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Abstract

The article describes mathematical model of analyses the energy use costs efficiency (depending on the type and
volume of products produced by the machine-building enterprise, the consumption of certain types of energy resources
and their use in specific production processes, etc.). Methodology and mathematical model of the plan for modernization
of industrial production energy-consuming processes has been developed. Estimation of energy saving actions efficiency
is proposed by calculation of the ratio of energy consumption cost reduction to the cost of installation works and
materials related with the implementation of these actions. The article outlines problem-oriented classification of energy-
consuming machine-building production processes and actions intended to reduce the specific energy machine-building
enterprise consumption. The algorithm and program realization of the computer-aided system for monitoring and
planning of actions to increase machine-building enterprises energy efficiency are proposed.

Keywords: mathematical model; energy efficiency monitoring; enterprise; energy saving.

1. Introduction

The concept of the Energy Strategy of Ukraine's Development for the period to 2035 "Safety, Energy Efficiency,
Competitiveness", defines the problem of energy efficiency as a strategically important [1]. The problems of low energy
efficiency of machine building production are connected, first of all, with inefficient use of fuel and energy resources
(FER), loss of coal mining capacities in the occupied territories of the Donbas, unfavorable macroeconomic situation in
the state. The cost of energy in Ukraine is rapidly increasing as a result of shortage of own energy resources, a lack of
sufficient alternative energy sources and problems with the procurement of energy from non-residents [2]. The
inefficient use of fuel and energy resources together with the increase in the cost of energy carriers leads to an increase in
production costs, which is negatively affects reduction in the competitiveness of machine-building enterprises.

Ukraine is one of the most inefficient energy consumers among the industrial countries of Europe [2]. The
reasons for this are outdated and inefficient energy-intensive technologies and worn-out means of engineering, as well
as low thermal insulation of buildings and outdated heat generation equipment. The specific energy intensity of
Ukrainian products, defined as the ratio of the total consumption of all types of energy to Gross National Product
(GNP), is about 4.8 times more than in the UK, 3.8 times higher than in Turkey, 3 times more than in Poland and
even at 1.8 times more than in Belarus. As to the average value for the European Union, the energy intensity of
Ukraine's products is 3.8 times higher and 2 times higher than the average value for the world! Ukraine annually loses
billions US $ because of excessive energy costs [2].

The global trend of diminishing energy costs, especially in engineering, is a priority. According to the Paris
Agreement, the member states of the International Energy Agency (IEA) require substantial redistribution of capital
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sent to the energy sector [3]. The distribution of total investment in energy supply in excess of $§ 40 trillion is
transferred from non-renewable sources to renewable energy sources: nuclear, solar and wind power. It is planned
that by 2040 the share of extractive fuel should decrease to 30%. In addition, according to the IEA's "Efficient World
Scenario" [13] recommendations, to invest in a less energy-intensive economy in the period up to 2035, more than $
11.8 trillion should be invested. These investments are partly offset by an increase in production volumes by $ 18
trillion. Only in the engineering industry total additional energy-saving investments will be more than $ 300 billion.
The US, according to IEA forecasts, will reduce electricity demand by about 20% by 2040 by about 8%, and will
reduce energy investment by $ 450 billion [3]. The profits generated by the growth of energy efficiency of industrial
enterprises are already about $ 540 billion, primarily in the construction and engineering industry.

Most structured energy management services departments operate in most developed industrial enterprises in
Europe and the United States. Such management system allows determining the most effective ways for substantially
increase energy efficiency. Among the developed countries, the United States, was the first in the implementation and
structuring of energy management - the ANSI / MSE 2000: 2008 A Management System for Energy, which in 2000
adopted as the state standard (supplemented in 2008) [4].

The Energy Management Automated System (EMAS) includes the next subsystems [4]:
- Integrated Automated Recourse Planning (IARP);

- Energy Audit Subsystem (EAS);

- Energy Efficiency (EE) and Demand Side Management (DSM);

- Supply-Side Planning Subsystem (SSP);

- Automated Monitoring and Targeting (AM&T);

- Energy Scheduling Management (ESM);

- End Users Consumption Management (ECM);

- Data and Results Energy Recourse Planning Verification (D&RYV)

2. Aim of the research

The aim of the below research is to describe the mathematical provision of the computer aided system of
industrial enterprises energy monitoring to increase the efficiency of investment planning in modernizing energy-
consuming production processes, improving the competitiveness of these enterprises and reducing energy costs.

3. Analysis of recent research and publication

In modern methods of analyzing the energy efficiency of industrial enterprises, the concept of benchmarking of
energy efficiency has been developed [5]. This concept is to spread best practices and best achievements of machine-
building enterprises.

Literary sources [5, 6, 7, 8] use several indicators of industrial energy efficiency. Moreover, for the comparison
of different types of energy resources and their total accounting of its reserves, the unit of accounting of the
“conventional fuel” is adopted, the heat of combustion is 29,3 MJ/kg (7000 kcal/kg).

1. The energetic level of production ( E,, ) is characterized by the ratio of the total production cost (P) to the

total cost of energy consumed (F):
E,=—. (1)

2. Specific energy content of products () characterizes the consumption of energy resources and heat carriers in
the production unit:

=— N (2)
N
where V is the annual volume energy (electric power, thermal energy, various types of fuel, etc.) consumed for the
production, which reduce through the theoretical equivalents to single unit of measurement; N is the annual output
program.
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3. Integral coefficient of efficiency all types of consumed energy (K,,):
Ky =mnn,, 3)

where 1, is the weighted-average efficiency coefficient of distribution and transformation of energy in the enterprise;
1, is the weight-average efficiency coefficient of energy consuming equipment.

4. Loss of energy (P) - the difference between the amounts of delivered (E,;) and consumed (E,,,) energy:

P=E, -E,. 4

con

The analysis of energy efficiency indicators of enterprises has shown that any system of indicators is not perfect.
That is, the system of indicators included in the energy efficiency assessment system for each enterprise needs to be
clarified, taking into account the energy intensity of industrial products, the volume and spectrum of production, as
well as the features of energy-consuming structural and technological processes that allow or rigidly regulate the use
of alternative energy sources.

4. Main material

4.1. System analysis of enterprises energy efficiency monitoring indicators

The mathematical problem definition of industrial enterprises energy efficiency monitoring is a set of
mathematical relationships that describe the behaviors and characteristics of the modeling object, such as:
technological processes, potential energy resources and package of actions for machine-building energy efficiency
increase. It is necessary to formalize the input data for monitoring, to create a database of production, auxiliary,
administrative and household processes, to substantiate the classes and characteristics of potential energy resources,
and formally describe the relations between them. This class of mathematical description can be attributed to
deterministic models. For this class of enterprises energy efficiency monitoring objects, the structure of the model
contains parameters that reflect their features, such as: the conformity of consumption of certain types of resources in
specific energy-consuming processes related to the type of economic activity of the given enterprise, type (single,
serial or mass) and the organizational form of production (flow or group production), the nomenclature and the annual
output production of machined products. The search for these parameters values is carried out using parametric
identification methods based on a passive experiment.

In accordance with the main goal of the research, 2 main stages are formulated for solving the problem of the
machine-building enterprise energy use improvement:

1-st stage. Comprehensive analysis of the energy expenditure structure in dynamics (depending on the
seasonality of works, the type and volume of production, the consumption of energy resources certain types and their
attachment to specific production processes, etc.) (Subsystem of internal energy benchmarking).

2-nd stage. Development of the substantiated plan of actions for modernization of machine-building energy-
consuming processes based on an optimization model (Subsystem of operational investment planning)

This article proposes the use of a methodology for analyzing the energy efficiency of production enterprise based
on the calculation of the integral coefficient of energy resources effective use (Ku), which is attributed to the total
cost of production. In other words, the criterion for the effectiveness of the total energy costs of all types is their
percentage relation to the total cost of production.

Coefficient Ku is calculated according to the formula:

J

> B, -kk,

L j=l

M-

K =§><100%= -

u
z

x100% — min, (5)

Mk

S, -N, -kb,

m
1

3
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where By is the volume of all types used energy resources consumption for the reporting period (year, month); Ss —
total annual cost of products for the reporting period; i =1,7 is type of energy resources used in the enterprise;
i :I,_J is type of process or structure consuming different types of fuel and energy; B;; is the consumption of i-th
energy in j-th energy process during the reporting period; k%; is the calorie equivalent of i-th energy resource, (Gcal),

which is determined on the basis of documents on fuel supply; m =1,M is name of engineering product which
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produced on concrete machine-building enterprise; N is the annual output program of m-th product; S,, is the m-th
product cost; kb, - coefficient of unrealized or defective m-th product.

Calculation of i-th type energy cost in the j-th energy consumed process for the reporting period B;; can be
implemented by the formula:

By =V, (6)

where V; is the average annual cost of the unit of measurement (ton, kW, m?) of the i-th energy resource (electricity,
gas, coal, etc.); O, is the volume of i-th type energy using in j-th energy process during the reporting period
(determined by the results of energy audit of electricity, gas, heat energy or cost accounting documentation for the
supply of certain types of fuel).

Machine-building energy-consuming processes are classified as:

1. Main production processes and constructions
a. Blank production (j = 1);
b. Machining production (j = 2);
¢. Mechanical assembly production (j = 3);
d. Testing and packaging production (j = 4)

2. Auxiliary services, processes and constructions
a. Intra-factory transport processes and garages (j = 5);
b. Warehouses and warehousing processes (j = 6).

3. Administrative services and constructions
a. Administrative and administrative buildings (j = 7)
b. Buildings for design and technological personnel (j = 8)
¢. Buildings for enterprise security guard (j = 9)

4. Personal service buildings (locker rooms, dining rooms, etc.) (j = 10)

Achievement of great energy saving is possible only if a quality energy audit is to be carried out, for which
should be involved an energy service company interested in obtaining reliable results of the enterprise state, including
minimizing the measurement errors.

Thus, the initial data of the automated benchmarking system for the machine-building enterprises are the
following indicators:

1. Assortment of products (m = LM ).

2. Cost of m-th products (S,,).

3. The percentage of unrealized or defective m-th name products (kb,,).

4. Availability of own power generating unit (boiler house, generator substation, etc.) or dependence on external
power supply enterprises.

5. The structure of the production enterprise (production, support, administrative and household buildings and premises).

6. Types of energy resources used in the enterprise (i = 1,1 ).

7. Types of energy processes that make up target fuel and energy consumption j = I,_J .
8. Audit results of i-th energy resource in j-th energy process energy use (Q)).

The reference information for the automated benchmarking system is based on the data obtained as a result of
the analysis of the energy resource information database (state, regional prices and purchase prices of certain types
energy resources) - V;, as well as standard calorie equivalents of different energy resources types. Calculated unit of
energy resources is proposed for the efficiency analysis comparison of the different types of fuel energy properties.
As a unit for this value, a fuel with a heat of combustion of 29.3 MJ/ kg or 7000 kcal/kg is accepted. For gaseous
energy resources, the heat of combustion is taken as one unit of volume.

The second stage of the main goal realization is to develop a plan for modernization of the machine-building
energy-consuming processes (Subsystem of Operational Investment Planning). The method of solving this problem is
as follows:

1. Classification of alternative actions that will reduce the specific energy consumption of machine-building production.
2. Establishing indicators for the effectiveness of the implementation of each action and its value.
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3. Ranking actions by efficiency indicator.

4. Development of an alternative plan for energy efficiency actions taking into account the permissible value of
investment capital.

5. Optimization and correction of the improvement energy efficiency plan for machine-building enterprise.

Let’s describe alternative energy saving actions, as Z, ., where x = 1, X is the classification number of the action
(set x=1 - for actions to improve the energy consumption of production processes; x=2 - for actions of constructions and

engineering systems modernization; x=3 - for organizational actions of energy resource economy); yzl,_Y is the

classification number of the event (Table 1); j= I,_J is the type of energy-consuming process for which this action will
be implemented. For example, the action with the classification mark Z, , involves carrying out construction works (x =
2) for thermal insulation (y = 1) of the shop of mechanical assembly production building (j = 3).

Table 1. Classification of actions intended to reduce the specific energy machine-building enterprise consumption

Classification mark

Name of action Z_. .
w7 of action (x)

Number of action (y)

Change of the technological process structure and parameters 1 1

NS}

Modernization of technological equipment or transport and warehouse
systems

Automation and mechanization of production and transport processes
Changing the nomenclature and product output program

Optimization of operational-calendar planning of the enterprise's work
Construction and installation work to improve the thermal insulation of 2
buildings and structures of the enterprise
Construction and installation works on the reconstruction of engineering 2
systems

— || W

Construction or modernization of own power generating unit (boiler 3
houses, equipment for generation of alternative energy sources)
Changing the energy resources

Installation of additional energy meters 3

Implementation of automated energy management system 3
Implementation of incentive measures to ensure energy efficiency

Wl =

Each such action is characterized by a tuple of parameters Z, . = <S JF

i w.>, where S - the carrying value of

costs associated with the implementation of the Z_, -th action for j-th production process; F,, - the index of energy
economy efficiency for Z, , -th action.

This coefficient F,; is a conditional indicator that formally assesses the effectiveness of each Z  -th action
implementation, as the ratio of the energy cost savings AB = to the total cost of installation works and materials
associated with the implementation of this action:

F — X , (7)

where AB, is the difference between the annual cost of all types of energy consuming in j-th process in case before

and after the implementation of this Z, -th energy efficiency action.

For example, if for building construction works on thermal insulation of the mechanical assembly shop (the
action with classification mark Z,,) it is necessary to raise S,,; =2 million UAH, but with this the economy of the
thermal energy use in the cold period will be AB, ;=450 thousand UAH (according to the audit of similar
enterprises), then the efficiency factor can be calculated as:

AB,, 450000

b = = 5000000
213

£l

An algorithm for deciding on optimal planning of actions to increase machine-building enterprise energy
efficiency, which based on an internal benchmarking analysis, will be described below.
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4.2. Algorithm of the computer aided system for monitoring and optimal planning of actions to increase
machine-building enterprise energy efficiency

In accordance with the foregoing model, the total generalized algorithm of the computer aided subsystem of
energy consuming processes benchmarking (1-st stage) and subsystem of optimal planning of actions to increase
machine-building enterprise energy efficiency(2-nd stage) is developed (Fig.1).

— 7

Fig.1. Flow chart for generalized algorithm of the monitoring and planning of actions to increase machine-building enterprise
energy efficiency

The algorithm can be conventionally separated into the following steps:
- interactive task of initial data (block 1 (Fig.1);

- calculation of the energy component of expenditures by types of energy consuming processes and types
of energy resources (blocks 2-3);

- calculation of the integral coefficient of energy resources effective use (K,), which is attributed to the
total cost of this enterprise production (block 4);

- ranking of alternative actions for the modernization of energy-consuming processes based on the
indicator of the effectiveness of these measures (blocks 5-6);

- analysis of the implementation of the conditions for cost limiting the alternative actions to increasing
energy efficiency of the enterprise (blocks 7-11);

- formation and correction of the action’s plan for modernization of machine-building enterprise energy-
consuming processes and buildings (block 14).

The initial data for the computer aided subsystem of energy consuming processes benchmarking (1-st stage) are the
names of engineering products m = 1,M , the annual output program N of products and their total cost S, , the types

of energy resources i = 1,7 used in the enterprise, types of production processes consuming j = I,_J different types of
fuel and energy, and results of energy audit - the costs of all types of energy resources in the relevant production shops of
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this enterprise {Q,}. The initial data for the computer aided subsystem of optimal planning of actions Z ; to increase
machine-building enterprise energy efficiency (2-nd stage) are the nomenclature of the alternative actions listed in Table
1 based on classification type x = 1, X , classification code y=1Y and the limit value of total annual expenditures

appropriated for the modernization of energy-consuming processes and shop’s constructions [S ] .

First, the cost of the annual output program of m-type products S ; is calculated, taking into account the
coefficient of unrealized or defective products (k). The total cost of the program of release S, is determined by all

types of the enterprise products (block 2). Calculation of the cost of i-th type energy in j-th type energy process (B;) is
calculated taking into account the consuming volume of i-th type energy for j-th type energy process realization (Q;;) and
the current cost of the unit of measurement of i-th energy resource (V). Total energy costs in j-th energy consumption
process B ; take into account regulatory calorie equivalents for all types of energy resources kk, (block 3).

The main criterion of the energy consuming efficiency for the concrete machine-building enterprise is the
integral coefficient of energy resources real use (K,,), taking into account their caloric equivalents and different types
energy costs, which is divided to the total cost of production (block 4).

For each investment alternative actions to improve energy efficiency, the efficiency of such Z  -type measure -
F,, as the ratio of the amount of energy savings AB_ to the costs of works and materials S, ,, associated with the
implementation of this measure in accordance with the formula (7) is calculated (block 5).

The next stage of the system's operation is a subprogram of ranking all alternative actions {ZW.} on the condition of

decreasing the efficiency indicator £, . That is, an ordered list of energy saving measures is created, in which the serial number

of the action k =1,K is selected, based on the condition of the indicator reduction F,ik=f (Rank [FW }) (block 6).

The logical sequence procedure for the development of an energy efficiency improvement plan {ny].

} eP is
implemented as follows:

1. First, the most effective energy saving action is assigned number 1 (k£ = 1) and this measure is conditionally
included into the action plan (block 7). The preliminary cost value S, is assumed tobe 0 (S, =0).

2. Verification is made to determine if that the cost of this measure S, does not exceed the allowable costs[S].
In the positive case of the implementation of the condition S, < [S] (block 9), we proceed to step 3. Otherwise, this

action S, isignored; we proceed to the next action Z,,, and repeat the verification of this step.

3. We finally incorporate the action into the action plan {Z k} € P (block 10), we change the current expenditure

valueas S, =S5, +S, (block 11) and proceed to consideration of the next action name k = k+1 (block 13).

4. The iterative procedure for forming a plan for energy conservation measures is carried out until the full list of
the action plan is exhausted (£ = K ) (condition - block 12).

Thus, after verifying the expediency and the possibility of including each of the actions in the determined plan,
this list is confirmed by the manager of the company and is subject to implementation.

Interpreted high-level general-purpose programming language Python, including the graphical interface
development module and the high-level open Python framework Django is used to implement the software of the
machine-building enterprises energy saving project. The developed system is a classic example of the implementation
of EMAS (Energy Management Automated System) energy management systems and will have an impact on
Integrated Automated Recourse Planning Integrated Energy Planning (IARP), Supply Sided Energy Planning (SSEP)
and Operational-Calendar Process Management Energy Consumption ESM (Energy Scheduling Management).

5. Conclusion

1. Development of the monitoring system and systemic planning of actions to ensure machine-building
enterprises energy efficiency in Ukraine is topical, since in order to increase the competitiveness of domestic
engineered products, it is necessary to substantially reduce the energy component of the manufacture cost, which is
several times higher than that energy components of total cost in the developed industrial countries.
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2. Two main parts for the implementation of the computer-aided system to increase machine-building enterprise
energy efficiency are proposed:

- Subsystem of internal energy benchmarking makes comprehensive analysis of the energy expenditure structure
in dynamics (depending on the seasonality of works, the type and volume of production, the consumption of energy
resources of certain types and their attachment to specific production processes, etc.).

- Subsystem of operational investment planning fulfills development of the substantiated plan of actions for
modernization of machine-building energy consuming processes based on proposed optimization models.

3. The methodology of energy efficiency analysis of a machine-building enterprise, based on the calculation of
the integral factor of utility (Ky) of energy resources and energy costs is proposed.

4. The iterative stage of the action plan development to ensure the energy efficiency of an enterprise, taking into
account the permissible value of investment capital, is estimated by the total coefficient of every such measure
implementation efficiency, which is determined by the ratio of the energy consumption cost reduction to the cost of
installation works and materials associated with the implementation of these actions.
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ABTOMATH30BAHA CHCTEMA MOHITOPUHIY TA IVIAHYBAHHS 32X0/1iB Mi/IBUIIICHHSA
eHeproegeKTHBHOCTI MAINMHOOYIiBHOI'O MiIMPUEMCTBA

Haraniga CrynHunpka

Hayionanvnuii ynieepcumem «Jlvsiscoka nonimexuixay, eyn. C. banoepu, 12, Jlveis, 79013, Vkpaina

AHoTalifa

Onwucana MaTeMaTH4Ha MOJIENb aHaJi3y e()eKTUBHOCTI €HEPreTHYHUX BUTPAT MAITMHOOYAIBHOTO MIANPUEMCTBA
(3aJIe)XHO BiZl TUMY Ta OOCATY NPOAYKIII, OOCSTIB CHOXXMBAaHHS OKPEMHX BHUJIB €HEPropecypciB B yMOBax
KOHKPETHUX BHPOOHMYMX MPOILECIB Tomo). HaBeqeHO METOMOMOriI0 Ta MaTeMaTHYHy MOJIENb TJIAHYBaHHS 3aXOZiB
OO0 MOJEpHi3allii BUPOOHHUYUX IIPOIECIB MPOMKCIOBOTO BHPOOHHIITBA. 3alpPONOHOBAHO 3MIMCHIOBATH OIlIHKY
e(pEeKTUBHOCTI ~ €Hepro3depirarouyMx  3axofiB  HUIIXOM  PO3PaxyHKYy  BIJHONIEHHS 3HW)KEHHS  BapTOCTi
€HEPrOCIIOKUBAHHS JI0 BAPTOCTI OYAiBEIbHO-MOHTXHHUX POOIT Ta MarepialiB, OB’ SI3aHUX 3 BIIPOBADKEHHSIM IIHMX
3axofiB. Po3risiHYyTO TpOOJIEMHO-OpIEHTOBaHY KiacH(iKaI[ilo EHEproclioXMBYMX BUPOOHWYMX TIPOIECIB Ta
aJbTEpPHATUBHUX 3aXO/IiB, CIPSIMOBAHMX Ha 3MEHILECHHS BUTPAT MaJMBHO-EHEPIeTHYHNUX PECYPCIB MAIMHOOYIIBHOTO
BUPOOHMITBA. 3alpOIIOHOBAHO AJITOPUTM Ta MPOTPaMHY peani3alil0 aBTOMAaTH30BAaHOI CHCTEMU MOHITOPUHTY Ta
TUTAaHYBaHHS 3aXO/IB 3 ITiIBUIIEHHS €HepTroe(eKTHBHOCTI MAIIMHOOYiBHUX ITiIIIPHEMCTB.

Karouosi ciioBa: MmaTeMaTuyHa MOACIb, MOHiTOpI/IHl" EHepl"Oe(l)EKTI/IBHOCTi; HiI[HpI/IGMCTBO; EHepF036ep6)KeHHH.



