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Abstract. A complex of tasks that can be solved using mathematical models of the dependence of
consumed energy resources on influencing factors are considered in the article. The main type of model for
industrial consumers with a simple relationship between energy and technology, is the one-factor model
“consumed energy resource-volume of output”. For industrial consumers with a complex relationship
between energy and technology, the mathematical model of the dependence of energy resources on
technology is determined by several factors. Methods for assessing the current state of energy efficiency, as
well as predicting it for the future in the context of the introduction of energy saving measures and changes

in the production program were proposed.

1 Introduction

The task of developing a methodological base in terms
of assessing the current state and predicting energy
efficiency indicators for industrial consumers actively
engaged in the modernization and implementation of
innovative technologies is currently important. The
International Energy Agency is obliged to conduct
fundamental and applied research in the field of energy
conservation and high efficiency technologies. The
International Energy Agent emphasizes the need to
improve the methodology for energy surveys of FER
(fuel and energy resources) consumers. The basis for the
development of a methodological base for assessing the
state and predicting performance indicators can be one-,
multifactor models associated with energy consumption
or even with total energy costs [1, 2, 3].

2 Research results

There is a positive experience of using mathematical
models of power consumption for oil transportation
enterprises, water supply and sewerage facilities, flat
glass enterprises, chemical fiber enterprises and a
number of enterprises in other industries [1, 4, 5]. For
example, a mathematical model for oil transportation
enterprises is presented in the form of a three-factor
additive regression equation for a selected cargo
turnover interval, where each of the factors is a multi-
parameter characteristic of a subsystem participating in
the formation of power consumption of the technological
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system as a whole. These factors include: oil cargo
turnover; oil viscosity; equivalent diameter of the
pipeline. For oil transportation enterprises, using the
model, a method for assessing energy savings from
energy-saving measures in the technological process of
oil transportation enterprises was developed: using the
elasticity coefficients of the additive regression model of
electricity consumption, the impact of each factor on
energy savings was assessed, the change in the state of
the oil pipeline system was taken into account when
assessing savings energy [6].

It should be noted that oil transportation, water
supply and sewerage systems are complex technical
systems consisting of several subsystems closely
interconnected and having a significant impact on the
power consumption of the system as a whole. Such
technical systems can be classified as consumers of fuel
and energy resources (FER) with a complex relationship
between energy and technology. The functioning of
these systems is determined by the nature of the
relationships between its subsystems, as well as external
and internal “disturbing” influences. Such technological
system as energy efficiency management objects is not a
simple sum of its constituent structures, but has its own
individual properties and development patterns, different
from the patterns of functioning of individual
subsystems and elements included in the system [7, 8, 9].
It became possible to take these features into
consideration through the development of regression
models describing the consumption of fuel and energy
resources and the creation on their basis of a system for
forecasting, rationing, assessing the economy of fuel and
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energy resources, assessing energy efficiency indicators,
which ultimately makes possible to increase the
efficiency of energy management [10, 11, 12, 13].

For the majority of consumers of fuel and energy
resources, the technological subsystem can be
represented by subsystems of a lower level: raw
materials, technological equipment [14, 15, 16, 17].
Since the qualitative and quantitative indicators of
technological equipment are relatively stable over
relatively short periods of time (a year or two), and the
raw materials used also have relatively stable
characteristics, the model for assessing the current state
for predicting energy efficiency indicators will represent
the dependence of energy consumption only on the
volume of production. The relationship between energy
and technology will be simple. The works, previously
published, showed that in the most general form the
energy characteristic can be represented by the equation
[1, 6]:

w :WspP+Wconst’ (1)

where W — power consumption for a given period of
time, kWh; w,, — specific power consumption per unit

of production, kWh / unit of production; P — volume of
production, unit of production; W___ — the constant part

const
of the electricity consumption, basically, independent of
the load, kWh.

3 Energy efficiency assessment
through the example of water supply
and sewerage enterprises

It is the presence of a conditionally constant component
of electricity consumption W in the factory,

const
workshop power consumption that led to the fact that, in
general, the dependence of the plant-wide specific power
consumption w, on the volume of production has a

hyperbolic dependence (Fig. 2 a). Finding the regression
coefficient w, with the known daily statistical data of

electricity consumption and the corresponding volume of
production is determined by the least squares method.
The calculation mechanism is discussed in detail in
various articles [1, 10]. However, in most cases, the
accumulation of daily statistics at enterprises is difficult,
while monthly statistics are mandatory for accounting. In
view of the fact that the number of days in a month is not
a constant value, an approach was proposed that makes it
possible to adjust the cost of electricity taking into
account the actual number of days in the billing period
with quarterly or annual planning of electricity
consumption. Let’s consider the proposed algorithm
using the example of a water supply system of one of the
water utilities of the Republic of Belarus, for which an
additive form of the model was established that had
passed all the relevant statistical checks [10]:

W =w,,Q, +at, +We" )

const !

where Q, — planned volumes of water production, m?;
kWh; a —regression coefficient before the outdoor
temperature factor, kWh/°C; t, —average outside air

temperature during the forecasting period, °C; W™ —

const
the free term of the regression characterizing the
monthly conditionally constant costs that do not depend
on the factors forming the power consumption, kWh.

In addition, for large water supply systems, the
influence of the outside air temperature on the formation
of total and specific EE costs is observed. The
significance of the temperature factor is associated,
firstly, with a change in the operating modes of general
production plants, and secondly, with an increase in
temperature, pressure losses in pipelines decrease
depending on the kinematic viscosity of the liquid.
However, an increase in temperature does not always
lead to a decrease in power consumption. The study of
the water supply system in Rechitsa city (the Republic
of Belarus) revealed the opposite effect. An increase in
the outside air temperature by 1 °C led to an increase in
electricity consumption by 16.6 kWh. The increase in
electricity consumption on the warmest days was caused
by the inclusion of additional pumping units and
drinking water purification devices due to an increase in
water consumption, which covered the effect of a
decrease in general production and technological energy
efficiency costs.

For quarterly or annual forecasting of electricity
consumption, kWh, the monthly model of formula (2) is
converted to the form:

W =w,Q, +(aty W ) Noguor )

const

where N, . —the number of months in the forecasting

period given to comparable conditions, which is
determined by the formula:

: 12-Ng,
Nmonth = = (4)
year
where N, — the number of days in the forecasting
period; N, —the number of days in a calendar yea.

For example, for a quarterly forecast of electricity

consumption with N, = 90 days included in the

calendar year with N . = 365 days, the given number

year

of months will be N =12 -90/365 = 2.96 months.

month

From the analysis of the above ratios, it should be
concluded that the monthly model of electricity
consumption is adapted by adjusting the number of
months in the forecast year [18, 19 20]. However, if the
statistical database includes periods with a different
number of calendar days (leap year), then it is advisable
to bring the monthly view of the model to the daily
sampling rate at the stage of data processing. Bringing
the models to a unified form allows not only avoiding
errors in averaging calendar days, but also using a
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Fig. 1. Model of electricity consumption in the water supply system (a) and assessment of the forecasting quality with different

options for bringing statistical data (b)
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Fig. 2. Model of electricity consumption in the water supply system (a) and assessment of the forecasting quality with different

options for bringing statistical data (b)

unified form for comparing the energy efficiency of the
studied enterprises:

X, ==X, 5
ave T ()

where X — the factor values with the original sampling
period; T —sampling period of factor X, days; X, -
reduced daily averaging of factor X.

A guantitative assessment of the simulation results at
various levels of discretization of statistical data made it
possible to establish a decrease in the mean-square
forecasting error by 0.53% due to the transition to a daily
form at the stage of processing statistical data. Fig. 1
shows a model of electricity consumption in a water
supply system (a) and an assessment of the forecasting
quality with various options for bringing statistical data

(b).

For the investigated water utility, the composition of
the specific consumption of electricity is mainly formed
by technological consumption of electricity, i.e. those
costs that are directly related to the transport of water, as
a result of which the characteristic in the working area
takes on a flatter form and, accordingly, less sensitivity
to changes in production volumes (Fig. 2).

Thus, the use of the proposed method for modeling
electricity consumption allows:

1. To assess the current state of the energy efficiency
of production, for example, for a water utility, the
indicator of the sensitivity of changes in the specific
consumption of electricity when changing the volume of
water produced was used, which was 7.5% and was
determined by the formula [10]:

| Wsp : Qw

month
w,, -Q, +(a-tair +W

const

k =

month
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Table 1. Readings of energy metering devices and data of electrical balance.

Entitlement Unit of measurement Metered values Calculation data
Annual electric power consumption kWh 152000 -
Technological electric power consumption kWh 60800 -
Conditional-constant flow kWh 91200 -

Output manufactured thousand units of products 450 -
Technological specific energy consumption kWh/ thousand units of - 135.11

products
Total production specific power consumption kwh/ tgcr)ggzréfsumts of - 337.78

Table 2. Calculation of unit costs of energy efficiency and assessment of the EEF regulation ability for garment production.

Production Specific power - Predicted specmc electric The effect of the
- Energy efficiency power consumption after the | . .
volume, P, consumption, Wsp. . - - - implementation of
. horizontal adjustment implementation of energy -
thousand units of| kWh / thousand S - KWh / energy saving
roducts units of products capacity, % saving measures, Wsp. kW measures, %
P thousand units of products '
A B Cc D F
315 4245 basis 362.2 -14.7
360 388.3 -8.5 3344 -13.9
405 360.2 -15.2 312.8 -13.1
450 337.7 -20.5 295.6 -12.5
495 319.2 -24.8 281.4 -11.8
540 303.9 -28.4 269.6 -11.3
585 290.9 -31.5 259.7 -10.7

2. Assess the regulatory capacity for energy
efficiency of production.

3. To carry out a forecast of the total and specific
consumption of energy resources in the context of
changes in the volume of production and the
implementation of energy saving measures.

4. Assess the effect of the implemented energy
saving measures in the context of a changing production
program. The priority of the choice of energy-saving
areas lies in the maximum effect of the measures being
introduced, i.e. maximum reduction in specific power
consumption or its sensitivity to changes in production
volumes. With an insignificant effect of the volume of
production on the change in the specific consumption of
electricity, i.e. at a value of k from 0 to 0.5 where the
structure of power consumption is formed mostly by
technological power consumption. In this regard, energy
saving measures should be aimed primarily at reducing
the technological costs of electricity, i.e. to improve
energy efficiency, for example, pumping equipment.
Otherwise, there should be measures taken to reduce the
fixed costs of electricity in the owverall structure of
electricity consumption (Fig. 2 b).

4 Assessment of energy efficiency of
garment production

Let’s consider another example of using mathematical
modeling to assess the energy efficiency of a garment
industry. On the basis of the electrical balance, the
structure of power consumption was formed with a
volume of 450 thousand units of production (Table 1).

Then the equation describing the change in the
specific consumption of electricity from the volume of
production will have the following form:

W, 91200
W, =W, +T‘ :135.11+T, (7)
where w,, — the technological specific power

consumption, kwWh / thousand units of products.

Table 2 (columns A, B) shows the calculated values
of plant-wide specific electricity consumption, taking
into account the possible annual range of production
P .. = 315 thousand units of products and P, = 585

thousand units of products. From Tabl. 2 it can be seen
that the minimum value of the specific power
consumption W, is 290.9 kWh / thousand units of

sp.min
products. The maximum W, ... Vvalue corresponding to

the minimum production volume is 4245 kWh /
thousand units of products.

4.1 Assessment of the current state of energy
efficiency in production

The current state of energy efficiency is determined by
the location of the point of the achieved value of the
general production value of the specific electricity
consumption on the graphical interpretation of the
calculated values of the specific electricity consumption
from the annual production volume relative to the values
of the previous year.
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4.2 Assessment of the regulatory capacity due
to energy efficiency of production

Energy efficiency adjusting ability is the ability of both
individual structural elements and the entire technical
system as a whole to change the specific and total costs
of energy resources depending on the influencing
factors. Distinguish between horizontal regulation
capacity for energy efficiency (due to changes in the
volume of production) and vertical regulation capacity
(due to control of technological parameters and
characteristics of raw materials) [6]. The potential for
horizontal energy efficiency improvement relative to the
minimum  production volume is determined in
accordance with the model:

— Wep min
i~ Twmin 10006, ®)
W,

sp.min

Ws i
AEEF =

where W,

energy resources corresponding to the i volume of
production; W, the value of the specific

sp.min

— the value of the specific consumption of

consumption of energy resources corresponding to the
minimum volume of production.

The main essence of horizontal regulation is that,
with a change in the volume of production (increasing or
decreasing the load of technological equipment), the
operating point of the hyperbolic curve of dependence
(7) shifts towards a decrease or increase. In Tabl. 2
(Column C) shows the calculation of the energy
efficiency regulation capacity. As you can see from Tabl.
2 the maximum potential for reducing the specific power
consumption for garment production is -31.5%.

4.3 Forecast of the total and specific
consumption of energy resources in the context
of changes in the volume of production and the
implementation of energy saving measures

The forecast of the total and specific consumption of
energy resources in the implementation of energy saving
measures is made on the basis of adjusting the indicators
of the existing model by the value of the expected effect
from the implementation of energy saving measures. For
example, for the initial model of the form (7), 21200
kwh of the annual effect of energy saving measures,
which affect the conditionally constant component of
power consumption, was subtracted from the
conditionally constant power consumption of 91200
kWh. As a result, the adjusted model took the following
expression w,, =135.11+70000/ P, which made it

possible to calculate new values of specific electricity
consumption (Tabl. 2, column D). A graphic
interpretation of the model, adjusted for energy saving
measures, is presented in Fig. 3. A decrease in the
volume of production in some cases can completely
compensate for the effect of energy saving measures.
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Fig. 3. Models of energy consumption from the output of
garment production: 1 — initial model; 2 — a model adjusted
when implementing energy saving measures.

4.4 Assessment of the effect of energy saving
measures in the context of a changing
production program

For an objective assessment of the effect of the
implementation of energy saving measures, it is
necessary to compare the unit costs before and after the
implementation ~ of  energy  saving  measures
corresponding to the same volume of production. It is
impossible to compare the specific consumption of
electricity for different volumes of production, since the
overall change in the energy efficiency of a technical
system consists of two components: changes in the
volume of production and the effect of the implemented
energy saving measures. In addition, the very effect of
energy saving measures manifests itself differently for
different volumes of production (Tabl. 2, F). The
maximum effect from energy saving measures is -
14.7%, and the minimum value is -10.7%. The effect of
measures  affecting the  conditionally  constant
consumption of energy is manifested to a greater extent
with a decrease in the volume of production.

5 Conclusions

The industrial sector is one of the most difficult energy
efficiency indicators to research.

The use of an analytical approach in assessing
changes in specific electricity consumption leads to
significant discrepancies between actual and calculated
values and, ultimately, distorts the real state of the
energy efficiency of the industrial sector.

The most important element in assessing the energy
efficiency of production, ways to improve it, as well as
the implementation of energy saving measures is
mathematical modeling of energy processes. Taking into
account the system properties of energy survey objects
makes it possible to avoid errors in assessing the specific
consumption of energy resources when implementing
energy saving measures.
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