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Abstract. The purpose of the article was to consider the issues of increasing the level of efficiency of the use of
electric energy - the main type of energy in the conditions of the functioning of mining enterprises, using the
example of their types with underground mining methods. It is confirmed that changing the modes of electricity
consumption by receivers of the analysed types of enterprises that operate in a continuous cycle of work -
24 hours a day, is one of the integral and effective measures to increase their energy efficiency. However, it is noted
that the existing canonical formula for determining the level of energy efficiency of enterprises does not allow
establishing the level of achievement of the effect in the analysed variant of the measure. It is emphasised that the
inconsistency of this formula in determining the level of energy efficiency also applies to other modern variants of
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increasing energy efficiency, including networks with distributed generation. It is proposed to determine the level
of energy efficiency by the indicator of the corresponding material costs for the energy consumed. To confirm this
proposal, a study of the variability of electricity consumption modes in the hours of the day, taking into account
the variability of tariffs, was conducted. It has been analysed and proven that the consumption and control of
the operating modes of electricity receivers during the hours of the day should be carried out in the format of a
process.An analytical justification of the proposed process has been carried out and conclusions have been drawn

Keywords: energy efficiency; control; power supply systems; electric power engineering; linear programming;

optimisation; price of electricity

Introduction

Modern operating conditions of mining enterprises re-
quire new approaches to improving energy efficiency,
especially in light of recent changes in legislation and
electricity billing formats. However, in practice, energy
consumption management at such enterprises remains
at a primitive level. This not only reduces equipment re-
liability but also diminishes overall economic efficiency.
There is a need to develop theoretically grounded and
controllable models for distributing electricity con-
sumption. The relevance of this study lies in the urgent
transition to more flexible and energy-efficient power
supply systems that can ensure both resource savings
and enhanced technological reliability.

The paper by X. Li et al. (2023b) addresses the need
for industrial users to optimise electricity consumption
strategies in light of electricity prices real-time fluc-
tuations at the electricity market. Authors purposed
method that utilises a TimesNet deep learning mod-
el to forecast electricity prices. Subsequently, they also
build a multi-objective optimisation model that iden-
tifies electricity consumption across various industrial
loads at different times, based on the predicted prices
and the users’ specific load demands. To solve optimisa-
tion task method employs the adaptive multi-objective
particle swarm optimisation algorithm, which helps in
obtaining a set of Pareto solutions. The effectiveness of
the proposed method is validated through simulations
using data from the magnesium industry.

The paper by D.A.G. Vieira et al. (2024) introduc-
es a framework aimed at calculating hourly electrici-
ty prices by examining the interplay between energy
consumption and pricing. This method employs an ob-
jective function that quantifies the distance from the
desired consumption level, facilitating necessary ad-
justments. Two optimisation methods, the Trust-Region
Constrained method and Sequential-Least Squares Pro-
gramming, were tested, demonstrating the capability
to model the dynamic relationship between consump-
tion and price effectively. The results indicate that this
framework encourages consumers to shift their energy
usage to off-peak hours, which can help alleviate peak
demand and enhance grid stability.

Authors C. Wang et al. (2023) consider the issue
of regulating electricity consumption by energy-inten-
sive loads from a slightly different perspective, namely,
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ensuring reliable operation of the power grid. In this
paper, a two-level optimisation model was proposed.
The inner optimisation focuses on the operational as-
pects, specifically the operational plans for industrial
loads and thermal power units, while considering the
integration of new energy sources. The outer optimi-
sation deals with the planning aspects, particularly
the development layout of industrial loads. The ef-
fectiveness of the method is demonstrated using the
IEEE 39 bus system.

The paper by Y. Li et al. (2025) presents an elec-
tricity price optimisation model designed to tackle high
energy costs in complex electricity markets. This price
optimisation model unites an enhanced shuffle frog
leaping and particle swarm optimisation algorithms.
The research utilised electricity consumption data from
power grids of large cities in China for validation and
analysis. The authors noted that by optimising the cost
of electricity, it is possible to regulate energy consump-
tion and forecast it.

The work by L. Dengfeng et al. (2024) discusses the
significance of time-of-use electricity pricing as a strat-
egy to improve the balance between electricity supply
and demand, enhance efficiency, and optimise usage
patterns. Authors propose a combined method that first
segments the current electricity pricing strategy using
the Gaussian mixture model clustering algorithm, and
then optimises it based on the determined profile of
grid investments and the load characteristics of the
power grid. The approach is validated through a case
study of the Chongqing power system in China, with the
goal of minimising peak load disparities and maximis-
ing the benefits of grid investments.

The work by J. Li et al. (2024) presents the use of
electricity price to manage power consumption among
a group of users. Users often do not want to share their
private information, making it difficult for operators to
optimise energy usage effectively. To address this chal-
lenge, the authors propose a two-time-scale incentive
mechanism. This mechanism alternates between the
system operator setting a price and users optimising
their consumption based on that price. After that, the
operator recalculates the electricity price. Then the
process is iteratively repeated. In this way, the operator
indirectly controls the electricity consumption.
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Authors A. Gupta et al. (2024) use optimisation
techniques to enhance electricity consumption in both
residential and factory environments. The research
specifically targets the optimisation of load profiles
across various scenarios, namely for different seasons
and days of the week. The goal is to optimise daily load
distribution. By comparing electricity consumption be-
fore and after optimisation, while considering electicity
price variations, the study identifies an improved load
profile. This approach enables consumers to select their
preferred electricity consumption strategy based on the
electricity prices.

The format of the proposed levels, or rather, ways
of approaching the solution of the problem of energy
efficiency in order to achieve realistically possible indi-
cators in most of the analysed publications, embodies
a variety of directions which, in turn, are outlined as
a number of local options - sub-options for the final
solution option. Such an approach is not contraindicat-
ed; however, in accordance with the set goal, a holistic
option for achieving the goal is still lacking. At the same
time, it should be noted that there are few publications
devoted to the issue of optimising energy consumption
by iron ore mines. The work by O. Sinchuk et al. (2024)
can be highlighted, however, given the high energy in-
tensity of the processes, such work will help improve
energy efficiency.

For a number of reasons, the idea of operational
control over electricity consumption modes by individ-
ual receivers as a process with centralised management
and with the ultimate goal of reducing material costs
for this segment of the enterprise’s budget expendi-
ture was not sufficiently developed in the list of known
studies. Thus, the purpose of the study was to substan-
tiate the feasibility and format of assessing the materi-
al costs of mining enterprises for consumed electricity
as an integral indicator of the efficiency of its use for
the formation of an algorithm for economically achiev-
able operational management of electricity consump-
tion levels by consumers during the hours of the day.

Materials and Methods

Optimisation methods were used to determine the lev-
el of electricity consumption by the enterprise during
the day. In particular, the optimisation problem of min-
imising the components of electricity costs according
to the marginal market prices for the day ahead was
a linear programming problem with constraints. To
solve this problem, the simplex method implemented
in Microsoft Excel software was used. To determine
the minimum and maximum limits on electricity con-
sumption, the daily schedules of electrical loads of
both individual energy-intensive consumers and the
entire iron ore mine in Kryvyi Rih (the name is not
specified for security reasons) were analysed. This data
was obtained by measuring electricity meters installed
at the main step-down substation of the enterprise.

A computational procedure was performed to determine
the real optimal values of electricity consumption at the
iron ore mine. The solution to the problem was carried
out based on the provisions and principles of the sys-
tem approach and system analysis. It should be noted
that when studying the quality of electricity, as a sys-
tem, it should be considered as an open system, that is,
one that exchanges energy, matter and information with
the external environment. As a limitation of the study,
the cost-target parameters of the external environment
remained outside the scientist’s attention, they are the
ones that determine the conflict of interests of the pro-
vider and consumer of services regarding electricity.

Results and Discussion

The Law of Ukraine No. 2019-VIII (2017), by changing
the format of settlements for consumed electricity be-
tween consumers and generating organisations, poten-
tially provided the first of the above-mentioned “actors”
with creativity for the process of intensifying searches
for increasing electricity efficiency and, including, at-
tracting their own potential reserves of energy resourc-
es for this. However, despite the need to adopt crea-
tive approaches to implementing measures to increase
their electricity efficiency in the practice of mining en-
terprises, this direction has not yet acquired the status
of an “energy culture” of the relevant industry.

At the same time, along with the format of deci-
sion tactics in the generalised strategy for solving the
problem of increasing energy efficiency, new non-trivial
communication links also arise, which provoke the need
to change existing canonical concepts and form their
new formats, which in turn adjust the vision of ways to
achieve the set goal, including docking or integration
with perfect options. At the same time, it should be not-
ed that often new solutions are based on non-trivial,
non-canonical concepts. Thus, with the emergence of
new options for power supply system structures (PSS),
including with distributed generation (Kaczmarze-
wski et al., 2021), the cohort of concepts that need to be
decanonised for the possibility of real evaluation of the
results obtained includes the format of the traditional
interpretation of the concept of energy efficiency itself.

The need to change the formula for assessing ener-
gy efficiency is also dictated by the option of changing
the format of electricity consumption in hours of the
day, which also represents a segment of solutions in the
complex of tasks for solving the problem of energy effi-
ciency. In both the first and the second options, accord-
ing to the existing concept of energy efficiency, there is
no a priori effect in this assessment option, although, as
a fact, there is a reduction in the material costs of the
enterprise for the volume of electricity consumed. This
is a system-forming positive aspect of such solutions.

However, returning to the above-mentioned ways
of increasing energy efficiency, it should be noted that
the option of changing the emphasis in the levels of
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electricity consumption in hours of the day in the for-
mat of existing daily tariffs can and should be applied
in any variations of PSS structures. That is, this direction
should be seen as the basic and at the same time start-
ing point in the development of energy-efficient PSS
options, or rather, the controllability in their structures
of the distribution of electricity consumption levels be-
tween consumers in hours of the day.

To this should be added that mining enterprises
are the types of electricity consumers that are most
suitable for the implementation of this principle, since
they operate in a continuous cycle - 24 hours a day,
which provides sufficient variability in the practical im-
plementation of this direction (Telbayeva et al., 2024).
However, here too, the implementation tactics have
their own problems in organising the process of con-
trol, since electricity tariffs vary not only in hours of the
day, but also in the days themselves. That is, monitor-
ing and forecasting should be necessary in this pro-
cess, with the subsequent selection of optimal tariffs in
hours of the day and, accordingly, the development of
an algorithm for controlling the distribution of electric-
ity between consumers of the enterprise.

However, it should be added that speaking of the
need for control of energy flows in the structures of en-
ergy complexes: electricity supply — energy consump-
tion of mining enterprises, it will be correct to note that,
in fact, control in hours of the day exists in the realities
of the functioning of these enterprises, but in the pure
primitivism of this concept. Moreover, such an insuffi-
ciently substantiated, in essence, technology of func-
tioning of aggregate electricity consumers approach,
often not only does not provide a positive effect in the
operation of the electric power complex, but on the
contrary, significantly reduces the reliability and service
life of electrical equipment and electromechanical sys-
tems of electricity receivers and the power system in
general (Bakare et al., 2023). Electricity tariffs are also
significantly affected (Siddiquee et al., 2021; Golmo-
hamadi, 2022; dos Santos et al., 2023). Such a measure,
as, by the way, all others in this direction, without the

1E+4

necessary theoretical and model justification, will not
provide the expected and potentially achievable level of
positive potential for increasing the level of energy effi-
ciency and the economy of these enterprises as a whole.

The transmission of electricity via main power
transmission lines is carried out by the National Energy
Company “Ukrenergo” - a joint-stock company, 100% of
whose shares are owned by the state. Tariffs for “Ukren-
ergo”are set by the National Commission for Energy and
Utilities Regulation (NCEUR). The transmission of elec-
tricity is understood as the transportation of electricity
through the networks of the transmission system oper-
ator (i.e. “Ukrenergo”) from power plants to the points
of connection of distribution systems. Electricity tariffs
for industrial enterprises differ from electricity tariffs
for the population. In general, the cost of electricity for
industrial enterprises consists of: transmission system
operator tariff (set by NCEUR for the single operator
“Ukrenergo”); distribution system operator tariff (set by
NCEUR for each energy distribution company operator);
actual cost of electricity (the market price of electricity
is determined daily by the state-owned company “Mar-
ket Operator” based on the results of trading); the cost
of the supplier’s services, i.e. its margin (determined by
each supplier,usually a few percent of the market value).

Electricity distribution tariffs for all regional energy
companies are set by NCEUR. Thus,the NCEUR Commis-
sion is conducting a regulatory procedure to review the
maximum prices in the relevant segments of the elec-
tricity market. According to the Resolution of the Na-
tional Commission for State Regulation of Energy and
Public Utilities No. 1976 (2024), the regulator proposes
to set the following maximum prices in the day-ahead
market and the intraday market from December 2024:

Vv from 0.00 to 7.00 - 5,600 UAH/MW - h;

Vv from 7.00 to 17.00 and from 23.00 to 0.00 -
6,900 UAH/MW - h;

Vv from 17.00 to 23.00 - 9,000 UAH/MW - h.

Figure 1 presents a graphical representation of the
marginal prices on the day-ahead market and the intr-
aday market.

9.E+3
9E+3

8.E+3
8.E+3

7E+3

7.E+3

6.E+3
6.E+3

Electricity Price (UAH/MW:-h)

5E+3

012 3456 7 8 9101112131415161718192021222324 Hour

Figure 1. Charts of limit prices on the intraday market

Source: compiled by the authors
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Compared to the Resolution of the National Com-
mission for State Regulation of Energy and Public
Utilities No. 1976 (2024), in the current study it is pro-
posed to increase the maximum price in the time peri-
od from 11.00 to 17.00 from the current 5,600 UAH to
6,900 UAH per MW - h. At the same time, it is proposed
to leave the maximum prices on the balancing elec-
tricity market unchanged. The revision of the maximum
prices on the electricity market is due to the need to
ensure conditions for commercial imports of electricity
from European countries in order to cover a possible
capacity deficit in the autumn-winter period during
Russian terrorist attacks on the energy system. The or-
ganisation of the functioning of the electricity market
in Ukraine is handled by JSC “Market Operator” (100% of
whose shares are owned by the state and are not sub-
ject to privatisation).JSC “Market Operator” ensures the
conduct of exchange trades in the purchase and sale
of electricity for regional energy companies, enterprises
and factories. The main market is the “day-ahead” mar-
ket (DAM). This market sells and buys electricity for the
day following the day of trading, and trading is actually
conducted 24/7 (even on weekends).

Mining enterprises, taking into account the ex-
isting difference in hourly daily tariffs for electricity,

which often reaches almost 5-fold values,a priori in the
“manual control” option make corrections to the daily
operating modes of, as a rule, energy-intensive con-
sumers with the corresponding reflection of this pro-
cess on the modes of electricity consumption (Diaz et
al., 2016; Gerami et al., 2021). Giving a certain effect
in the form of savings in payment levels for consumed
volumes of electricity, such insufficiently justified
measures also entail a number of technical difficulties
for technological units, the modes of which change
during the day in the range of loads from zero to max-
imum values (Sinchuk, 2019). Figure 2 shows real, ex-
perimentally obtained graphs of electricity consump-
tion by an operating iron ore mine during the hours of
the day. The format of this sample is typical for all iron
ore mines. This is confirmed by studies conducted for
all typical energy-intensive consumers (Maregedze et
al., 2022). This is also the case for certain groups of
consumers, such as the main drainage complexes of
groundwater in mines and quarries (Michlowicz & Wo-
jciechowski, 2021; Mykhailenko et al., 2023) and main
ventilation installations (de Vilhena Costa & Margari-
da da Silva, 2020). Therefore, it is advisable to consider
it an option for developing electricity flow control sys-
tems for these types of enterprises.
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Figure 2. Electricity consumption by hours of the day by individual receivers of iron ore mine (Kryvyi Rih)

Notes: a) 08/29/2021; b) 08/29/2022
Source: compiled by the authors
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According to Figure 2, the dynamics of changes
in the levels of electricity consumption by both indi-
vidual consumers and the entire enterprise indicate
a significant status of the fluctuation range. Howev-
er, compliance with the possibilities and feasibility
of controllability requires further substantiation and
appropriate adjustment. However, compliance with
the capabilities and feasibility of control requires
its further justification and appropriate adjustment.
From the point of view of ensuring the appropriate
level of efficiency of the quality of consumed elec-
tricity during the day, it is important that this process
corresponds to the lowest cost according to tariffs on
the intraday electricity market. This makes it possible
to mathematically formulate the corresponding task.
First, it is necessary to determine the forecast volume
of electricity that the enterprise needs to consume
during the day:

W, =[] N(t)dt, 1)
where W, - specified amount of electricity, MW - h;
T=24 hours (length of day); N(t) - power of consumed
electricity, MW.

At the same time, the power of electricity is limited
by the limits:

N _<N@OSN

max®

()

where N . - lower limit of electricity capacity, MW;
N__ - upper limit of electricity capacity, MW.

In turn, electricity consumption during the day to
ensure the required level of efficiency of its use must
correspond to the lowest cost of electricity consumed
according to the schedule on the intraday market,
which is determined by the condition:

(T H
c=J; c(t)N(t)dt—»rAr;(/tgv, (3)
where ¢(f) - price of electricity depending on time
according to the price tariff on the intraday market,
MW - h.

Considering the piecewise constant method of set-
ting the marginal price tariff on the intraday market,
which is presented in Figure 1, the integral in condition
(3) can be represented as the sum of integrals over seg-
ments of constant values, i.e.:

JlctN(@)dt=[1 cl(t)N(t)dt+IT712 G, (ON(D)dt +
+ITT23 C, (t)N(t)dt+jT73c4 (ON()dt, 4)
where T1= 7 hour; T2= 17 hour; T3=23 hour; T4=24 hour;
¢, = 5600 UAH/MW - h; ¢, = 6,900 UAH/MW - h;
¢,=9,000 UAH/MW - h; ¢, =6,900 UAH/MW - h.
Given the constancy of tariff prices, their values can
be taken outside the integral signs, that is, written in
the form:
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JTe,N@®dt+ 72 ¢, N@Odt + 75 ¢, N@Oydt + [T c, N(B)dt =
= ¢, JIN@dt+c, [N dt+c, [ N@dt+c, [Nt (5)

T T;

or, according to (4):

JlctN@dt=c W, +c,W,+c W, +c W,

4" g

(6)

where W, = [IIN(t)dt - the amount of electricity con-
sumed over a period of time [0; T.]; W1=ITT12N(t)dt - the
amount of electricity consumed over a period of time
[T, T,1; W, =[] N(t)dt - the amount of electricity con-
sumed over a period of time [T,; T.]; W, = [IN(t)dt - the
amount of electricity consumed over a period of time
(75 T].

Taking into account formula (1) and notation (6), a
condition that is imposed on the amount of electricity
consumed during the day can be formulated:

W +W,+W +W, =W, (7)

Taking into account condition (2), there are limits
on the amount of electricity consumed during the tariff
time of day. For a time period can be written:

JON_ dt<[IUNdt<[IUN_ dt,
N_ Jlrdt<[IUN <N

1
max <0 dt’

N T,SW<N T. (8)

Limitations for the time period [7,; T,]:

N (T,-T)SW,<N_(T,-T). 9)
Limitations for the time period [7,; T.]:

N (T,-T)sSW,<N_(T,-T). (10)
Limitations for the time period :

N (T,-T)SW,SN_(T,-T). (11)

Taking into account (3) and (6), the condition for
optimising electricity consumption during the day can
be written:

CW, Wy W W)=c W, +

min
to,W e W C4W4_’W1,W2,W3,W4'

(12)

Taking into account the condition (12) and the lim-
itations (7)-(11), it can be obtained the mathematical
formulation of the problem of minimising the compo-
nents of electricity costs in hours of the day on the in-
traday market according to the given marginal prices.
From a mathematical point of view, taking into account
the linearity of the minimised functional (12) and the
linearity of the constraints (7)-(12), a linear program-
ming problem occurs (Shufian & Mohammad, 2022),
the solution of which is carried out by a standard al-
gorithm using the “simplex method” (Yan et al., 2019).

b/
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To simplify the solution of the formulated problem
(7)-(12), it seems advisable to switch to specific values,
dividing all variables by the given volume of electricity
consumption (1). As a result, the mathematical formu-
lation of the problem of minimising the segments of
electricity costs in hours of the day on the intraday mar-
ket will take the form:

COW; Wiy W W)= W, +
+o, W+ Wi+, W4_’W1 v¥/r21,lwng,w4’ (13)
W+ W+ W, +W,=1; (14)
NominT1 17 NmaxT1 .
Panlh <, < Mmeall, (15)
Nimin(T2—T1) < W < Nmax(To=T1), (16)
W ="z = W ’
Ninin(T3-T) 7 Npmax(T3-T2) .
P ) < |, < M B, (17)
Npin(T—T3) A7 Ninax(T-T3)
R < I, < e T, (18)
where W, = % (i=1,...,4).

C (W ;Wa;Ws; W4)

Then C(Wy; Wy; Wy W,) =

Let the solution of the problem using the Microsoft
Excel programme using the “linear programming” algo-
rithm give the following result:

W=W, (i=1,..4). (19)
It is clear that:
C(Wlopt’ WZupt’ WSopt’ W4opt) = Cmin' (20)
When conditions (14)-(18) are met, then:
Wlopt+ WZopt+ W}opt+ W4opt= 1’ (21)
NoninT: ~ NmaxT1,
< Wiope < =0 (22)
Nmin(TZ_Tl) < W < Nmax(TZ_Tl), (23)
W, — 20pt = Wo s
Nmin(T3_T2) < W < Nmax(T3‘T2), (24)
Wo == 3opt = Wo s
Ninin(T—T3) . Nmax(T=T3)
T3 < Wiopt < T3. (25)

To get to the real values of quantities (19) and (20),
it is needed to multiply them by the given volume of
electricity consumption (1):

W= Wi Weeli=1,...,4); (26)
Cm n, (,:-(Wlop;’ WZop;] W}op;’ W4opt)
=C(W, W, W, )W, 27)

1opt’ 20pt’ 30pt’ 4opt? 0

The average value of the consumed electricity ca-
pacity in each section of the considered tariff grid dur-
ing the day is determined by the formulas:

Niopt = 7- Wiopt; (28)
Nyope = Tszl Waops; (29)
Naopt = 7= Waope; (30)
Niopt = 75 Waope: (31)

The obtained results (26)-(31) of solving the prob-
lem (7)-(12) determine the corresponding efficiency of
electricity consumption during the day in the presence
of a tariff of marginal prices on the intraday market,
determined by the graphs in Figure 1. As an example,
a numerical calculation of the solution of the problem
of the declared efficiency of electricity consumption
during the day in the presence of a tariff of margin-
al prices on the intraday market, determined by the
graphs in Figure 1, with the following parameters was
considered:

W,=2,400 UAH/kW-h,N =50 MW,N__ =150 MW.(32)

Taking into account (32), the problem of minimising
electricity consumption (7)-(12) can be written as:

C(W,; W,; W,; W,)=5,600- W, +
+6,900- W, +9,000- I, +6,900- W—»W i, (33)
W, +W,+ W, +W,=2,400; (34)
50-7<W,<150-7,350<W,€1,050;  (35)

50+ (17-7)ms W, <150 (17-7), 500 < W, < 1,500; (36)
50-(23-17) < W, <150 (23-17), 300< W, < 900; (37)
50-(24-23)< W, <150 (24-23), 50< W, < 150. (38)

The next step is to move on to specific quantities,
which leads to the following problem statement:

C(W; Wiy W,; W)=2.333- W, +
+2.875-W,+3.75- W, +2.875- W, M0 o= (39)
W+ W, + W+ W,=1; (40)
0.146 < W, <0.4375; (41)
0.208 < W, < 0.625; (42)
0.125< W, <0.375; (43)
0.0208 < W,<0.0625. (44)

Solving the problem (39)-(44) using the Microsoft
Excel programme with the “linear programming” algo-
rithm gave the following result:

Journal of Kryvyi Rih National University, Vol. 23, No. 1, 2025




Sinchuk et al.

W, .=0.4375, W, =04375,

W.,,=0.4375W,, ,=0.4375. (45)
In this case, the minimum value of the objective
function (39) is:

¢ =6,593.75. (46)

For transition to real values, use the formulas (45),
(46), considering (26) and (27):

W,,,=0.4375-2,400=1,050 MWh;  (47)
W,,,=0.4187-2,400=1,000.08 MWh;  (48)
W,,,=0.125 2,400 = 300 MWh; (49)
W,,,=0.02082,400=49.92 MWh;  (50)
C,,=6,593.75-2,400=15,825,000 UAH.  (51)

The average value of the consumed electricity
capacity in each section of the considered tariff grid

1.1E+3
1.0E+3

during the day is determined, considering (47)-(51) by
formulas (28)-(32):

1,050

Nyope = 2222 = 150 MW; (52)
Nygpe = =" = 100.008 MW; (53)
Niope = 2= = 50 MW; (54)

Noope = = = 49.92 MW, (55)

Figure 3 shows graphs of optimal values of costs of
a given amount of electricity (33) during the hours of
the day. Analysis of the graphs shows that the highest
costs occur at times of the day when the marginal pric-
es on the intraday market are minimal. Thus, in the time
interval from 0.00 to 7.00, the marginal price for elec-
tricity is minimal. Therefore, the electricity costs should
be the highest. In the time interval from 17.00 to 23.00,
the marginal price for electricity is the highest. There-
fore, the electricity costs are the lowest.

9.0E+2
8.0E+2
7 0E+2
6.0E+2
5.0E+2
4.0E+2
3.0E+2
2.0E+2
1.0E+2
0.0E+0

Electricity consumption, MWh

0123456 7 8 910111213141516171819202122 2324 Hour

Figure 3. Graphs of optimal values of
Source: compiled by the authors

The list of requirements for the efficiency of elec-
tricity use, which relate more to technical character-
istics, is generally known (Nakhodov et al., 2022). The
study showed that it is logical to include in the cost
the corresponding technical characteristics that ensure
the quality of electricity in a technological sense. Elec-
tricity was considered from the position of cost-target
indicators. Such an approach should solve the problem
of synergy of quality-cost characteristics. The system-
atic nature of such an approach ensures the compre-
hensiveness of the study of the quality of electricity as
a complex open system, which is characterised by the
exchange of energy, information and matter with the
external environment. That is, the principle of systema-
ticity can be noted, which is manifested in the synergis-
tic etiology of effects.

The proposed method for optimising daily electric-
ity costs at an iron ore mine using linear programming
focuses on short-term savings by taking into account
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electricity consumption during the day

changes in electricity tariffs and projected consumption.
This approach allows minimising costs during the day,
making it possible to optimally distribute consumption,
reducing material costs for electricity and improving its
quality and cost characteristics. The mathematical for-
mulation of the problem, in particular the use of linear
programming, provides an effective solution for short-
term goals. This approach differs from the one proposed
in T. Li et al. (2023a), where the authors focus on stra-
tegic planning on a monthly horizon, where companies
must take into account market fluctuations, regulatory
requirements and changes in energy consumption due
to a large share of renewable energy sources. While the
approach to the proposed daily optimisation focuses
on accurate and efficient consumption allocation to re-
duce energy costs, monthly planning allows for a wid-
er range of economic and environmental factors that
determine the efficiency of energy companies over a
longer time horizon.

A
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Also, the proposed method is focused on industri-
al consumers who receive power from the centralised
power system, unlike the one considered in the article
by S.Wang et al. (2024), where strategies for combined
purchase and sale of electricity are focused on con-
sumers who can simultaneously generate electricity.
These strategies include pricing and package offers
that consider individual consumer needs and behav-
iour, and consider the integration of renewable energy
sources and the development of smart grids. Howev-
er, it is also used for long-term optimisation, which,
due to market volatility, cannot always be immediate-
ly realised. The method does not require additional
procedures before optimisation, such as clustering
(Dengfeng et al., 2024) of tariffs or deep learning for
preliminary forecasting (Li et al., 2023b). The method
of optimising electricity costs does not require com-
plex calculations and can be implemented by almost
any software that contains tools for solving linear pro-
gramming problems.

Also, the optimisation is carried out according
to the most appropriate criterion, such as the cost of
electricity consumed by the iron ore mine, unlike in
the study by F.R. Albogamy (2022), where the criterion
of peak-to-average ratio in terms of power consump-
tion is minimised. The criterion of electricity purchase
costs more objectively reflects the economic efficiency
of consumption, as it takes into account the real cost of
electricity, which may vary depending on prices, load
schedules and supply conditions. It allows assessing
the financial impact of the system and find optimal
energy management strategies. The ratio between
peak and average consumption can only characterise
the uniformity of the load, but does not provide direct
information about costs, so its use without analysing
financial indicators can lead to suboptimal decisions.

The method is simpler and more focused on the
individual consumer, while, for example, X. Wang et
al. (2024) consider the optimisation of electricity pur-
chases, taking into account the interaction between
different market participants, such as producers, sup-
pliers and consumers, as well as the influence of reg-
ulatory authorities. The study of optimising the cost
of purchasing electricity for an industrial enterprise
is more effective because it is aimed at a specific con-
sumer with clearly defined consumption conditions,
tariffs, and load management capabilities. This makes
it possible to develop real cost-cutting measures, such
as changing the equipment operating schedule, using
alternative energy sources, or implementing energy
management systems. Analysis on the scale of the
entire electricity market is much more complex due
to the large number of interrelated factors, such as

government regulation, supply, demand, and pricing
mechanisms, which makes it difficult to formulate
specific solutions for individual consumers. Focusing
on the enterprise allows for quick and practical results
that have a direct economic impact. For industrial en-
terprises of the mining and metallurgical complex,
which were the target object of this study, this ap-
proach is too much to apply.

Conclusions

The establishment of market relations in the electric
power industry leads to the fact that electricity is con-
sidered a commodity that must meet certain criteria
of this definition. It is advisable to determine electric-
ity on the scale of its application technology - con-
sumption by receivers of mining enterprises, not only
unilaterally, according to technical characteristics, but
also to take into account its cost-target component,
which is determined through electricity tariff indica-
tors. Knowing the grid of electricity tariffs during the
day and the predicted required volume of electricity
consumption per day, it is possible to distribute the
costs of the entire volume of electricity consumption
so that the total amount of electricity consumption per
day is minimal. This approach to the use of electricity
makes it possible to save material costs for paying for
electricity, that is, to ensure its appropriate quality and
cost characteristics. The mathematical formulation
of the problem of minimising the cost of electricity
during the day led to the problem of linear program-
ming. The solution to the problem showed that by op-
timising electricity consumption by energy-intensive
consumers during hours of the day, it is possible to
achieve a significant reduction in electricity purchase
costs by shifting the operation of energy-intensive
consumers to times when the cost of electricity is low.
The possibility of solving this problem by using stand-
ard software opens the way to its widespread use in
practice, which is confirmed by a corresponding ex-
ample. Further research will be devoted to analysing
the use of various optimisation methods to minimise
the costs of the proposed target function for the pur-
chase of electricity by iron ore mines in terms of con-
vergence and accuracy of determining the extremum.
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AHoTaujifa. MeToto cTaTTi 6YN0 PO3MAHYTU MUTAHHA MiABULLEHHS PiBHA eDEKTUBHOCTI BUKOPUCTAHHS €1eKTPUYHOI
eHeprii — 0CHOBHOro BUAY eHeprii B yMOBax QYHKLIOHYBaHHS FipHUY0400YBHMUX MiIANPUEMCTB HA NPUKAAAI IX TUNIB
3 NiA3eMHUM CNocoboM BMA0OYTKY KOPUCHMX KoNanuH. MNiaATBepaXKeHO, WO 3MiHA PEXUMIB CMOXMBAHHS €N1EKTPUYHOT
eHeprii enekTponpuiMayamMy aHanizoBaHUX TUMIB MiIANPUEMCTB, AKi MpaLoloTb y 6e3nepepBHOMY LMKAI poboTH
(24 rognHuM Ha f00Y) € OAHWMM 3 HEBILEMHUX | AiEBUX 3aX0AiB NiABULLEHHS iX eHeproedeKTMBHOCTI. OfHAK 3a3HaYeHo,
O iCHYtOYa KaHOHIYHA hopMyna BM3HAUYEHHS piBHSA eHeproedekTMBHOCTI MiANPUEMCTB He [03BOJISIE BCTAHOBUTH
piBeHb [OCATHEHHS edeKTy B aHaNi30BaHOMY BapiaHTi 3axoay. [NiaKpecneHo, Wwo cynepeynusicTb Liei dopmynm npu
BM3HAYEHHI PiBHA eHeproedeKTMBHOCTI MOLMPIOETLCS | HA THLWI CyYacHi BapiaHTX NiABULLEHHS eHeproedeKTUBHOCTI,
B TOMY UMCNi Ha Mepexi 3 po30cepen)eHOol reHepaLi€to. 3anponoHOBaHO BM3HAYaTH piBeHb eHeproe@ekTUBHOCTI
33 MOKAa3HWKOM BIAMNOBIAHMX MaTepianbHUX BUTPAT Ha CMOXWUTY eHeprito. [1ng niaTBepoXeHHs L€l npono3umuii
npoBeAeHO AOCNIAXKEHHS MIHIMBOCTI PEXUMIB €NeKTPOCNOXMBAHHS 3@ TOAUHAMKU [0OM 3 ypaxyBaHHAM MiHIMBOCTI
Tapudis. [lpoaHanizoBaHo Ta AOBEAEHO, WO CMOXMBAHHS Ta YNPaBAiHHSA peXnUMamMu poboTu eneKkTponpuinMadie 3a
roanHamu gobu Mae 3aincHioBatncs y dopmarti npouecy. [lpoBeneHo aHaniTMYHe 06rpyHTYBaHHS 3anpONOHOBAHOIO
npouecy Ta 3p067eHO BUCHOBKM

KalouoBi cnoBa: eHeproedekTUBHICTb; YNpaBAiHHS; CMCTEMM €NEKTPONOCTAYaHHS; €NeKTPOeHepreTmka; NiHilHe
NporpamyBaHHs; ONTUMI3aLis; LiHa Ha eNeKTPOeHeprio
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