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Abstract. Determining the energy consumption level is one of the stages of energy efficiency monitor-

ing facilities. The aim of the article is to adapt the energy baseline to the operating conditions of the 

facility in accordance with the ISO 50000 Standards requirements. The methodology for determining 

the energy baseline was proposed to achieve the goal. The three-stage procedure for forming a set of 

relevant variables of the energy baseline, which allows taking into account the significance of varia-

bles, the possibility of their measurement, controllability and control, and the procedure for construct-

ing a multifactorial model of the optimal structure for determining the energy baseline are the main 

scientific results. This methodology was applied to a boiler house of a district heating system. Rele-

vant variables were formed using a three-stage selection of factors that influence the gas consumption 

efficiency of the boiler house. Combinatorial algorithm of the group method of data handling was used 

for gas consumption simulation. The search for models of optimal complexity was performed in six 

classes of basic functions. The selection of better structures of the mathematical model was realized 

based on the criteria for its appropriateness (regularity, unbiasedness criterion, Schwartz, determina-

tion coefficient) and accuracy of the forecast using the morphological criterion. As a result, a multifac-

tor mathematical model of optimal structure was obtained. The percent forecasting error did not ex-

ceed 1%. The significance of the results lies in the fact that the proposed methodology can be applied 

to any facility.  
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Monitorizarea eficienței energetice a instalațiilor de încălzire urbană: metodologie pentru determinarea 
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Rezumat. Scopul lucrării este de a adapta nivelul de referință al consumului de energie la condițiile de 

funcționare a obiectului, în conformitate cu cerințele standardelor ISO 50000. Pentru a atinge obiectivul propus, 

se propune metodologia de determinare a nivelului de referință al consumului de energie, care conține procedura 

de formare a unui set de variabile determinante și procedura de construire a modelului multifactorial al 

consumului de energie. Cele mai importante rezultate științifice sunt următoarele: procedura în trei etape de 

selectare a factorilor care influențează consumul de energie permite luarea în considerare a importanței acestora, 

precum și a posibilității de executare a elementelor de comandă, măsurare și control; procedura de modelare a 

consumului de energie prin metoda de autoorganizare a modelelor, completată de analiza multicriterială a 

calității modelării, asigură construirea unui model multifactorial de structură optimă, propice pentru 

normalizarea consumului de energie de referință la variabilele definitorii. Setul de variabile determinante al 

nivelului de referință al consumului de energie este constituit folosind procedura propusă de selecție a factorilor 

care influențează eficiența consumului de gaz. Rezultatele analizei multicriteriale pentru a înțelege cât de adecvat 

este modelul au arătat că creșterea gradului de complexitate a modelului nu asigură o creștere considerabilă a 

calității de modelare. Semnificația rezultatelor: metodologia propusă este aplicabilă pentru orice obiect din sfera 

producerii, iar realizarea sa, completată de procedura de control a consumului de energie și a variabilelor 

determinante, permit nu doar stabilirea devierii valorii efective a consumului de energie față de cea planificată, 

dar și motivele în urma cărora acestea parvin.  

Cuvinte-cheie: variabile determinante de referință ale consumului de energie, model matematic al consumului de 

energie, metoda de scontare în grup a argumentelor. 
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Аннотация. Определение базовых значений энергетической результативности является составляющей 

мониторинга энергоэффективности любых объектов. Целью работы является адаптирование базового 

уровня энергопотребления к условиям функционирования объекта в соответствии с требованиями 

стандартов ISO 50000. Для достижения цели предложена методология определения базового уровня 

энергопотребления, содержащая процедуру формирования набора его определяющих переменных и 

процедуру построения многофакторной модели энергопотребления. Наиболее существенные научные 

результаты: трехступенчатая процедура отбора факторов, влияющих на энергопотребление, позволяет 

учесть их значимость, а также их управляемость, возможность измерения и контроля; процедура 

моделирования энергопотребления с использованием метода самоорганизации моделей, дополненная 

многокритериальным анализом качества моделирования, обеспечивает построение многофакторной 

модели оптимальной структуры, пригодной для нормализации базового уровня энергопотребления к 

определяющим переменным. Применение методологии продемонстрировано на примере котельной 

системы централизованного теплоснабжения. Набор определяющих переменных базового уровня 

энергопотребления сформирован с помощью предложенной процедуры отбора факторов, влияющих на 

эффективность потребления газа. Структурно-параметрическая идентификация математической модели 

газопотребления выполнена с помощью комбинаторного алгоритма метода группового учета аргументов. 

Поиск моделей оптимальной сложности производился в шести классах базовых функций. Результаты 

многокритериального анализа адекватности моделей показали, что повышение сложности модели не 

обеспечивает существенного повышения качества моделирования. Лучшая структура модели выбрана на 

основе критериев регулярности, несмещенности, Шварца, коэффициента детерминации и точности 

прогноза с использованием морфологического критерия. В результате получена многофакторная 

математическая модель энергопотребления оптимальной структуры, ошибка прогнозирования которой 

не превышает 1%. Значимость результатов: предложенная методология применима к любому 

производственному объекту, а ее использование, дополненное процедурой контроля энергопотребления 

и определяющих переменных, позволит не только установить отклонения фактического значения 

энергопотребления от запланированного, но и его причины. 

Kлючевые слова: определяющие переменные базового уровня энергопотребления, математическая 

модель энергопотребления, метод группового учета аргументов.  
 

INTRODUCTION 

According to the International Energy Agen-

cy (IEA), in the modern energy strategies of the 

EU countries, which are consumers of a consid-

erable amount of energy resources, priority is 

given to the problem of energy efficiency [1]. 

Energy Efficiency Directive 2012/27/EU [2] and 

Directive (EU) 2018/2002 [3] requires the effi-

cient use of energy in all areas. Directive (EU) 

2018/2002 [3] sets a target to improve energy 

performance by at least 32.5% by 2030. This re-

quires a reduction in primary energy consump-

tion by 26% and a reduction in final energy con-

sumption by 20% compared to 2005 levels [3]. 

Regular evaluation of progress towards energy 

efficiency targets is provided by Regulation  

2018/1999 of the European Parliament and of the 

Council [4]. The requirement of energy perfor-

mance improvement is also mandatory for dis-

trict heating systems (DHSs) and heat energy 
producers. 

Energy performance improvement requires 

the introduction of energy-saving technologies, 

the improvement the efficiency of technological 

processes and energy consumption, and the de-

velopment of the system of energy efficiency 

management. Issues of reducing energy con-

sumption in heating systems are in the field of 

view of modern research.  

Many scientific works are devoted to the 

study of improving the energy efficiency of the 

heat supply process by integration of a flue gas 

condensing unit and recovery of flue gas heat in 

boiler houses [5-8] and controlling the perfor-

mance of boilers [9, 10], the transition to reduced 

temperature graphs of supply and return water 

[11-14], optimization of heat load to minimize 

the thermal peaks [15, 16] and thermal energy 

storage technologies [17, 18]. 

The results of this research indicate that the 

implementation of the proposed approaches and 

methodologies will reduce energy resource costs 

in a heating system. However, it should be noted 

that ensuring energy performance improvement 
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of any complex technological system (CTS) and 

its facilities involves the management of energy 

consumption efficiency at all levels. The estab-

lishment of issues on energy consumption levels, 

the identification of facts of deviations from the 

set values, the reasons that caused these devia-

tions, and making management decisions are the 

main stages of such management. Creation of 

mechanisms of control and comparison of the 

results with the set energy consumption targets is 

one of the recommendations of the IEA for ener-
gy performance improvement [1]. 

 It is necessary to set the planned value of en-

ergy consumption to perform energy efficiency 

control. The energy baseline (EnB) is a planned 

value according to the Energy Management 

Standard ISO 50001. The achievable/achieved 

energy performance at the facility is determined 

in comparison with an EnB. Thus, it is necessary 

to correctly determine the EnB in order to obtain 

correct results of control of energy consumption 

efficiency and making informed decisions to im-

prove energy efficiency. The Energy Manage-

ment Standard ISO 50001 [16] states that “EnB 

must be normalized to the variables that have an 

influence on energy consumption”. EnB normal-

ization procedure involves the construction of a 

mathematical model of energy consumption of 

the technological processes, taking into account 

the relevant variables. The accuracy of the re-

sults of energy consumption efficiency control 

depend on the quality of the mathematical model 

and the degree of its integrity. Therefore, solving 

the issue of the mathematical model construc-

tion, which is used to determine the EnB at the 

facility, is an important issue. As such, it should 

take into consideration the features of the func-

tioning of the research object. Unfortunately, the 

Standards ISO 50000 [16-18] contain general 

recommendations for the construction and verifi-

cation of an EnB. However, the standard does 

not specify how to form a set of relevant varia-

bles to create an EnB for a specific facility, 

which method of structural and parametric iden-

tification of a mathematical model to choose, and 

how to choose a better structure of a mathemati-

cal model when the type of connection between 
variables is unknown. 

The answers to these questions take into con-

sideration the specifics of the facility being ana-

lyzed and are different in various research stud-

ies already carried out. For example, in [22], the 

linear regression model is used to establish the 

applied energy baseline for multiple production 

from a single raw material. The model construc-

tion is carried out for each type of product pro-

duced by plastic injection machine and the 

equivalent production method is applied. The au-

thors of [23] take into account the nature of the 

relationship between energy performance indica-

tors (EnPIs) and impact factors in order to con-

struct the energy baseline models of EnPIs of 

chemical industry facilities. The multifactor line-

ar regression model for EnB is used in the case 

of linear coupling. In the case of a nonlinear rela-

tionship, a method combining Particle Swarm 

Optimization and Gauss-Newton algorithm is 

proposed to construct a multifactor energy base-

line model. In [24], the productivity factor is 

considered as EnPI of the chiller system and 

compares the results of application of different 

machine learning methods (Linear regression, 

Lee simplified model, Multivariate polynomial 

regression, artificial neural network (ANN), 

Random forest, XGBoost) to construct a multi-

factor energy baseline model of EnPI. The max-

imal information coefficient was used to deter-

mine a measure of the strength of the linear or 

nonlinear association between EnPI and the in-

fluencing factors. In [25], ANNs are used to con-

struct the energy baseline of the chiller system, 

and 81 ANN structures are analyzed to select the 

best model. In [26], two approaches are com-

pared to determine the baseline energy consump-

tion of cogeneration plant of a CHP plant: ther-

modynamic modeling and ANNs, and ANNs are 

considered promising for assessing baseline con-

sumption in energy-intensive industry. The au-

thors of [27] compare the models constructed by 

the multilayer perceptron method and linear re-

gression to construct the EnB model. The MLP 

model is considered more reliable, especially 
when the plant is expanding capacity. 

Regarding the facilities of the DHS, the issue 

of EnB construction is widely considered for 

buildings as end heat consumers. In [28], the 

adaptive neuro-fuzzy inference system (ANFIS) 

was applied to determine the relevant variables 

of the consumer heat load model in DHSs. The 

authors of [29] consider machine learning algo-

rithms (regression trees, random forest and re-

gression support vector machines) to construct 

the energy baseline model of annual heat con-

sumption and identify the most influential tech-

nical and behavioral parameters on heat con-

sumption of final consumers in DHSs. In [30], 

the Eclat algorithm of the association rules was 

applied to select the best combination of input 

parameters of the heat load model. The authors 

compare the results of its work with the Spear-
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man parameter selection method. Eclat-Support 

Vector Regression (E-SVR) and Spearman-

Support Vector Regression (S-SVR) prediction 

models were used to determine heat load, and 
their performance was investigated. 

From the given examples, it is possible to see 

that researchers offer many different approaches 

to solving an issue of EnB definition. Each pro-

posed solution takes into account the specifics of 

energy consumption of the research object. This 

indicates that the issue of developing a mecha-

nism for determining the EnB of the DHS facili-

ties, taking into account their operation condi-

tions, requires special attention. 

It should be noted that the definition of EnB 

is the basis for identifying moments of ineffi-

cient energy consumption, as well as the reasons 

for these deviations, and making management 

decisions to further prevent such situations. 

Therefore, the EnB model should take into ac-

count the main characteristics (relevant varia-

bles) that have an influence on energy consump-

tion efficiency. At the same time, these charac-

teristics should not only have a significant im-

pact on power consumption, but also be easily 

measured or calculated based on the other easily 

measurable characteristics. In addition, these 

characteristics have to be variable as well as 

easily controlled to determine the reasons for the 

discrepancy between actual and planned energy 

consumption. Therefore, the formation of a set of 

relevant variables of EnB with the condition of 

simultaneous consideration of the materiality of 

influence of the variable on energy consumption, 

its measurability, controllability and control is 

the first issue that needs to be solved for the EnB 

determination. However, in the works of re-

searchers the main emphasis is placed on the de-

gree of influence of the factor on the energy con-

sumption process, and the issues of its controlla-
bility and control remain out of consideration. 

The construction of energy consumption 

model to normalize EnB to the relevant variables 

is the next issue. The complexity of mathemati-

cal simulation of energy consumption of any fa-

cility is due to the need to take into consideration 

many factors that have an influence on the ener-

gy consumption, information about which is con-

tained in the results of observations. Various 

methods of mathematical simulation are applied 

for simulation of the energy consumption of dif-

ferent facilities based on the experimental data, 

in particular, multifactor regression analysis [27, 

31-34], apparatus of artificial neural networks 

[25-27, 35-38], neuro-fuzzy conclusion [28, 39, 

40] and others machine learning methods [24, 

29, 30, 41]. The analysis of features of methods 

and the review of examples of their application 

allows asserting that each method has its ad-

vantages, disadvantages, and limits of applica-

tion. However, the application of these methods 

in some cases is complicated by the difficulty of 

determining the structure of relationship between 

relevant variables and energy consumption (eg, 

multifactor regression analysis) or by the small 

amount of experimental data (e.g., ANNs and 

other machine learning methods). It should be 

noted that researchers are focusing on ensuring 

the predictive capacity of models during the 

solving of the issue of mathematical modeling of 

energy consumption. However, the energy con-

sumption model should not only provide an ade-

quate definition of EnB, but also be suitable for 

solving the issues of control of energy consump-

tion efficiency. 

The purpose of the article is to improve the 

mechanism of monitoring the energy efficiency 

of CTS by developing a methodology for con-

structing the EnB, which would take into account 

the operation conditions of the facility and the 

ISO 50000 Standards requirements. It has to 

provide solutions to the following issues: the 

formation of the set of relevant variables influ-

encing the energy consumption, structural and 

parametric identification of the mathematical 

model of energy consumption to normalize the 

EnB to the relevant variables, and evaluation of 
its predictive capacity.  

The three-stage procedure for forming a set of 

relevant variables of EnB, which allows taking 

into account the importance of variables, their 

measurability, controllability and control, as well 

as the procedure for constructing a multifactor 

model of optimal structure for EnB are proposed 

to achieve the purpose. 

The developed methodology is suitable for 

determining the EnB of any CTS or its facilities. 

Its application as a part of an energy efficiency 

monitoring system, together with procedures for 

controlling energy consumption and relevant 

variables, will help not only to identify the de-

viations of actual energy consumption from the 
planned value, but also the reasons for this. 

 

METHODS OF RESEARCH 

1. Statement of the issue of energy con-

sumption simulation. Energy consumption in 

the CTS depends on the technological and tech-

nical characteristics, operation mode parameters 
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and environmental conditions. However, it is 

complicated to take into account all the factors 

and their relationships, as well as to perform a 

mathematical description of the physical rela-

tionship between factors and energy consump-

tion. Therefore, it is necessary to use mathemati-

cal simulation methods based on experimental 

data, that is, measurements of the energy con-

sumption and variables that characterize the 

technological process and its efficiency to con-

struct a mathematical model of energy consump-

tion. Simulation of the energy consumption of 

any facility to determine the EnB requires solv-

ing the following issues: the selection of relevant 

variables, the formation of a set of statistic data, 

the selection of the model structure, the evalua-
tion of model parameters and its suitability. 

2. Methodology of formation of the set of 

relevant variables of the EnB. The system un-

der study is described by a finite set of indica-

tors. Moreover, each of the indicators in its con-

tent belongs to a certain group, which character-

izes the features of energy consumption. Defin-

ing a sufficiently complete set of variables that 

have a significant influence on the energy con-

sumption of the facility, ordering a set of varia-

bles and determining enough informative rele-

vant variables of the EnB is an important stage 

of the simulation procedure.  

Formation of a set of relevant variables 

should be performed taking into consideration 

the experience of experts in this field. It is ap-

propriate to use the Delphi method [42]. This 

method allows forming a set of the most in-

formative variables (significant) by ranking them 

and testing a hypotheses about the presence of a 

certain structure of the influence of factors. The 

method also allows ensuring the objectivity of 

the opinions of experts by evaluating their con-

sistency [42]. However, the formation of the ini-

tial set of variables that should be taken into con-

sideration is key during its application. There is a 

difference of opinion on the need to enter a pa-

rameter into the questionnaire for ranking. The 

reasons for this situation are: the level of auto-

mation of statistical information collection, 

which determines the appropriate attitude of ex-

perts to the possibility of determining a certain 

parameter; the method of gaining experience of 

the expert, which is determined by the place of 

its acquisition; the type of tasks, for solving of 

which informative variables are selected. A 

three-stage procedure for forming a set of rele-

vant variables of EnB was proposed in the paper 

to solve this problem. 

Stage 1 - the formation of a set of informative 

variables. The issue of formation of the set of in-

formative variables is proposed to consider from 

positions of multicriteria selection. The princi-

ples of multicriteria ordinal classification, which 

does not require the ranking of variables, is the 

basis of this selection. It is enough to distribute 

them between several classes, ordered by the de-

gree of reflection of a certain property. A set of 

selection criteria, which are aggregated into a 

composite criterion, is the basis for selection. 

This criterion determines the degree of influence 

of the variable on the target variable. The issue is 

as follows: a set of variables, which must be at-

tributed to one of the М ordered classes 

C1,…,Cм, is specified. Each variable to be classi-

fied is characterized by a combination of scores 

by N characteristics K1,…,Kп, which have de-

tailed verbal formulations of quality gradations, 

which are ordered by the expert from more char-

acteristic to less characteristic [43, 44]. Selective 

criterion K1 characterizes the degree of influence 

on the process, criterion K2 characterizes the de-

gree of measurement and control, criterion K3 

characterizes the degree of controllability and 

variability (Figure 1). The criteria have a scale of 

scores Xi with three verbal ordinal scores 0, 1, 2, 

where 0 means the best score, 1 means middle 

score, 2 means worse score. The composite crite-

rion of the upper level characterizes the degree 

of informativeness of the variable, the gradations 

of estimates of which (high, good, middle, low, 

unsatisfactory) determine 5 ordered classes of 
solutions. 

The usage of the method of multicriteria se-

lection allows the performing of the gradation of 

variables on certain qualitative features that 

characterize its properties. This gives an oppor-

tunity to avoid differences of opinion between 

experts on the feasibility of considering the in-

fluence of the variable on the solution of the set 

issue. Structural classification gives an oppor-

tunity to convert the intuitive knowledge of ex-

perts and their verbal evaluations into quantita-

tive scores. This then allows the combining these 

scores into groups that have a specific meaning. 

A stratification scale, that is, an interval scale, in 

which each stratum contains a certain set of vari-

ables that are united by common features, was 

applied to group variables based on the scores 

obtained from experts. The variable that belongs 

to the class C1 based on the consistent classifica-

tion obtained the score 5. The variable that be-

longs to the class C2 obtained the score 4. The 

variable that belongs to the class C3 obtained the 
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score 3. The variable that belongs to the class C4 

obtained the score 2. The variable that belongs to 

the class C5 obtained the score 1. 
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Fig. 1. Scheme of multicriteria classification of variables that have an influence on the energy 

consumption efficiency. 

Then the average score B  was calculated, 

based on which the stratums were constructed: 

5th stratum: 54  B  - variables that defi-

nitely have a significant influence and require 

mandatory consideration; 

4th stratum: 43  B - variables that have a 

significant influence and are recommended for 

consideration; 

3rd stratum: 32  B  - variables that have a 

rather significant influence and can be taken into 

consideration; 

2nd stratum: 21  B  - variables that have a 

weak influence and can be ignored; 

1st stratum: 1B  - variables that have a very 

weak influence and do not require consideration. 

A set of informative variables is formed 

based on the obtained groups of variables that 

characterize the degree of their influence on the 

studied process or target characteristic. 

Stage 2 - formation of a set of essential in-

formative variables. The Delphi method was ap-

plied to the formed set of informative variables. 

Verification the consistency of expert’s scores by 

means of the concordance coefficient W and the 

significance of the concordance coefficient W 

according to the Pearson's chi-squared test, as 

well as the significance of the difference of se-

lected variables according to Student's t-test, was 

performed [42]. 

The main stages of the procedure of selection 

of significant variables that have an influence on 
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the energy consumption efficiency of the facility, 

based on expert scores are presented in Figure 2. 

The formation of sets of significant variables 

of the EnB for the selected research object is the 

result of the proposed procedure. 

Stage 3 - assessment of the degree of 

relationship between variables and selection of 

relevant variables of EnB.  

Initial field of variables

Multicriteria classification 
procedure

A structured set of informative 
variables Х(F,O)

Checking the consistency of 
experts' opinions

χ2
calc. > χ2

cr
No

Yes

Ranking of informative variables 
Х(F,O)

Checking the significance of 
differences of variables Х(F,O)

tі(х) > tcr

Yes

No

A set of significant variables 
Х(F,O)  

Fig. 2. The procedure for selecting significant 

variables that have an influence on the energy 

consumption efficiency of the facility. 

A sample pairwise correlation coefficient was 

used to estimate the relationship between 

variables. It should be noted that taking into 

account the input variables that have a small 

influence in the energy consumption model 

complicates the simulation procedure. However, 

their neglect makes it impossible to trace the 

reasons that led to inefficient energy 

consumption. Therefore, the formation of a final 

set of relevant variables of EnB involves a 

logical analysis of the relationship between 

energy consumption and variables that have an 

influence on its efficiency. 

3. Methodology of mathematical simula-

tion of energy consumption. The complexity of 

mathematical simulation of energy consumption 

of any facility is due to the need to take into con-

sideration many factors that have an influence on 

the energy consumption, information about 

which is contained in the results of observations. 

To construct the mathematical model, it is neces-

sary to determine its structure and evaluate the 

parameters, that is, to solve the issue of structural 

and parametric identification of the model by the 

sampling of experimental data. 

The choice of method for solving a specific 

practical issue is a separate and quite difficult 

task. Any facility has a unique nature of energy 

consumption and complex connections between 

energy consumption and many factors that have 

an influence on it. 

Let the value of the output variable (gas con-

sumption) be jy  and a number of input parame-

ters  jjj
i xyx ,: ,  njmi ,...,1;,...,1   that are ob-

tained by the results of п observations. Based on 

the obtained data, it is necessary to determine the 

dependency  mxxxfY ,...,, 21  that best describes 

the interconnection between the input parameters 

and the output variable. It should be noted that 

the degree of influence of factors on energy con-

sumption, model structure and mechanism of the 

relationship between the factors are unknown. In 

this case, the construction of the energy con-

sumption model should be carried out using self-

organization methods. The group method of data 

handling (GMDH) is one of the methods that 

provides a solution to the problem of construc-

tion a power consumption model in conditions of 

uncertainty. In this case, the GMDH algorithm 

does not require specifying the type of model, 

the characteristics of the relationships between 

factors, etc., and automatically performs struc-

tural-parametric identification of the mathemati-

cal model based on experimental data [45, 46]. 

Retrospective data samples of volume n for m 

relevant variables X, as well as energy consump-

tion W, are input variables of the model synthesis 

algorithm. The formation of sets of models-

candidates, each of which is optimal in a given 

class of basic functions, is the result of the algo-

rithm of a models synthesis (Figure 3). 

Verification of the adequacy of the mathe-

matical model is performed by the internal crite-

rion  A2 , the forecast error variation criteri-

on 2 , and the determination coefficient 2R [46]. 

The GMDH algorithm finds the optimal model 

in each given class of reference functions by the 

regularity criterion  B2  and the unbiasedness 

criterion 2
unbn , which are external criteria [35]. In 

order to choose the best structure of the model, it 

is necessary to perform not only the analysis of 

its adequacy, but also the assessment of the accu-

racy of the forecast  C2  [46]. The degree of 

complexity of the model structure should also be 

taken into account. For this purpose, it is expedi-
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ent to apply Schwarz's information criterion ВІС. 

That is, the selection of a better structure of the 

mathematical model of energy consumption of 

the research object involves the usage of mul-

ticriteria selection of model. In this case, the cri-

teria should not duplicate each other. 

wk

x1k

xik

...

i=1...m
k=1...n

Algorithm 
of models 
synthesis
GMDH

A set of 
models-

candidates

Criteria of 
selection 
the model 
structure

Mathematical 
model of 
energy 

consumption

Typical 
classes of 

model

Forecasted 
value of 
energy 

consumption
ŵ 

 

Fig. 3. Procedure of construction of mathematical model of energy consumption. 

 

Therefore, the choice of the best structure of 

the model involves the simultaneous considera-
tion of such conditions: 

 

 

  .minmin;max;

min;min;

22

22





CBICR

nВ unb
 (1) 

 

In this case, it is possible when one model is 

better by one criterion, and another model is bet-

ter by another criterion. Therefore, it is advisable 

to apply the morphological criterion in order to 

select the best structure of the mathematical 

model from the candidate models. The idea of 

the method is described in our previous research. 

The method provides calculating the area of a 

figure whose vertices are the normalized values 

of the criteria (1). First, an inverse value 
21 RToler   is introduced for the coefficient of 

determination. Then all the criteria are expressed 

in relation to their maximum value and are pre-

sented in the form of a figure given by vertices 

with coordinates  ii yx , . The constructed figure 

is a chart radar type (CRT), the vertices number 

of which corresponds to the number of criteria.  

The model for which the area of CRT is the 

smallest should be considered the best. Determi-

nation of the predicted value of the output varia-

ble, that is, the value of the energy baseline, is 

the result of the application of the proposed 

modeling procedure. 

 

RESULTS 

The proposed methodology was used for the 

construction of an EnB for the boiler house of 

the DHS. Fuel, electric power, and water are 

consumed for the heat production by the boiler 

house of the DHS. Fuel (gas) is the main energy 

resource consumed by the boiler house. 

1. Analysis of the factor field of factors that 

have an influence on the gas consumption ef-

ficiency at the boiler house. The fuel consump-

tion at the boiler house depends on many factors: 

the technical characteristics of the boiler, the 

characteristics of the fuel, the organization of the 

heating process, the unique needs of the boiler 

house, etc. It is also necessary to take into con-

sideration the load chart of the boiler house, 
which varies depending on the air temperature. 

The technical characteristics of the boiler in-

clude the following: boiler power; passport ener-

gy conversion efficiency (ECE) of the boiler; 

normative fuel consumption at rated load; aver-

age annual boiler load for the last year; norma-

tive coefficient that characterizes the presence 

(absence) of heat utilization equipment; the coef-

ficient of excess air in the fire-chamber of the 

boiler; lower heat of fuel combustion on which 

the boiler operates during the previous year; 

ECE of the boiler at a given load, determined by 

the results of tests for mode adjustment on this 

type of fuel; ECE of the boiler depending on op-
eration term. 

The ECE of boilers, depending on the opera-

tion term, is taken based on the results of the da-

ta of the mode characteristic or calculated taking 

into consideration the appropriate normative co-

efficient of the ECE decrease. The mode charac-

teristic is obtained during the last tests for mode 

adjustment. The normative coefficient is differ-

entiated and depends on the standard size of the 

boiler and its operation term. It characterizes the 

average static decrease of the ECE and increase 

of the fuel consumption norm by boilers of dif-

ferent designs depending on their physical aging 

during its operation process. The actual ECE of 

boilers depends on the conditions and terms of 

their operation and the types of fuel burned in 
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the boiler. It should take into consideration the 

actual ECE decrease that occurs due to equip-

ment wear, under loading of the boiler, due to 

accidents and unaccounted heat consumption. 

Utilization of flue gas heat allows increasing the 

ECE of the boiler and reduce fuel consumption 

by 1 Gcal of heat produced. Therefore, the actual 

value of the flue gas temperature also has an in-
fluence on the gas consumption efficiency. 

The efficiency of the boiler operation de-

pends on the organization of energy consumption 

mode. Therefore, it is necessary to consider indi-

cators that would reflect fuel consumption effi-

ciency. Given the irregularity of the heat load 

chart, it is necessary to take into consideration 

the value of specific fuel consumption according 

to the results of mode adjustment at maximum, 

middle and minimum boiler loads, boiler load 

coefficient at maximum, middle and minimum 

load, and boiler operation time at maximum, 
middle and minimum loads.  

Operation modes of the boiler house during 

the heating period is determined by the tempera-

ture chart of the central regulation of heating sys-

tems. This schedule is formed for the boiler 

house taking into consideration the heat load, the 

technical condition of heating systems, their op-

eration conditions, etc. It determines the temper-

ature of the coolant, which must be maintained at 

the inlet and outlet of the heating system depend-

ing on the outside air temperature. The tempera-

ture of the outside air during the heating period 

is another factor that has an influence on the 

amount of gas consumption for heat production 

in the boiler house. The dynamics of changes in 

air temperature has a significant influence on the 

dynamics of gas consumption. 

It should be noted that some factors are more 

manageable and can be easily changed in the 

process of improving the technological process. 

Other factors are less manageable, their changes 

are impossible or complicated for technical rea-

sons (for example, require equipment upgrades). 

Manageable parameters will be converted to op-

timal values due to the ensuring of efficient op-

eration mode of boilers in terms of gas consump-

tion. The variation of these parameters will de-

crease, and their variance will decrease. This will 

reduce the variance in the value of energy con-

sumption caused by the influence of these pa-

rameters. Therefore, it is impractical to take into 

consideration parameters with a low level of var-

iation in the gas consumption model to deter-

mine the EnB. It should also be considered that 

some variables are complicated to measure and 

control. Therefore, their consideration in the gas 

consumption model will complicate data collec-

tion to determine the EnB. However, there are 

other interrelated technological parameters that 
are easy to measure and control. 

2. Formation of the set of relevant varia-

bles of the EnB. The group of experts was asked 

to evaluate each variable of the initial factor field 

to form the set of informative variables that have 

an influence on the gas consumption of the boiler 

house. They used the generated selection charac-

teristics for this. A survey of experts was carried 

out using a questionnaire containing a list of var-

iables of the factor field. The experts did not 

evaluate the variables, which in their opinion 

should not be used in each issue statement. 

These variables were automatically obtained a 

score of zero points. The experts also added new 

variables that they believe should be taken into 

consideration. The average score for each varia-

ble from the initial factor field was determined 

based on the results of processing the question-

naires received from the experts. Based on this, 

the variable was added to one of the stratums ac-

cording to the degree of influence on the gas 

consumption of the boiler house. The results of 
grouping variables are given in Table 1. 

Then the Delphi method was applied, varia-

bles were rated, and the consistency of experts' 

opinions and the significance of the difference of 

selected variables were checked. The ranking re-

sults of the variables given in Table 1 that have 

an influence on the gas consumption efficiency 

of the boiler house, showed the irregularity and 

variation of their influence (Figure 4). 

Checking the consistency of expert’s opinions 

with the help of the concordance coefficient W 

confirmed the high level of connection between 

the expert’s scores (W=0,898). Evaluation of the 

significance of the concordance coefficient W by 

Pearson's chi-squared test proves not random 

agreement of expert’s opinions 

( 9,184,158 22  crcalc  ). 

The exhaust gases temperature (х1); oxygen 

content in the exhaust gases (х2); the temperature 

of water supplied to the system (х3); the tempera-

ture of water returned from the system (х4); wa-

ter consumption in the supply pipe of the heat 

supply system (х5); the water consumption for 

compensation the water losses of the heat system 

(х6); gas pressure (х7); air temperature (х8) are 

variables that have an influence on the gas con-
sumption efficiency in the boiler house. 
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Table 1 

The results of grouping variables that affect the gas consumption efficiency of the boiler house. 

Stratum The content of the stratum 
Variables that have an influence on gas con-

sumption 

Fifth 

Variables that have a significant influence 

and must be taken into consideration during 

the model construction 

temperature of the water supplied to the system;  

temperature of water returned from the system; 

air temperature; 

Fourth 

Variables that have a significant influence 

and should be taken into consideration dur-

ing the model construction 

gas pressure; water consumption for compensa-

tion the water losses of the heating system;  

exhaust gas temperature; 

Third 

Variables that have a rather significant influ-

ence and can be taken into consideration dur-

ing the model construction 

oxygen content in exhaust gases; 

water consumption in the supply pipeline of the 

heating system; 

Second 
Variables that have a weak influence and can 

be ignored during the model construction 

boiler load coefficient at a set load; boiler oper-

ation time at a set boiler load;  

actual ECE decrease; 

First 

Variables that have a very weak influence 

and should not be taken into consideration 

during the model construction 

boiler power; passport ECE of the boiler; 

ECE of the boiler at the set load; ECE of the 

boiler depending on the operation term. 
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Fig. 4. The result of ranking the variables that have an influence on the efficiency of gas consumption 

of the boiler house. 

The significance of the difference of the se-

lected factors was checked according to Student's 

t-test and it was established that the difference 

between the factors is not random. The variables 

selected by the Delphi method belong to 1-3 stra-

ta (Table 1), which contain variables that need to 

be taken into consideration in the mathematical 

model of gas consumption. Thus, the obtained 

results confirmed the results of grouping varia-

bles based on the multicriteria ordinal classifica-

tion. Therefore, the acceptance or non-

acceptance of a certain variable and the for-

mation of a set of presumably informative varia-
bles is substantiated. 

For the selected variables, the database that 

includes daily statistics of retrospective manu-

facturing indicators and actual gas consumption 

is created. These data were obtained from the 

boiler house operation mode monitoring system.  

The analysis of the results of correlation 

analysis (Table 2) allows asserting that the 

selected variables should be taken into 

consideration during construction the 

mathematical model of gas consumption of the 

boiler house. 
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Table 2 

Correlation coefficients. 

Y х1 х2 х3 х4 х5 х6 х7 х8 

1,00 0,67 0,45 0,85 - 0,81 0,54 0,33 - 0,34 - 0,68 

 

3. Construction of the mathematical model 

of gas consumption of the boiler house. A 

combinatorial GMDH algorithm was selected for 

gas consumption simulation. Simulation was 

accomplished in the software GMDH Shell DS 

3.8.3 [48]. Six classes of reference functions 

were selected in which the optimal model was 

searched (Table 3). The GMDH algorithm 

performs a model construction (estimation of its 

coefficients) on the training sample and a 

selection of the optimal structure of the model by 

checking the model on the test sample for the 

whole set of models in each class of reference 

functions. K-fold validation was selected as a 

model validation strategy [47]. A selection of 

models of optimal complexity in each class of 

reference functions is the result of the GMDH 

algorithm. These models provide a minimum of 

the internal criterion  A2 , the forecast error 

variation criterion 2 , and the maximum of the 

determination coefficient 2R  (they were 

calculated on the training sample), as well as the 

regularity criterion  B2 , the unbiasedness 

criterion 2

unbn  in the selected class of functions 

(they were calculated on the test sample). 

Schwarz's criterion ВІС was used to assess the 

complexity of the model structure. 

Table 3  

Description of classes of basic functions. 

Class Model characteristic 
Mathematical expression of the 

model 

1 linear description models i

M

i

i xaay 



1

0  

2 linear description models with interaction effect ji

M

i

M

j

iji

M

i

i xxaxaay 
 


1 11

0  

3 nonlinear description models with limitation degree р=2 
р
і

M

i

i xaay 



1

0  
4 nonlinear description models with limitation degree р=3 

5 
polynomial models with interaction effect and limitation 

degree р=2, q=2 q
і

р
і

M

i

M

j

ij
р
і

M

i

i xxaxaay 
 


1 11

0  
6 polynomial models with interaction effect and limitation 

degree р=3, q=3 

 

The accuracy of the forecast Δ2(С) (calculat-

ed on the control sample, which was not used to 

construct the model and verify its adequacy) was 

taken into account to assess the predictive capac-

ity of the model. Results are given in the Table 4. 

The analysis of the obtained results of evalua-

tion the model’s adequacy and the forecast accu-

racy (Table 4) does not give an exact answer 

about the better structure of the model. The mor-

phological criterion was applied to select better a 

model from models-candidates. For this purpose, 

the normalized values of the criteria were calcu-

lated, the coordinates of the vertices of the CRT 

were determined and the area of the formed fig-

ure was calculated (Table 5). A better structure 

of the gas consumption model was selected 

based on the analysis of the obtained results. A 

mathematical model, to which the figure with 

smaller area corresponds, is better. Linear 

description model with interaction effect (class 
№2) is better. 

4. Analysis of the results of the gas 

consumption simulation of the boiler house. 

Simulation results of the gas consumption of the 

boiler house based on the selected model for the 

winter months of the heating season are shown in 

Figure 5. A control sample was formed by 

uniformly point’s selection from the initial 

sample. The chart of the deviations of the gas 

consumption values obtained based on the 

model, from the actual values is shown in Figure 

6. Simulation results (Table 6) indicate that 

deviation does not exceed 1%. 

 

 



PROBLEMELE ENERGETICII REGIONALE 1 (53) 2022 

 79 

Table 4 

Mathematical gas consumption models and their characteristic. 

Class of 

basic 

function 

Type of model 

Characteristics of the mathematical model 

Δ2(А) Δ2(В) n2
unb δ2 R2 BIC Δ2(С) 

№1 
W = -191,75+1,31*х1+3,27*х3+ 

+10,99*х4 +11,23*х6-1,95*х7+14,56*х8 
0,00091 0,0052 0,00059 0,0011 0,9942 0,067 0,0036 

№2 

W=138,7+0,31*х1-0,15*х1*х2+ 

+15,27*х3-1,27*х3*х4+18,99*х4+ 

+11,23*х6-3,5*х5*х6 + 

+1,95*х7+2,56*х8*х3 

0,00019 0,0016 0,00021 0,00001 0,9992 0,0325 0,0021 

№3 

W=10,71+0,031*х1
2+0,27*х3

2+ 

+0,99*х4
2 +1,23*х6

2-2,25*х7
2 + 

+14,56*х8
2 

0,00093 0,0029 0,0185 0,000031 0,9992 0,094 0,0026 

№4 
W=127,71+0,17*х1

3+0,7*х3
3+ 

+1,22*х4
3-0,25*х7

3+1,56*х8
3 

0,0022 0,0043 0,00018 0,00021 0,9982 0,064 0,0048 

№5 

W=18,7+17,5*х1-2,15*х1*х2 

+19,9*х4+2,56*х8*х3+0,27*х3
2- 

-0,07*х3*х4
2+5,73*х6-3,5* *х5*х6

2+ 

+2,08*х7
2-0,12*х8

2*х4  

0,00089 0,0027 0,00058 0,000027 0,9992 0,079 0,002 

№6 

W=-28,7+21,5*х1+18,3*х3- 

-1,25*х1*х2
2+1,07*х3

2*х4+ 

+5,73*х5*х6
2+2,08*х7

2-0,12*х8
2*х4+ 

+0,5*х8
3+0,008*х8*х3

3+0,09*х3*х4
3 

0,00019 0,0099 0,00027 0,0018 0,9998 0,022 0,0077 

 

Table 5.  

Normalized values of the criteria of models adequacy. 

Class of basic function 
Adequacy criteria 

Area 
Δ2(В) n2

unb R2 BIC Δ2(С) 

№1 0,525 0,032 1 0,713 0,468 0,512  

№2 0,162 0,011 0,138 0,346 0,273 0,337 

№3 0,293 1 0,138 1 0,338 1,231  

№4 0,434 0,010 0,310 0,681 0,623 0,423 

№5 0,273 0,031 0,138 0,840 0,260 0,713 

№6 1 0,015 0,034 0,234 1 0,857 

 

 

Fig. 5. Fragment of results of gas consumption simulation. 
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Fig. 6. Fragment of deviations of modeled and actual values of gas consumption. 

 

Table 6.  

Fragment of results of gas consumption simulation. 

ID, days 86 87 88 89 5 10 15 20 25 30 35 

Actual, m3 1231,9 2000 1638,5 1648 1649 1659 1680 1488 1865 1438 1725,4 

Forecast, m3 1232,9 2009,7 1640,3 1646,6 1640,3 1650,8 1674,9 1486,3 1864,6 1440,7 1726,4 

The lower limit 

of the forecast 
1226,6 2003,4 1634,0 1640,3 1633,9 1644,5 1668,5 1479,9 1858,2 1434,4 1720,1 

The upper limit 

of the forecast 
1239,2 2016,0 1646,7 1652,9 1646,6 1657,1 1681,2 1492,6 1870,8 1447,1 1732,7 

Deviation, m3 -1,00 -9,67 -1,83 1,37 8,72 8,19 5,13 1,19 0,52 -2,72 -0,97 

Deviation, % -0,08 -0,48 -0,11 0,08 0,53 0,49 0,31 0,08 0,03 -0,19 -0,06 
 

The obtained results indicate that the selected 

model is adequate and has a low forecast error 
not exceeding 1%. 

 

CONCLUSIONS 

The energy consumption at the CTS depends 

on many factors. Forming the set of relevant var-

iables is a complex task and requires taking into 

consideration the experience of experts and anal-

ysis of the interconnections between the varia-

bles. The methodology for forming the set of rel-

evant variables that have a significant influence 

on the energy consumption efficiency is pro-

posed in this research. It involves the sequential 

application of the method of multicriteria con-

sistent classification, the Delphi method and cor-

relation analysis. The formation of an ordered set 

of informative variables is the result of applying 

the method of multicriteria consistent classifica-

tion. This gives an opportunity to avoid differ-

ences of experts' opinions on the expediency of 

considering the influence of a certain variable on 

the solution of the set issue. The application of 

the Delphi method involves checking the con-

sistency of experts' opinions and the significance 

of differences in selected variables. Correlation 

analysis provides the checking of the closeness 

of the connection between energy consumption 

and relevant variables. The application of the 

proposed methodology for the formation of a set 

of relevant variables of an EnB gives an oppor-

tunity to take into consideration not only the sig-

nificance of influence of the variable on energy 

consumption efficiency, but also the opportunity 

of measurement and control the variable for the 

detection of causes of discrepancy between actu-

al values of energy consumption and an EnB. 

The proposed methodology can be applied to 

form a set of significant variables that have an 

influence on the solution of a certain issue, tak-
ing into consideration its formulation. 

The physical description of all the intercon-

nections that determine the efficiency of energy 

consumption of the CТS is complicated. There-

fore, the determination of EnB should implement 

based on data accumulated in the operation mode 

monitoring system of the research object, as well 

as take into account the real conditions of its op-

erating and the impact of weather factors on en-

ergy consumption. 
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The use of the GMDH combinatorial algo-

rithm allowed to perform automatic structural-

parametric identification of the model on the ba-

sis of experimental data in conditions when the 

nature of the relationship between variables is 

unknown, and to form a set of candidate models. 

All models-candidates are optimal in their class 

and provide a minimum of selection criteria. 

Herewith, the complication of the model and the 

increase of the polynomial degree does not sig-

nificantly improve the simulation quality and 

forecast accuracy. Therefore, the selection of a 

better structure of model was proposed to per-

form from the standpoint of multicriteria selec-

tion, which is based on the application of criteria 

for simulation quality, forecast accuracy and 

model complexity. It is proposed to use the mor-

phological criterion for this purpose. Its applica-

tion provides the choice of a model from a set of 

candidate models in the case when the analysis 

of a set of criteria does not give an unambiguous 

answer, which of its structures is the best. This 

allowed choosing the best model structure. 

As a result of application of the proposed 

methodology for determining the energy baseline 

the multifactor mathematical model of gas con-

sumption of a boiler house was obtained. Analy-

sis of the simulation results of the gas consump-

tion of the boiler house showed that the percent 

forecasting error did not exceed 1%. Therefore, 

the constructed mathematical model has a low 

forecast error. The application of the constructed 

mathematical model is the basis for determining 

the EnB taking into consideration the planned 

values of the relevant variables for further con-

trol of the efficiency of gas consumption at the 

boiler house. Control of the relevant variables 

will allow identifying the causes of discrepancy 

between actual value of gas consumption and an 

EnB. It will allow identifying the ways to reduce 

gas consumption. 

The proposed methodology of the formation 

of the set of relevant variables and construction 

of an EnB can be applied to any facility on 

which the organization of control of energy con-
sumption efficiency is provided. 
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