of production of the
established quality [3]. The development of scientifically-based norms is quite labor-intensive, requiring the
development of methodological approaches, skilled and painstaking work, taking into account all aspects in the
production of products.

As experience in the operation of electrical equipment shows, the calculation of the electric load by the calculation
method is a roughly approximate method of estimating the design load and therefore, in general, can only be
recommended for preliminary calculations of the power supply system units including a significant number of electric
energy receivers (department, shop, hull or plant as a whole). In this regard, to determine the electrical load, we use the
instrumental method of examining the main and auxiliary equipment [4].
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Instrumental survey is the most important stage of the work, which requires considerable expenditures. This is due to
the fact that in the course of work several modern devices are installed, installed at all inputs of consumers. In addition,
the survey, as a rule, cannot be carried out in one stage, since measurements, depending on the technological regime,
must be carried out with different options for loading equipment, which makes certain requirements for changing the
actual technological cycle of energy consumption. Only qualitatively carried out instrumental survey allows to receive
the objective and reliable information necessary for an estimation of power consumption of object of inspection and
development of norms of the charge of electric energy on a unit of production.

Il. RESEARCH PROBLEM AND RESEARCH METHODOLOGY

In this regard, for calculating the norms of electric energy consumption on a 1m* mining mass, a combined method of
normalization is used - a method of developing norms for the consumption of electric energy using two or three
methods simultaneously: calculation-analytical, experimental and statistical.

The main goal of scientific research consists in showing the statistical importance of effect of influence of the certain
factor on a studied dependent variable and definition, at what combination of levels of external and internal factors the
fullest can be received and a trustworthy information about behavior of system [5-7, 9].

Mathematical modeling is a method of the qualitative or quantitative description of objects or processes, while the real
object, process or phenomenon is simplified, schematized and described by the certain equation [8, 10].

In most cases, the mathematical model is a regression equation, that is, the geometric place of the points of
mathematical expectations of conditional distributions of the objective function. The main difficulty at the stage of
formulation of the problem is the transition from the language of the specialty to the language of planning the
experiment, into the language of mathematics.

The construction of a mathematical model of the technological process, depending on the task, can pursue the
following objectives: to minimize energy consumption, improve reliability, etc .; increase the reliability and speed of
management, increase the effectiveness of quality control, create conditions for automation of the management process,
etc.

The problem of determining the functional dependence, which best describes the experimental data, is connected with
overcoming of some fundamental difficulties. In the general case, for the standardized data, the functional dependence
of the exponent on the parameters can be represented in the form [4, 7-8].

y="f(U,u,,.., u,)+e 1)

where f - in advance unknown function which is subject to definition;
€ _an error of approximation of empirical data.

This equation is usually called the sampling equation of regression Y on U . This equation characterizes the

relationship between the variation of the exponent and the variations of the factors. A measure of correlation measures
the proportion of the variation of the indicator, which is related to the variation of factors. In other words, the
correlation of the indicator and factors cannot be treated as a link between their levels, and regression analysis does not
explain the role of factors in the creation of the indicator.

Simple, convenient for practical application is the class of polynomial functions

m m-1 m
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j=2 j=2 k=j+1
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For such a class, the problem of selecting a function reduces to the problem of selecting the values of the coefficients
Qs @), Ay vy Ajj e -

However, the universality of a polynomial representation is ensured only if there is the possibility of an unlimited
increase in the degree of a polynomial, which is not always permissible in practice; therefore, it is necessary to apply
other types of functions.

Widely used in practice, is a first-degree polynomial or a linear regression equation, which we will use for determine
the regression equation for calculating the electric energy consumption norms on per 1 m® of rock mass [4, 9].

m
y=aO+Zajuj+g. ©)
j=2

If the linear model is inaccurate or the parameters are not accurately measured, then in this case the method of least
squares allows to find such values of the coefficients at which the linear model best describes the real object in the
sense of the chosen criterion of standard deviation.

All electrical energy costs are to be normalized not only for the extraction of one meter of cubic rock, on loading of one
ton of ore, on drilling one running meter of the well as the main production, but also auxiliary technological processes
and production - operational needs. In this regard, energy efficiency of work of excavators of the mining and
metallurgical industry is considered from the standpoint of rationing of the consumption of electric energy on
excavation of 1m® of rock mass. With reference to the Kalmakyr JSC “Almalyk MMC”, the main task of normalizing
the consumption of electric energy is to ensure the application in production of technically and economically justified
norms for the consumption of electric energy for the implementation of the economy regime, rational distribution and
the most effective use of them, taking into account the introduction of the achievement of scientific and technological
progress, domestic savings resources, ensuring the greatest amount of ore processing with the least expenditure of
electrical energy.

In order to determine the energy efficiency of production, an energy and instrumental survey of individual consumers
of technological equipment of the quarry was conducted. By results of instrumental measurements of electric energy
consumption on the excavation of 1m?® of rock mass, it is constructed distribution of variables in function of time in the
histogram of Figure 1.
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Fig. 1. Results of instrumental measurements of the consumption of electrical energy on the excavation of rock mass
When developing norms of the consumption of electric energy, calculation-analytical, experimental and statistical

methods are used. Based on the results of long and complex work, using regression analysis, it is received
mathematical models of specific norms.
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I11. RESULTS

According to the experimental data on the electric energy consumption per 1 m* of rock mass, the results of the
grouping of the statistical data of electric energy consumption, excavation of rock mass and actual specific norms for
the quarries of Kalmakyr JSC “Almalyk MMC” were determined.

Table 1. The grouping of experimental data of electric energy on the excavation of rock mass
Frequency table: Wt - consumed electricity (kW+*h)

K-S d=,21406, p> .20; Liliefors p>.20

Count |Cumulative | Percent | Cumul % | % of all |Cumulative %
Category Count of Valid | of Valid Cases of All

18000,00<x<=20000,00 0 0 0,00000 A 0,0000 @ 0,00000 0,0000
20000,00<x<=22000,00 3 3 30,00000 30,0000 @ 30,00000 30,0000
22000,00<x<=24000,00 3 6 30,00000 60,0000 @ 30,00000 60,0000
24000,00<x<=26000,00 1 7 10,00000 70,0000 | 10,00000 70,0000
26000,00<x<=28000,00 1 8 10,00000 80,0000 | 10,00000 80,0000
28000,00<x<=30000,00 0 8 0,00000 | 80,0000 @ 0,00000 80,0000
30000,00<x<=32000,00 1 9 10,00000 90,0000 | 10,00000 90,0000
32000,00<x<=34000,00 0 9 0,00000 | 90,0000 | 0,00000 90,0000
34000,00<x<=36000,00 1 10 10,00000  100,0000  10,00000 100,0000
Missing 0 10 0,00000 0,00000 100,0000
Table 2. The grouping of experimental data of excavation of rock mass
Frequency table: Qgct - excavation of rock mass, (n?)
K-S d=,29349, p> .20; Liliefors p<,05
Count |Cumulative | Percent |Cumul% | % of all |Cumulative %
Category Count of Valid | of Vald | Cases of All
19000,00<x<=20000,00 1 1 10,00000 10,0000  10,00000 10,0000
20000,00<x<=21000,00 3 4 30,00000 40,0000 | 30,00000 40,0000
21000,00<x<=22000,00 2 6 20,00000 60,0000 | 20,00000 60,0000
22000,00<x<=23000,00 2 8 20,00000 80,0000 | 20,00000 80,0000
23000,00<x<=24000,00 0 8 0,00000 & 80,0000 | 0,00000 80,0000
24000,00<x<=25000,00 0 8 0,00000 @ 80,0000 | 0,00000 80,0000
25000,00<x<=26000,00 0 8 0,00000 @ 80,0000 | 0,00000 80,0000
26000,00<x<=27000,00 1 9 10,00000 90,0000  10,00000 90,0000
27000,00<x<=28000,00 1 10 10,00000 100,0000 10,00000 100,0000
Missing 0 10 0,00000 0,00000 100,0000

Table 3. The grouping of experimental data of norm of electric energy consumption for excavation
of rock mass

Frequency table: Nzct - norm ofconsumed electricity, kW-h/n3
K-S d=,12005, p> .20; Lilliefors p>.20

Count |Cumulative | Percent |Cumul% | % of all |Cumulative %

Category Count of Valid | of Valid Cases of All

,9500000<x<=1,000000 2 2 20,00000 | 20,0000 | 20,00000 20,0000
1,000000<x<=1,050000 1 3 10,00000 30,0000  10,00000 30,0000
1,050000<x<=1,100000 2 5 20,00000 | 50,0000 | 20,00000 50,0000
1,100000<x<=1,150000 1 6 10,00000 60,0000 10,00000 60,0000
1,150000<x<=1,200000 2 8 20,00000 | 80,0000 | 20,00000 80,0000
1,200000<x<=1,250000 2 10 20,00000 | 100,0000 | 20,00000 100,0000
Missing 0 10 0,00000 0,00000 100,0000
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The results of the grouping of experimental data on electric energy consumption, excavation of rock mass and actual
specific norms are presented: in Table 1 - the grouping of the electric energy consumption for the excavation; in Table

2 - the grouping of the excavation of rock mass; in Table 3 - the grouping of the norm of electric energy consumption
for the excavation of rock mass.

The grouping allows presenting the primary data in a compact form, to reveal the regularities of variation.
The distribution of variables is presented in the histograms in Figures 2-4.

Figure 2 shows a histogram of the distribution of electrical energy for the excavation of rock mass, in which the curve
of density of distribution is shown, as well as the Kolmogorov-Smirnov test (d). The Kolmogorov-Smirnov statistics is
equal to 0.214. The smaller value of this statistic is closer distribution of the random variable to the normal. The
probability of the null hypothesis (p) is more than 0.20.
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Figure 3 shows a histogram of the distribution of the excavation of rock mass. The Kolmogorov-Smirnov statistics is
equal to 0.293. The probability of the null hypothesis (p) is more than 0.20.

Figure 4 shows a histogram of the distribution of the norm of electric energy consumption for the rock mass excavation.
The Kolmogorov-Smirnov statistics is equal to 0.120. The probability of the null hypothesis (p) is more than 0.20.
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Fig. 4. Histogram of the distribution of the norm of electric energy consumption for the rock mass excavation

The histogram allows estimating "approximately" the normality of the empirical distribution. The histogram allows you
to qualitatively evaluate the various characteristics of the distribution. The results of calculations of descriptive
statistics are given in Table 4.

Table 4. The results of calculations of descriptive statistics

Descriptive Statistics (Spreadsheetl)
Valid N Mean |Minimum |Maximum |Variance |Std.Dev. |Standard
Variable Error

Weer, (KW*h) 10 25024,19 20137,04 | 34221,06 22002278 4690,659 1483,316

Qeer, (M) 10 22407,10 19919,00 27822,00 6900970 2626,970 830,721
N (LW i |
Neer, (kW-h/md)| 10 1,11 0,98 1,23 0 0,086 0,027

One of the typical tasks of processing experimental data is to determine the relationship between norm of the
consumption of electric energy on the excavation of rock mass to the consumed electricity and productivity.
Preliminary processing includes standardization of the matrix of empirical data, calculation of correlation coefficients,
and check of their significance.

Correlation analysis was carried out to establish the tightness of the interrelationships between the data obtained.

The correlation coefficient is an indicator that estimates the tightness of the linear relationship between the signs. It can
take values from -1 to +1. The "-" sign means that the link is reverse, and "+" is a straight line. The closer the
coefficient to |1|, the closer the linear relationship. At the value of the correlation coefficient (according to Butler) less
than 0.3, the connection is estimated as weak, from 0.31 to 0.7 - significant, from 0.71 to 0.9 - close, 0.91 and higher -
very close. Table 5 shows the correlation matrix of electricity consumption, productivity and the norm of electric
energy consumption per ton of ore.
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Table 5. Correlation matrix of electricity consumption, productivity and the norm of electric energy
consumption per ton of ore.

Correlations (Spreadsheet1)
Marked correlations are significant at p < ,05000
N=10 (Casewise deletion of missing data)

W gcr » (KW*h) Qecr »m %) | N, (kW-h/m )

Variable
W gcr » (KW*h) 1,00 0,97 0,89
Qecr ,(m ) 0,97 1,00 0,75
N, (kW-h/im 3) 0,89 0,75 1,00

As can be seen from the table, there is a very close relationship between the consumed electric energy and the
excavation of rock mass, as well as a significant feedback between the excavation of rock mass and the norm of electric
energy consumption. The relationship between the norm of electric energy consumption and the volume of production
is estimated as an inverse weak.

In accordance with this, we will perform a regression analysis of the obtained data. The main results of the regression
analysis are given in table 6.

Table 6. The main results of the regression analysis
Regression Summary for Dependent Variable: N, (kW*h/m 3)
R=,99819113 R?=,99638553 Adjusted R?=,99535282
F(2,7)=964,83 p<,00000 Std.Error of estimate: ,00585

Beta Std.Err. B Std.Err. t(7) p-level
N=10 of Beta of B
Intercept 1,205925 | 0,027882 | 43,2517 | 0,000000 |
W, (kW*h) | 2,58265 | 0,089268 0,000047 | 0,000002 28,9315 | 0,000000 ‘
Q, (m3) -1,74646 | 0,089268 | -0,000057 | 0,000003 | -19,5643 | 0,000000

Where R - the multiple correlation coefficient; R? - coefficient of determination; Adjusted R? - the adjusted coefficient
of determination; F - F-test; df is the number of degrees of freedom for the F-test; p - probability of the null hypothesis
for the F-test; Intercept - the free term of the equation; Beta - the coefficients of the equation; St. Err. of Beta - standard
errors of odds; B - coefficients of the regression equation; St. Err. of B - standard errors of coefficients of the regression
equation; t (10) - t-criteria for the coefficients of the regression equation; p-level - the probability of a null hypothesis
for the coefficients of the regression equation.

IV. CONCLUSION
1. The analysis of modern methods of normalizing the consumption of electrical energy per unit of production is
carried out. With reference to the Kalmakyr mine, the normalization of the consumption of electrical energy for: the
extraction of one meter of cubic rock mass; Loading of one ton of ore is a combined method of rationing, combining
the use of two or three methods simultaneously: calculation-analytical, experimental and statistical.

2. As aresult of regression analysis obtained by a reliable mathematical model of the norm of consumption of electric
energy as a function of the consumed electricity and excavation of the rock mass

Necr =1,205925 +0,000047 -Wer —0,000057 - Qg

where Necr - norm of electric energy consumption for excavation of rock mass, kW-h/m% Wecr - consumed electricity,
kW-h; Qgcr - excavation of rock mass, m®.

All coefficients of the equation are significant at the 5% level (p-level <0.5). This equation explains 99.9%
(R? = 0,999)variation of the dependent variable. The statistical level of significance (p-level, that is, the p-level) is a
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measure of confidence in its "truth” (in the sense of "representative sampling™). More precisely, the p-level is an
indicator inversely proportional to the reliability of the result. A higher p-level corresponds to a lower level of
confidence in the results found in the sample, for example, the dependencies between variables. Namely, the p-level is
the probability of an error associated with the generalization of the observed result.

Thus, i.e. a mathematical model of electric energy consumption is found, which is approximated by the equation with
the original data array obtained during the experiment. The analysis of the model's correspondence to the initial data
allows us to speak about a sufficient degree of accuracy of the results obtained. The coefficients of the resulting linear
regression equation are estimated as significant. The model is assessed as adequate.
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