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Abstract

The article presents a fuzzy-multiple approach to planning the energy needs of enterprises, which takes
into account the influence of uncertain, variable and interrelated factors of the production process. Four
groups of factors are considered - technical, energy, environmental-climatic and
organizationalproduction, which comprehensively affect the level of electricity consumption. The use of
fuzzy logic allows you to build adaptive forecasting models that can work with incomplete or
contradictory data and reflect the real conditions of the functioning of enterprises. The developed model
in the MATLAB environment provides increased accuracy of calculations, optimization of energy
consumption and increased stability of energy supply. The proposed approach creates the basis for the
formation of intelligent energy management systems that contribute to increasing the efficiency of
electricity use and energy sustainability of enterprises.
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1. Introduction

Electricity consumption at enterprises depends on a large number of interrelated factors — from
technological processes and the type of equipment to the level of production workload and climatic
conditions. Energy consumption increases longer operating time, the intensity of equipment
operation, and the increase in the time of its operation. At the same time, consumption is also
influenced by organizational aspects — the efficiency of energy resource management, the rate of
downtime and the energy-saving culture of the staff. In conditions of energy instability, frequent
outages and voltage fluctuations, enterprises are forced to carefully plan their electricity use.
Rational energy planning allows not only to minimize the risks of production stoppages, but also to
ensure the continuity of customer orders. Optimization of work schedules, implementation of
backup power systems and energy-efficient technologies are becoming key tools of modern
management. Businesses that can predict energy consumption and quickly adapt to changes gain a
significant competitive advantage [1]. Thus, energy sustainability becomes an important element of
competitiveness and long-term business development.

2. Related work

With the increasing demand for energy and growing concerns about climate change and resource
depletion, efficient energy management has become a top priority for individuals, organizations,
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and governments alike. The efficient use of energy resources and the reduction of energy
consumption have attracted significant attention in recent years [2].

The rise in energy consumption in both the industrial and private sectors is one of the key
trends in modern economic development, directly affecting the environmental situation and the
energy security of countries. Industrialization, production automation, the expansion of
technological processes, and the transition to digital management models require increasing
amounts of energy. The growing demand for electricity in industry is driven by the intensification
of production processes, the introduction of energy-intensive equipment, and the expansion of
production capacities in sectors such as metallurgy, the chemical industry, mechanical engineering,
and IT [3, 4]. In 2022, final energy consumption in the EU industrial sector reached 9,489 PJ and
8,990 PJ in 2022. The industrial sector remains the largest consumer of electricity [5].

In parallel with industry, energy consumption in the private sector is also growing. The main
drivers of this process include urbanization, the rising level of population well being, the
widespread use of household appliances and electronics, as well as the development of electric
heating and air-conditioning systems. The increase in the size of residential buildings, the
introduction of electric vehicles, and the transition to renewable energy sources (which require
their own energy storage and conversion systems) also contribute to the growing load on the
power grid. In 2023, per capita electricity consumption in the EU residential sector amounted to 1.5
MWh (1545 kWh) per person. This figure varied significantly across EU countries — from less than
1 MWh per capita in Romania, Poland, and Latvia to 3.8 MWh in Sweden and 4 MWh in Finland
[6].

At the same time, this trend poses challenges for the energy system, highlighting the need to
improve energy efficiency, modernize infrastructure, and encourage the adoption of resource-
saving technologies. Without systematic energy management and a transition to rational energy
consumption models, further growth in energy demand may result in excessive load on the energy
system, increased electricity costs, and adverse environmental consequences [7].

Numerous studies have examined how energy data analysis can contribute to reducing energy
consumption in production [8-10]. Research on methods for calculating planned electricity
consumption indicators is a key element in shaping an enterprise’s energy strategy, as it ensures
the validity of management decisions in the field of resource efficiency. Rational forecasting and
planning of electricity consumption enable the optimization of production processes, reduction of
energy costs, and improvement of the enterprise’s resilience to fluctuations in the energy market
[11].

Therefore, in the process of planning the activities of an enterprise, it is necessary to ensure
energy-efficient use and management of facilities, which is an important prerequisite for
maintaining competitiveness in the market [12]. Therefore, the increase in energy consumption by
industry and the private sector is not only a manifestation of economic development but also an
important signal of the need to implement effective energy-saving strategies, innovative
technologies, and governmental programs that support a sustainable energy balance.

3. Methods and materials

3.1. Proposed approach

To increase the accuracy of forecasting and adaptability of the resource management system, it is
proposed to use a fuzzy-set approach to energy consumption planning, which takes into account
the influence of uncertain, variable and interrelated factors of the production process. The fuzzy-set
approach allows for more accurate planning of electricity consumption, since it takes into account
the uncertainty and multifactorial nature of real production processes [13]. In traditional planning
methods, all parameters are presented in the form of clear values, but in practice, most of them, for
example, the level of equipment utilization, the influence of temperature, demand fluctuations or
the duration of outages, are of a variable, unpredictable nature. The use of fuzzy sets allows these



factors to be described not only as "high" or "low", but in intermediate gradations of "partially
high", "moderate", etc., which better corresponds to real conditions. This approach allows for the
construction of forecasting models that can work with fuzzy, incomplete or contradictory data [14].
Thanks to this, it is possible to obtain more realistic scenarios of electricity consumption, taking
into account risks and possible fluctuations in production load. As a result, the enterprise can more
effectively distribute energy resources, minimize losses and increase the stability of energy supply.
Thus, the fuzzy-multiple approach contributes to the formation of a flexible energy planning
system capable of adapting to conditions of uncertainty.

For energy consumption planning, it is proposed to take into account a number of factors,

namely:
1. Technical.
2. Energy.
3. Ecological and climatic.
4. Organizational and production.

Technical factors in the proposed model include electricity consumption, equipment efficiency,
and production volume for the forecast period. In fact, these indicators can be measured in digital
terms, which is a standard approach to energy consumption planning. The combined analysis of
these factors allows for a more accurate forecast of energy needs and the identification of efficiency
reserves.

Energy factors include power losses in the power grid, power factor, and supply voltage, since
they determine the efficiency of electricity use at the enterprise. Power losses in the network,
power factor, and supply voltage are affected by the condition and configuration of the power grid
(cable wear, line length, quality of connections and transformers), the nature and magnitude of the
load, and the type of consumers with high inductance. The external quality of electricity, the
presence and configuration of reactive power compensation systems, and the level of energy
management with continuous monitoring and load planning are also decisive. This is an external
factor, since it depends on the quality of electricity supply, the condition of external power grids,
and the stability of voltage parameters that the enterprise cannot directly control. A comprehensive
assessment of these factors allows you to increase energy efficiency, reduce technical losses, and
ensure reliable operation of production equipment.

It is advisable to include the predicted temperature regime, the level of natural lighting and the
area of production facilities as ecological and climatic factors, since they directly affect the need for
heating, ventilation, air conditioning and artificial lighting. Within the framework of energy
consumption planning, these factors can be assessed using monthly meteorological forecasts,
which allow taking into account expected temperature fluctuations, daylight hours and seasonal
changes in illumination. This approach provides the opportunity to pre-calculate the load on
climate control and lighting systems, optimizing electricity consumption in accordance with real
environmental conditions.

Organizational and production factors include the intensity of shift work, equipment load factor,
the level of automation of production processes and the energy consumption culture of personnel,
since they determine the efficiency of electricity use in the daily activities of the enterprise. The
intensity of shift work affects the duration of equipment operation and the total daily amount of
energy consumption, and the load factor characterizes the degree of use of installed capacities. A
high level of automation, in turn, reduces the human factor, but can increase energy consumption
due to the constant operation of automated systems. Energy culture reflects behavioral aspects of
staff, such as turning off equipment during non-working hours or following energy-saving
practices.

The study of these factors using a fuzzy set approach is appropriate, since most of them are
qualitative, not just quantitative in nature. For example, the level of energy consumption culture or
automation efficiency is difficult to assess with clear numerical indicators. The use of fuzzy sets



allows us to take into account concepts such as “high”, “medium” or “low” levels of influence,
describe them in a gradational manner and take into account uncertainty in the data. This provides
for the construction of a more flexible analysis model that can reflect real production conditions
and the interdependence between technical, organizational and behavioral factors of energy
consumption.

3.2. Structure of a fuzzy system

The study of these factors using a fuzzy-multiple approach is appropriate, since most of them are
qualitative rather than purely quantitative in nature. For example, in the context of electricity
consumption planning, the use of fuzzy logic opens up the possibility of creating intelligent
forecasting systems that are able to work with incomplete, variable, or fuzzy data. Such systems
enable enterprises to analyze a wide range of factors — from technological parameters to climatic
conditions — and, based on them, to develop adaptive energy strategies. The use of fuzzy logic
algorithms in combination with analytical modeling methods helps to increase the accuracy of
energy consumption forecasts, reduce the risks of overspending, and ensure the stability of
enterprise operations under conditions of fluctuating energy supply [15].

In addition, specialized software based on fuzzy-multiple algorithms can operate in real time,
responding to changes in production load, electricity prices, or external weather conditions. This
allows enterprises to promptly adjust equipment schedules, optimize capacity utilization, and
minimize peak loads [16]. This approach eliminates subjectivity in the decision-making process,
provides an objective assessment of energy risks, and creates prerequisites for the implementation
of automated energy resource planning — a key factor in improving the energy efficiency and
competitiveness of modern enterprises.

The effectiveness of automation is difficult to assess using clear numerical indicators. The
application of fuzzy sets makes it possible to account for concepts such as “high,” “medium,” or
“low” levels of impact, describe them in a gradational manner, and incorporate uncertainty in the
data. This enables the construction of a more flexible analytical model that can reflect real
production conditions and the interdependence between technical, organizational, and behavioral
factors influencing energy consumption. The indicator of energy consumption adjustment based on
quality factors is used to increase the accuracy of planned calculations of electricity required for
production. Its essence lies in multiplying the basic energy needs by a correction factor, which
takes into account the set of technical parameters of the equipment, climatic and
ecological-production conditions, as well as organizational and technological features of the
process. This approach allows you to obtain more realistic estimates of energy consumption,
reflecting the impact of external and internal factors on production efficiency.

For system analysis, four factors influencing compliance indicators have been identified:
legislative regulation of activities, the existing range of goods, products, or services, human
resources, and technological aspects of operations. The MATLAB R 2018a software is used to
develop the fuzzy system.

The overall structure of the proposed fuzzy system is presented in Figure 1.
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Figure 1: General view of the additional consumption systems for energy resource planning.



3.3. Model of planning electricity consumption

When building an electricity consumption planning model in MATLAB, it is advisable to use a
fuzzy-multiple approach, since it allows you to take into account not only quantitative, but also
qualitative indicators that significantly affect energy consumption [17]. Such indicators include the
level of personnel energy consumption culture, equipment stability, organizational discipline or
change management efficiency - factors that are difficult to express in exact numerical values, but
which significantly affect total electricity consumption.

Unlike classical mathematical models, where all variables must have clear numerical values, in

MATLARB can create fuzzy models in which concepts such as "high load", "moderate automation" or
"low energy efficiency” are described in the form of membership functions [18]. This allows you to
model real production conditions where the influence of factors changes gradually, rather than
discretely. This approach provides a more flexible and realistic forecast of energy consumption,
making the model adaptive to uncertainty, the human factor and dynamic changes in the
production environment. The higher the level of equipment wear, the higher the technical variable
indicator, which leads to a decrease in its energy efficiency and an increase in electricity
consumption.
To assess the accuracy of the proposed fuzzy system for determining the coefficient of electricity
consumption for energy resource planning, the results of its operation are shown in Figure 8. The
obtained data demonstrate how the model reacts to changes in input parameters, such as the level
of equipment loading, production intensity, temperature regime and other factors and forms a
forecast of energy consumption taking into account the degree of uncertainty. This allows us to
assess the efficiency and stability of the system, as well as to check the correspondence of the
predicted values to the actual results of electricity consumption.

For the variable, the following classification is proposed:

1. Small value s € [0; 0.25).
2. Medium value m € (0.25; 0.7).
3. High value h € (0.7; 1).

Figure 2 presents the general form of the membership functions for the Technical variable.

plot points: 181

FIS Variables IMemhmshlp I‘unchun plols‘

s m h

XX 2N 8

Tecnologica Consumption

Energy
Emicgimlar\dchmaﬁc

T T T T T T
&“ input variable “Tecnological®

Organizational nd, rodaction

Figure 2: Membership functions of the Technical variable.

Power systems directly affect the conductivity of electricity through the parameters of voltage,
frequency and quality of electric current. The condition and configuration of the power grid, in
particular the level of losses in the lines and the efficiency of transformation, determine the degree
of electrical conductivity under different load conditions. Optimization of power systems through
modern control and automation technologies helps to increase the stability of conductivity and
minimize energy losses.

For the Energy variable, the boundaries are defined as follows:

1. Small value s € [0; 0.05).



2. Medium value m € (0.05; 0.25).
3. High value h € (0.25; 1).
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Figure 3: Membership functions of the Energy variable.

Climatic conditions are one of the key factors determining the level of electricity consumption
in enterprises and in the household sector. A decrease in temperature in the cold season leads to an
increase in the need for electric heating and cooling, while in the hot season the load increases due
to the use of air conditioning systems. Fluctuations in temperature, humidity and daylight hours
form the seasonal dynamics of electricity consumption, which must be taken into account when
planning energy balances. If the deviation of actual weather conditions from the reference
indicators increases, the impact of environmental and climatic factors on the energy consumption
of the enterprise increases. Changes in temperature, humidity or atmospheric pressure cause
additional load on the energy supply systems and adjust the planned consumption indicators.

For the Ecological and Climatic variable, the boundaries are defined as follows:

1. Small value s € [0; 0.27).
2. Medium value m € (0.27; 0.58).
3. High value h € (0.58; 1).

Figure 4 shows a general view of the membership functions of the Ecological and Climatic
variable.
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Figure 4: Membership functions of the Ecological and Climatic variable.

The organizational and production variable reflects the level of efficiency of production process
management, in particular planning, maintenance and equipment operation control. Its increase
indicates failures in the organization of production or irrational use of resources, which may cause
additional energy losses and an increase in electricity consumption.

For the Organizational and Production variable, the boundaries are defined as follows:

1. Small value s € [0; 0.15).
2. Medium value m € (0.15; 0.5).
3. High value h € (0.5; 1).
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Figure 5: Membership functions of the Organizational and Production variable.

Although the basic system for calculating electricity consumption involves multiplying the
volume of manufactured products by the specific energy consumption of equipment per unit of
output, in practice this approach does not take into account the influence of additional factors.
Such factors include the technical condition of equipment, organizational and production
conditions, as well as environmental and climatic deviations, which together form additional
energy costs for the enterprise [19].

To assess the fuzziness of the system of the additional consumption coefficient of the enterprise,
the Mamdani mechanism should be used, since the relationship between the input and output
variables corresponds to the logical conclusion "if-then". To determine the additional consumption
coefficient, a Gaussian-type function is used.

For the, the characteristics are defined as follows:

1. Small level s € [0; 0.35).
2. Medium level m € (0.35; 0.7).
3. High level h € (0.7; 1).

Figure 6 shows a general view of the membership functions of the output of the fuzzy additional
consumption systems for energy resource planning.
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Figure 6: The membership functions of the output of the fuzzy additional consumption systems for
energy resource planning.

In the power consumption planning model, each input variable has three states, namely low,
medium and high, as well as an additional state that indicates the absence of information. If data is
missing for two variables, the system interprets this as an increased level of uncertainty, which
may indicate the risk of overspending or shortage of energy resources. In the case when
information is missing for three variables, it becomes impossible to form an accurate forecast of
power consumption, since the model loses the basic guidelines for assessing the current state.

To create a fuzzy planning system, 4 x 4 x 4 x 4 — 13 = 242 rules were defined, which form the
basis of logical dependencies between input parameters and the level of expected power
consumption. This structure allows the model to adapt to different production scenarios and



provide flexible forecasting of the energy needs of the enterprise. Figure 7 shows an example of
building a rule base for a fuzzy power consumption planning system.

31. If (Tecnological is m) and (Energy is 5} and (Ecological and_climatic is m) and (Organizational_and_prodaction is &) then (Consumption is small) (1}
32. If (Tecnological is m) and (Energy is =) and (Ecological_and_climatic is m) and (Organizational_and_prodaction is m) then (Consumption is medium) (1)
33. If (Tecnological is m) and (Energy is s} and (Ecological and_climatic is m) and (Organizational_and_prodaction is h) then (Consumption is medium} (1)}
34 If (Tecnological is m) and (Energy is =) and (Ecological_and_climatic is h) and (Organizational_and_prodaction is £) then (Consumption is medium) (1)
35. If (Tecnological is m) and (Energy is s) and (Ecological_and_climatic is h) and (Organizational and_prodaction is m) then (Consumption is high} (1)

38. If (Tecnological is m) and (Energy is s) and (Ecological_and_climatic is h) and (Organizational_and_prodaction is h) then (Consumption is high} (1)

37. If (Tecnological is m) and (Energy is m) and (Ecelogical_and_climatic ie s) and (Organizational and_prodaction ie &) then (Consumption is small) (1}
38. If (Tecnological is m) and (Energy is m) and (Ecological_and_climatic is 5) and (Organizational_and_prodaction is m) then (Consumption is small) (1)
39. If (Tecnological is m) and (Energy is m) and (Ecological_and_climatic is 8) and (Organizational_and_prodaction is h) then (Consumption is medium] (1}
40. If (Tecnological is m) and (Energy is m) and (Ecological_and_climatic is m) and (Organizational_and_prodaction is s) then (Consumption is medium) (1)
41. If (Tecnological is m) and (Energy is m} and (Ecological and_climatic is m) and (Organizational_and_prodaction is m) then (Consumption is medium} (1)
42. If (Tecnological is m) and (Energy is m) and (Ecological and_climatic is m) and (Organizational_and_prodaction is h) then (Consumption is medium) (1)
43. If (Tecnological is m) and (Energy is m) and (Ecological_and_climatic is h) and (Organizational_and_prodaction is &) then (Consumption is medium) (1)
44. If (Tecnological is m) and (Energy is m) and (Ecological_and_climatic is h) and (Organizational_and_prodaction is m} then (Consumption is high) (1}

45 If (Tecnological is m) and (Energy is m) and (Ecological_and_climatic is h) and (Organizational_and_prodaction i8 h) then (Consumption is high) (1)

45. If (Tecnological is m) and (Energy is h) and (Ecolegical_and_climatic is 5) and (Organizational_and_prodaction is &) then (Consumption is small) (1}

47. If (Tecnological is m) and (Energy is h} and (Ecological_and_climatic is s) and (Organizational_and_prodaction is m) then (Consumption is medium) (1)
48. If (Tecnological is m) and (Energy is h) and (Ecological_and_climatic is £) and (Organizational_and_prodaction is h) then (Consumption is medium) (1)
49. If (Tecnological is m) and (Energy is h) and (Ecological_and_climatic iz m) and (Qrganizational_and_prodaction is &) then (Consumption is medium) (1)
0. If (Tecnological is m) and (Energy is h) and (Ecological_and_climatic i m) and (Organizational_and_prodaction is m) then (Consumption is medium) (1)
51. If (Tecnological is m) and (Energy is h} and (Ecological and_climatic is m) and (Organizational_and_prodaction is h) then (Consumption is high} (1)
2. If (Tecnological is m) and (Energy is h) and (Ecological and_climatic is h) and (Organizational_and_prodaction is s) then (Consumption i high) (1)

Figure 7: An example of building a rule base.

4. Case study

To assess the accuracy of the proposed fuzzy system for determining the coefficient of electricity
consumption for energy resource planning, the results of its operation are shown in Figure 8. The
obtained data demonstrate how the model reacts to changes in input parameters, such as the level
of equipment loading, production intensity, temperature regime and other factors and forms a
forecast of energy consumption taking into account the degree of uncertainty. This allows us to
assess the efficiency and stability of the system, as well as to check the correspondence of the
predicted values to the actual results of electricity consumption.
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Figure 8: Results of the fuzzy system of the fuzzy additional consumption systems for energy
resource planning.

The dependence of the value of the output variable on certain input data is represented by the
value surfaces shown in Figure 9.
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Figure 9: Dependence of technical and ecological-climatic variable.

5. Conclusion

The developed fuzzy-set approach to planning energy needs of enterprises allows to increase the
accuracy of forecasting and adaptability of the energy management system in conditions of
uncertainty. Unlike traditional methods, the proposed model takes into account not only
quantitative, but also qualitative variables - technical, energy, environmental-climatic and
organizational-production factors, which comprehensively affect the level of electricity
consumption. The use of fuzzy logic provides the possibility of modeling real production conditions
in which the values of parameters change gradually, rather than discretely, which allows to obtain
more realistic forecasts of energy consumption.

The use of a fuzzy set system in the MATLAB environment creates the prerequisites for the
formation of an intelligent energy planning system capable of working with incomplete or
contradictory data, automatically responding to changes in production load, power supply quality
or climatic conditions. The practical implementation of such an approach will contribute to
reducing energy losses, increasing the efficiency of electricity use and ensuring the stability of the
functioning of enterprises. In the future, the fuzzy-multiple model can be integrated into energy
management systems, forming the basis for creating digital "smart" solutions for energy-efficient
production management.
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