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Abstract

Changes in the business conditions of gas industry enterprises and the regulatory framework for the creation and operation
of energy facilities require the development of the energy infrastructure of production facilities. The diversity and a
large number of existing energy facilities, as well as the use of a risk-oriented approach to the gas industry management
lead to the need to create decision support systems for the strategic development of the energy infrastructure of pro-
duction facilities on an industry-wide scale. The purpose of the study is to develop a set of mathematical models for
calculating the index of the technical condition of energy complexes of production facilities used to prepare structured
information as a part of a decision support system creation for the strategic development of the system, which will
allow us making a decision on the minimum required volume and timing of reconstruction of the energy infrastructure
of a production facility under modern conditions with restrictions on the reconstruction budget. The solution of such a
multi-criteria problem required: justification of a set of admissible solution alternatives, risk assessment when making
specific decisions, development of a system and mathematical dependencies for assessing the criterion indicators that
make up the technical condition index taking into account preferences and decision rules, as well as the rules for
calculating the weight of the assessment components in the value of the integral indicator. Based on the developed
mathematical models, an algorithm for the technical condition index determination of a single energy complex of a
production facility was formulated, which is an integral part of the generalized algorithm for applying the mathematical
support of the decision-making system for the strategic development of the energy infrastructure of gas industry
enterprises.
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Introduction

Provision of the high level of competitiveness in the context of dynamic changes in the
economic conditions of enterprises in the gas industry [1, 2] is impossible without complex business
processes improvement, including the development of optimal solutions for the development of
the energy infrastructure of production facilities?, in the context of applying a risk-oriented
approach (RBA) to manage the industry which implies framework restrictions in the various types
of programs financing.

When using familiar deterministic approaches, it is difficult to make a well-founded decision on
drawing up balanced lists of measures for complex target programs for the reconstruction and technical

1 STO Gazprom 2-2.3-141-2007. The Gazprom Energy Company. Terms and definitions.
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re-equipment of energy facilities for a set of various production facilities (PF) in the gas industry with
a large number of energy systems of various profiles. An effective means of assistance in the decision-
making process for the development of hierarchically complex production complexes is the use of
decision support systems (DSS) [3-5].

Structuring information on the technical level and condition of the analyzed energy facilities,
including using developed analysis methods [6, 7], carried out within the framework of a scientifically
based decision support system, allows us to improve the business process of making a comprehensive
decision on the strategic development of the energy infrastructure of gas industry enterprises.

DSS for the strategic development of energy infrastructure is based on mathematical support that
allows for the quantitative determination of the entire spectrum of significant indicators and criteria that
assess energy facilities at the present moment and in the future, including the use of various options for
technical solutions for their reconstruction, taking into account the provisions of the adopted Concept for
the Development of Energy Supply for Production Facilities in the Gas Industry [6].

The assessment of gas industry enterprises currently consists of assessments of individual pro-
duction facilities with the systems of power supply, heat supply, water supply and water disposal that
provide their operation, as well as industrial ventilation and air conditioning systems, which are pro-
posed to be considered [6] as single energy complexes (EC). The authors of [7, 8] propose to assess
the condition and technical level of energy complexes, as well as their compliance with specified
requirements, by determining the technical condition index (TCI). It seems relevant to develop mathe-
matical models and algorithms for the technical condition index determination of the PFEC, which
allow us to provide information support within the framework of the DSS for managing the strategic
development of the energy infrastructure, taking into account the prevention of a decrease in the level
of competitiveness of industry enterprises associated with the emergence of unjustified risks due to
the discrepancy between the technical level and condition of production facilities and the changed
requirements in the context of applying the RBA to manage the gas industry.

Methods

The functioning of the energy infrastructure of production facilities in the context of the RBA
use for the management of their development leads to the necessity to take into account a number of
risks [9, 10], among which the most significant for the energy infrastructure of the gas industry are
the following:

« market risks of the gas industry, causing a change in the quantity of production, storage, pro-
cessing, and commodity-transport work, as well as the need to diversify commercial products, which
changes the requirements for the energy infrastructure of the gas industry in terms of the nomenclature
and volumes of energy resources produced (transmitted) by energy facilities;

« environmental risks, leading to the need to compensate for damage caused to the environment
and the costs of bringing the technical solutions of the energy infrastructure of the gas industry to the
newly specified environmental requirements;

* production and technical risks associated with the growth of potential damage due to probable
failures of power equipment caused by various reasons, including increased physical wear, poor quality
performance of maintenance, current and capital repairs (M&R) of equipment, as well as errors made
by operations personnel.

The objective of the mathematical support for the TCI of the PFEC determination is to prepare
structured information for making a decision on the minimum required volume and timeframe for the
energy infrastructure reconstruction in order to provide the effective production facility work in modern
conditions with restrictions on reconstruction financing in the conditions of the RBA application.

An analysis of sources [11-13, etc.] showed that mathematical models and algorithms were cur-
rently actively and successfully used to solve a number of problems of decision support systems for
various purposes. At the same time, the literature usually provides only separate fragments of the
development of DSS [12-14], or considers general issues of their use [15-17].
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A description of the mathematical support for determining the TCI of the PFEC in the conditions
of restrictions imposed by the application of the RBA to the management of the development of the
gas industry is currently absent from the literature, so its development is required.

Mathematical support for DSS for the strategic development of the energy infrastructure
management as applied to the assessment of the TCI of EC of a single PF

A number of technological problems solved by enterprises in the gas industry determines the
composition of production facilities and the corresponding composition of energy facilities that make
it possible to solve these problems. It is necessary to assess the compliance of the following energy
complexes hierarchies with the technological problems to be solved:

* a separate production facility (integrated gas treatment unit, compressor station, gas distribution
station, etc.);

« a group of production facilities, facilities for transporting hydrocarbon raw materials or processed
products along the main gas pipelines (gas condensate field, the main gas pipeline, gas processing plant);

« a group of facilities of a separate enterprise in the gas industry and the gas industry as a whole.

The basic cell of the developed complex of mathematical models and algorithms for the decision-
making system for managing the development of the energy infrastructure of enterprises in the industry
is the mathematical support intended for the assessment of the TCI of EC of a single PF. The structure
of the EC of a separate PF is given in the article [7], their indicators are further used to determine the
characteristics of the energy complexes of PF groups.

Requirements for the developed complex of mathematical models

Taking into account the list of problems proposed for the solution [7], the following is accepted:

» mathematical models are created to determine the TCI of the EC of a typical PF for the extrac-
tion, storage, and transportation of natural gas. The energy infrastructure of unique production facilities
assessment is provided by the additional adaptation of the basic mathematical support to the condi-
tions of specific facilities;

* the assessed energy complexes at the time of creation fully complied with the requirements of
current regulatory documents and provided the production facility work without restrictions, i.e. the
TCI had a maximum value equal to one;

« the technical solutions of the systems included in the PFEC are assessed simultaneously ac-
cording to the complex criterion of technological efficiency and safety and the complex criterion of
economic efficiency [6, 18];

* the components included in the TCI of the PFEC are determined using the minimum required
amount of available initial data;

« the assessment of the values of the indicators of existing EC is carried out taking into account
their service life;

» mathematical models and the algorithm for their application help to identify critical changes in
the requirements for the energy infrastructure on the part of PF and to choose the minimum sufficient
organizational and technical solution to achieve them;

» mathematical models for determining individual components of the TCI and the TCI itself
provide comparability of the same indicators when assessing the PFEC of various types and allow for
the formation of trends in indicators when changing scenario conditions, which facilitates the adop-
tion of informed decisions when making lists of measures to develop the EC in the context of the
RBA to manage in the industry;

« trends in the values of indicators, criteria and the TCI of the PFEC are determined for the entire
period of commercial use of the energy infrastructure under consideration;

 mathematical support for assessing the TCI of the PFEC allows us to evaluate the risks from non-
compliance of existing energy infrastructure facilities with the changed requirements for providing the
production facility functioning in the new conditions, as well as to facilitate the adoption of options for
the reconstruction and new construction of energy infrastructure facilities that correspond to these risks.

Determining the value of the TCI of the PFEC for the purpose of making a decision on the need
to improve the energy complex in modern conditions (after changing the requirements for energy
supply or business conditions) is a multi-criteria task that can be represented by the following tuple [19]:
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where t — the type of task (1 — the EC development and construction, compliance with the technical
specification indicators is assessed, 2 — the EC operation, compliance with the changed requirements
for the EC during operation is assessed); X — the set of admissible alternatives for solving the EC
development problem (from complete reconstruction to improvement of a separate installation in or-
der to improve a separate criterion indicator); R — the set of criteria that make up the assessments of
the TCI EC; A — the set of scales for assessing the criteria applicable to different stages of the EC life
cycle; F — the mapping of the set of admissible alternatives on the set of risk assessments when
making specific decisions on EC development; G — the decision maker’s preference system using
preferences for different periods of the EC life cycle; D — the decision rule reflecting the DM
preference system for different PFEC.

Next, we will consider the option of supporting decision-making at the stage of the PFEC
operation.

The list of risks directly related to changes in energy supply requirements [9, 20, 21] made it
possible to determine the minimum sufficient list of assessed complex indicators of the PFEC:

« the possibility of providing a certain quantity and quality of energy resources, the quantity and
quality of water and wastewater treatment in all specified modes of the facility operation;

* an assessment of the reliability of the equipment included in the EC is associated with the
required volumes and delivery times of products of gas industry enterprises provision to consumers;

* an assessment of the environmental, structural, electrical, fire and explosion safety of energy
complexes, as well as the energy efficiency of the technological processes they implement, the
cost-effectiveness of creation and operation, is connected with the requirements provision for the PF
from the point of view of safety and efficiency of its operation.

In accordance with the adopted Concept for the Development of Energy Supply for Production
Facilities in the Gas Industry [6, 22] and current regulatory documents?, it is proposed to assess the
energy complexes of each specific production facility as follows.

1. The indicators of five systems included in the PFEC are determined according to seven com-
plex technical and economic criteria.

« Systems included in the PFEC: power supply (PSS, i = 1); heat supply (HSS, i = 2); water
supply (WSS, i = 3); water disposal (WDS, i = 4); industrial ventilation and air conditioning of in-
dustrial and administrative and household buildings and structures (IVAC, i = 5).

» Complex criteria: availability of energy resources (j = 1); quality of energy resources (j = 2);
reliability of equipment (j = 3); safety of the EC operation (j = 4); energy efficiency of functioning
(j = 5); perfection of operation of the EC (j = 6); costs of creation and operation (j = 7).

2. The technical and economic indicators, criteria and TCI for the PFEC as a whole are determined.

The description of the mathematical support for determining the TCI of the PFEC is carried out
according to the principle of “system included in the EC indicator” with the assignment of corre-
sponding indices to all values — Rj; for individual power supply systems and Rec for the PFEC as a
whole.

Mathematical models for determining the TCI of the EC of production facilities

Initial data for calculating the indicators that make up the TCI of the PFEC. The issues of modeling
individual properties of power equipment and power supply systems are considered in [22-24, etc.],
and the specifics of using models in various types of DSS are discussed in [25]. To perform calcula-
tions using the models provided in the analyzed sources, it is necessary to use a large amount of initial
data, its search requires significant labor costs, especially given the diversity of technical solutions
for existing and designed energy facilities.

In the approach under consideration, in order to reduce the time spent on collecting initial data
and developing mathematical support for a comparative assessment of the state of the PFEC, the

2 STO Gazprom 18000.1-002-2020. Identification of hazards and risk management in the field of industrial safety.
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authors [6] propose identifying the most typical combinations of technical solutions included in their
composition PSS, HSS, WSS, WDS, and IVAC with characteristic sets of power equipment.

The results of the development of mathematical models have shown the possibility of performing
comparative assessments of individual indicators and assessing the TCI of the PFEC in terms of
solving problems of managing the strategic development of the EC of gas industry enterprises using
a block of initial data available to the heads of the PF operation services without involving third-party
highly qualified specialists.

Determination of the values of complex technical and economic indicators of the systems in-
cluded in the PFEC. The main purpose of the developed mathematical models is to assess the values
of the EC indicators of specific PF to determine compliance with the changed requirements. In con-
ditions of significant uncertainty of the initial information for the entire set of equipment of energy
facilities included in the EC, the assessments are performed in comparison with the “base” (design)
state according to indirect signs that are the same for all energy facilities in the gas industry, charac-
terizing the state and technical level of technical solutions for PSS, HSS, WSS, WDS, and IVAC.

Mathematical models for the values of individual indicators assessment are divided into two
groups: those requiring calculations based on mathematical dependencies and those requiring a
compliance score based on rules.

The first group includes models for determining the following criteria: energy resource supply
Ri1, reliability of energy equipment EC Riz, and costs of creating and operating energy EC Ri7.

The criterion for supply with energy resources is determined by the ratio of the maximum
possible amount of energy resource (electric or thermal energy), supply of source water, air, discharge
and treatment of wastewater in relation to the corresponding required amount (using the example
of PSS):

Ril _ F:ipos ’

P

lreq

where P1 pos — the total maximum possible power of electric power sources for the analyzed voltage
level taking into account the maximum factor of their load and providing the specified reliability, kW;
P1 req = Pyear max — the maximum design or maximum actual electric power for the analyzed voltage
level over the previous 5 years, KW.

The criterion is determined for energy resources and working environments of the required no-
menclature: electric energy with different voltage levels of alternating and direct current; thermal
energy in the form of steam and coolant for heating and hot water supply of production, for household
needs, etc.

The criterion is calculated for the most energy-intensive operating mode of the production
facility, the most unfavorable microclimate compensation mode (for heat supply systems, IVAC),
maximum consumption of source water and purification of the maximum amount of wastewater of
all types when powered from the main and backup sources of energy resources and water, compatible
in time.

The reliability criterion of energy complex equipment Rjz is determined by analyzing the
circuit design of the power supply system. In the absence of statistical information on failures,
the reliability of the equipment is indirectly determined by the value of the relative service life
(the ratio of the actual service life Tt of the power equipment to the designated service life Th):
Ris=T¢l Th<=>1.

If the value of the equipment reliability criterion is below one, the equipment is operated within
the service life and corresponds to the design value. With an increase in the period of operation of the
power facility beyond the designated service life, the value of the relative time of its operation be-
comes bigger than one, which leads to a decrease in the meantime to failure of the least reliable
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element in accordance with the Weibull distribution® and a decrease in the reliability of the system in
relation to the design.

The value of the Rz criterion is determined for all systems included in the EC by groups of energy
and water consumers, water disposal, and wastewater treatment.

The criterion of costs for creation and operation Ri7 is determined in accordance with generally
accepted rules, including calculation of capital investments in construction (reconstruction) based on
cost estimates or estimate documentation for individual subsystems, systems, and the EC as a whole;
costs of operation of subsystems, systems, and the PFEC (purchase of fuel, energy resources and
water, payment for discharge of treated wastewater of different quality; costs of current maintenance,
current and capital repairs of maintenance, repair and overhaul; damage from failure of power
equipment),

Ri?cons—rec = CIcreation i + Z(Clreconstr.ik )7

Ri70per = Z(Coper.in )’

where Clereation i — Capital investments in creation of the system, million rub.; Clreconstr.ik — capital in-
vestments in the k-th reconstruction of the system during the life cycle (LC), million rub.; Coper.in—
costs of the regime maintenance (including costs of purchasing energy resources, fines and penalties
due to non-compliance of the EC with the requirements of regulatory documents, damage from pos-
sible failures of the EC equipment), maintenance, repair and overhaul for the n-th year of operation
of the EC during the life cycle, million rub. per year.

The difference in the calculation of the values that make up the Ri7 criterion, according to the
developed models from the generally accepted ones, is the determination of operating costs and
damage from the failure of power equipment depending on the service life of the PFEC. When the
EC is outside the designated service life, operating costs increase. The increase is determined jointly
by statistical calculation and expert methods.

The second group (with regard to the stage of testing the developed mathematical support for the
DSS) includes all other complex criteria, determined according to the following rules.

The energy resource quality criterion Ri> determines the quality compliance of all types of energy
resources Rz, generated (transmitted) by all subsystems, systems to all consumer groups. It is determined
based on measurements of energy resource parameters at the consumer input: Riz = f (Ri21, Riz, ..., Ri2i).

The operational safety criterion Ris determines the compliance of all energy facilities included in
the PFEC with the requirements of regulatory documents for the following components: structural, fire
and explosion safety, electrical safety, safety according to boiler supervision requirements, and envi-
ronmental safety. The values of the components of the safety criterion Ris are determined by safety
requirement inspection reports with division into systems and types of safety: Ris = f (Ria1, Ria2, ..., Rial).

The energy efficiency criterion of operation Ris determines the compliance of energy facilities
included in the PFEC with the requirements of regulatory documents for the following components:
specific consumption of all types of energy resources, losses of all types of energy resources during
the operation of energy facilities in all modes. The values of the components of the energy efficiency
criterion Ris| are determined based on the results of an energy survey of the EC by the composition of
the implemented automation systems for the purpose of energy saving: Ris = f (Ris1, Ris, ..., Risi).

The criterion of operational perfection Ris determines the efficiency of maintaining the power
supply system mode, performing work on maintenance, repair of equipment of all energy facilities
included in the PFEC which depend on the level of integration of the EC into the automation systems
of the facility and enterprise: Ris = f (Ris1, Ri62).

The score of conformity according to the listed criteria is established by experts on the preap-
proved rules.

8 GOST R 50779.27-2017. Statistical methods. The Weibull distribution. Data analysis.
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Compliance score rules (for example the operating safety criterion): 5 — no acts on types of se-
curity violations; 4 — not a standard on minor parameters; 3 — not a standard on essential parameters;
2 — not a standard on a number of significant couple of parameters; 1 — there is a requirement to
suspend the system.

The models given allow us to determine the values of criteria numerically of individual EC topics
in units and scores.

In the future, once sufficient statistical information has been collected on the evaluation objects,
it is intended to improve the filling of TCI components and mathematical models for their evaluation,
as well as more fully integrate the estimation models into the automated system of TCI determination
of the PFEC in order to minimize the human factor.

Providing the comparability of assessments of EC criteria of different types. It is proposed that
the values of TCI be reduced as follows:

« An interpretation is performed for each TCI indicator, determining which of the values
of a given indicator (highest or lowest) is the best in terms of the maximum TCI of EC value
provision.

» The normalization base Rjas (best values of indicators bases) is defined for evaluation
of the eponymous indicators of all systems and components of complex indicators used in

comparison:
for the case where the best value of the indicator is maximal,
R.
I’J - R—J,

bas
for the case where the best value of the indicator is minimal,
R

ro=-—2
J Rj

As a result of normalizing the value of all indicators and criteria, the interval is 0...1, the highest
value of the normalized indicator or criterion being the best EC state in terms of providing the maxi-
mum TCI value of the subsystem being assessed, system or EC for this indicator (criterion).

* The values of normalized indicators (criteria) for all evaluated PF systems are reduced into
matrices of equal dimension. In the absence of a specific type of system or subsystem within a par-
ticular EC (e.g., no water supply system in the energy complex along highway consumers or no
average voltage level in PSS, or no steam output at boiler in HSS) the corresponding elements of the
matrix are filled with the units. This excludes the impact of these indicators on the value of the inte-
grated estimate when the indicators are reduced.

* The components are grouped together to determine the complex criteria for each of the EC’s
systems and to determine the value of TCI of the PFEC. The convolution is produced using a
separable convolution with geometric averaging. This method of convolution of individual proper-
ties allows the maximum value of the integral index (criterion) to be obtained in the case of the best
combination of estimates of individual properties given their weight (significance), while the value
of the criterion given its significance is greater, the higher the weight of the criterion in the integral
evaluation [26, 27]. Properties missing for particular systems with the value of “1”” do not change
the value of the criterion, and the value of the criterion itself or TCI after convolution is within the
range 0...1.

Various methods can be used to determine the values of the weighting factors for the complex
criteria that are part of TCI of the PFEC integral indicator. The most frequently used are expert,
statistical, marginal and marginal values, as well as various cost methods [28-30].

The above-mentioned methods for determining the weight of individual indicators (criteria) have
their advantages and disadvantages. The obtained weights should allow to obtain adequate results for
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the task addressed is to form an optimal list of activities to achieve a minimum sufficient level of
individual indicators and TCI of the PFEC in conditions of minimization of evaluation costs of Tech-
nical condition index.

Within the framework of the developed mathematical support and in accordance with the ob-
tained three-level “tree of properties” of the PFEC (Fig.1) it is necessary to determine the weights of
the criteria for the three levels.

Level 3. Weighting of the individual I components within the value of the specific complex
criterion Kwji (for example, constituting the criteria of the quantity of electrical energy of PSS by the
voltage levels and types of current, or the reliability of the operation of the sources and WDS providing

Level 2. Complex indicators
s 2 - s
53 Level 1. s8_8s_| & R
g5 Systems i 2123 E‘é S ls 5 -% Z|2 8 Level 3. Components of complex indicators
g5 inEC FEREE R
S8 s958|25 = |35%5|2¢
g =5 5" | g2 | |2
o W [&]
4—@ * Rllav R11lv R1ldc.v
_2 +—— |R12| #* R12av R12lv R12dc
g +— |R13 R13av R13Iv R13dc
«| oc a—  |ri4] «#———— [Ri4const R14fs Ridel R14ecol |
g R15] «— |RiSspfcon. |Ribenlosses | Ribih.losses
+ R16 | +—— | R16reg-m R16cur-cr
+ ﬂl +— | R17const-rec | R170p
] ‘_IE - R21st R21h.fh R21h.gvs.dom
5 . «— |r2] = R22st R22hfh R22h.gvs.dom
2 5 «— |r23 R23st R23oh.gvs
kS - E & 4« |R24| #———— |R24const R24fire R24el R24ecol R24ecol |
é % R25| +=—— | R25sp.fuel R25sp.e R25f.losses R25sp.w
§ « R26 | +—— |R26reg-m R26cur-cr
> < [R27 | #— [R27cons-rec | R270p
(<}
é «[Rr31] « R3fire R31pr R3Ldom
E . 4+—— |R32| =« R32fire R32pr R32dom
S S 4+ |R33 R33ist.wtf R33fire R33pr.dom
= «| 3g . R34| +——— |R34const R34fire R34el R34el |
8 £ R35|] #— — |R35sp.e R35en.losses
§ = + R36| +—— |R36reg-m R36crr-cr
s < [R37] < [R37cons-rec | R370p
Ny
s <« [Ra1] < RALstr RALFF R41dom
£ 3 +— [Raz] = RAZStr RA2AF R42dom
S s «— |R43 R43sps R43stf
5 «| 5§ < R44| Ré4const R44fire Rédel | Ra4ecol |
= = R45| «——— | R45sp.e R45w.losses
e = - R46 | #—— | R46reg-m R46cur-cr
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Fig.1. “The tree of properties” for the assessment of energy complexes of production facility

av/ Iv/dc.v —average / low voltage / direct current voltage; st/ h.pr / h.gvs.dom — steam (st) / heat for production heating
and ventilation / hot water supply for domestic use; fire / pr / dom — firefighting / production / domestic water supply;
str / pr/ dom — water disposal of stormwater / production / domestic runoffs; pr / dom — production / domestic ventilation and air conditioning;
stf / wtf / sps — sewage treatment facilities / water treatment facilities / sewage pump stations; const/ fire / el / ecol / boil — construction safety /
fire-explosion / ecological safety / electrical safety / boiler safety inspection; sp.fuel / sp.e / sp.h / sp.w — specific fuel consumption,
specific energy, heat, water; losses. el / h / w — electrical energy losses / heat losses / water losses; mt / cr-cp — maintenance /
current and capital repairs; cons-rec / op — construction and reconstruction / operation
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water supply systems for fire-fighting or production and household needs). The weight of the indi-
vidual components of Kwaji can be determined by experts. The expert group consists of six or more
highly qualified experts with the highest level of knowledge about the subject of assessment and a
high degree of adaptation to sources of information [29, 31, 32].

The assessment carried out in the framework of the testing of the developed mathematical
support showed that the significance of the components within the complex criterion is usually deter-
mined by experts as equal. Therefore, at this stage the components of the complex criteria are taken
into consideration with equal weight:

K /1,

wijl — j
where lj — the number of components in j-th complex; the sum of the weights of the components of
the complex in this case is 1.

Level 2. Weight of the integrated criteria in the TCI integral indicator of the upstream system
within the EC and the TCI of the energy complex as a whole. Determining the weightiness of criteria
within TCI requires a panel, as it involves taking into account changes in the business environment
of gas enterprises or other difficult to formalize information. This assessment is carried out at the rate
of change in the conditions of operation (for example, once a year before the formation of targeted
integrated energy development programs), its results Kwyj are applied in the assessment of EC indi-
cators of all types. The experts with the highest qualification for each j-th complex criterion give the
score from 1 to 10.

The convergence of estimates within the expert group is determined by mathematical statistics
by calculating the correlation coefficient [26]:

_12c
m?(n®*-n)’

where C — the sum of the squares of the deviations of the scores for each assessment parameter from
the average score; m — the number of experts; n — the number of assessment parameters.

For concordance factors of more than 0.5, the convergence of views of experts is considered
sufficient and reassessment rounds are used to increase it after further increase of the expert’s level
awareness [29].

Once sufficient convergence of expert opinion has been obtained, the value of the points awarded
shall be normalized using rule 4. The maximum score awarded for all seven criteria is taken as the
base value.

Level 1. Weighting of individual systems (PSS, HSS, WSS, WDS, IVAC) Kwi as a part of the in-
category indicator of TCI of EC. The weights of this type can be determined by expert assessments [33].
For this purpose, the use of a ranking method based on an analysis of the number and importance of
links between individual systems in the EC structure according to the type of production facility by
the Fishburn method [34-36] is preferred.

The composition of systems, subsystems and linkage structure in the PFEC are defined by the
regulatory regulations of the gas industry and correspond to the type of production facility, their sig-
nificance being proposed to determine a comparative estimate of the damage that may occur in time
failure of the equipment of each system using the following method of calibration: 1 — no damage
(information link); 2 — system failure leads to a failure of one EC system and does not lead to the
termination of the process at PFEC; 3 — system failure leads to a total EC failure and disruption of
the production facility process.

The total weight of an individual system is determined by multiplying the number of its links
with other EC systems by the damage assessment score in the event of its failure. The weight assess-
ment is normalized using rule 4. The sum of the weights obtained from all five systems is taken as
the base value.
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Determination of complex criteria and integral indicator of TCI EC of production facility. Com-
bining the components of the individual complex criteria and the complex criteria within the individual
PFEC systems is carried out with expressions

1j
_ lel.
Rij_l |rijl 5
1

i
— le'
R = RTCTiHrij Y
1

where rij —the normalized value of the I-th component of the j-th complex criterion for the i-th system
of the PFEC,; rij — the normalized value of the j-th complex criterion for the i-th system of the PFEC;
Kwiji, Kwij the weighting coefficients of individual I-th components of the j-th complex criterion of a
specific type and the j-th complex indicator itself in the TCI of the system included in the PFEC.

Convolution of complex criteria of individual systems of the PFEC into the TClI integral indicator
of the PFEC is carried out according to the expression

TCly =R =[],
1

where r, —the normalized value of the complex criterion for the i-th system of the PFEC; Kwai — the

weight coefficient (significance) of the i-th system in the PFEC.

As a result of applying a comprehensive assessment taking into account the “tree of properties” and
the weight of individual components in the comprehensive criteria and integral indicator, a ranking-expert
function was obtained that allows determining the deviation of the value of the TCI of a specific
object from the maximum achievable value with the possibility of identifying the direction, which
has the greatest impact on improving the value of the energy complex of TCI.

Algorithm for applying mathematical models for determining the TCI of a single EC in the DSS.
Based on the proposed set of mathematical models, an algorithm for preparing information for con-
structing trends in criterion indicators and the TCI of individual systems and EC for the analyzed
period has been developed (Fig.2). The duration of the period is selected differently (for example,
it can correspond to the designated service life of a specific type power equipment).

Comparison of calculated and required values of criteria at the present stage allows us to identify
discrepancies in all parameters significant for power equipment with indication of the discrepancy
value and the period of occurrence of critical discrepancy. The values of critical discrepancies of EC
parameters are connected with the existence of industrial, technical and environmental risks. Risks are
expressed in monetary terms (for example, the impossibility of completing a production task in full
and the associated damage, costs for equipment failures, fines and penalties, and the purchase of
additional energy resources).

Elimination of the discrepancy between the parameters of the EC is connected with its recon-
struction. For a specific type of production facility, from the general list containing 69 promising
technical solutions for improving energy facilities, set out in the Concept of Development of Energy
Supply [6], technical solutions are selected that allow us to improve that part of the energy supply
requirements that does not correspond to the new conditions.

For each of the selected options for technical solutions, the criterion indicators of the recon-
structed energy complex, the reconstruction costs with possible time scenarios for its implementation
are determined, the corresponding trends are built for the entire analyzed period and recommenda-
tions are formed for bringing the EC indicators to the minimum sufficient level of requirements.

Analysis of the calculated trends of the TCI and its components allows us to determine appro-
priate directions and a set of measures to achieve the required level of the TCI and individual com-
ponents in each specific period of the life cycle of a production facility.
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Fig.2. An enlarged algorithm for the application of the complex of mathematical models (MM)
for the TCI determination of a single EC

As an example, in Fig.3 the results of calculation of TCI components are given, carried out using
the models developed under conditions: increase of the load on PSS by 20 % during the fifth year of
implementation of the Development Program, caused by the increase of natural gas supply to the
consumer, and to increase the energy efficiency requirements of EC equipment by 20 % in the tenth
year connected with the introduction of new regulatory instruments.

Trends in TCI components showed the following:

« the reliability of EC equipment is lower than required (0.95 rel. units) from the first year;

« the energy supply becomes lower than required (1.2 rel. units), starting from the fifth year;

« the energy efficiency of the power plant becomes lower than required (4 rel. units) from the
tenth year.
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Fig.3. Characteristic of TCI and EC indicators of the compressor station

The total costs of the EC operation as a cumulative total (taking into account potential damage
from equipment failures and risks of non-delivery of marketable products) begin to exceed the amount
of capital investment in the creation of the EC (project) in the ninth year of the Development Program
implementation.

Results

The developed set of mathematical models and algorithm is the basis for a decision support sys-
tem on the strategic development of energy infrastructure as a part of methodology of energy facilities
development management in the gas industry.

The mathematical support allows us to numerically determine the integral TCI indicator of
existing energy complexes and its components over the entire life cycle of the PF, as well as to assess
the change in the components of TCI for cases of implementation of various options of power plants
production facilities reconstruction.

The set of mathematical models and algorithm of their application take into account the features
imposed by the operating conditions of existing PF under the limitations introduced by the use of PF
in the management of development of gas industry enterprises.

Conclusion

Significant changes in operating conditions and the application of RBA in the gas industry
management require the creation of a decision support system for the strategic development of the
energy infrastructure of PF, which is based on a set of mathematical models for the determination of
the technical state (condition) index of a single energy complex.

Determination of the TCI PFEC value for the purpose of making a decision on the necessity to
improve the energy complex under modern conditions is a multi-criteria task, its solution is proposed
to be done using a tuple that takes into account: the type of task, acceptable alternatives for its solution
considering a variety of risk assessments when making specific decisions, criteria that make up the
TCI assessment taking into account the system of preferences and the decision makers rules.

The study defines goals, objectives, and mathematical relationships of the EC of TCI for the
preparation of structured information when deciding on the minimum amount and time required for
the energy infrastructure reconstruction in modern conditions with restrictions on financing of recon-
struction in the context of the application of the RBA were determined.
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The mathematical models for identifying the individual components of TCI in the approach pro-
posed involve the use of an input block available to managers of the operation services.

In the proposed approach to the assessment of TCI, the EC has developed a combined expert-
analytical way to determine the weight of individual components of complex criteria indicators, the
significance of the criteria themselves, determining the TCI for individual power supply systems, and
the weights of individual power supply systems in the energy complex.

The developed augmented algorithm of mathematical models for determining the TCI of
a single EC assumes that the existing EC or PFECs, after reconstruction, meet the new requirements
over the whole analyzed period, assessment of the risks from the mismatch of EC indicators
with new requirements, as well as a set of tools for constructing trends in indicators and corre-
sponding reconstruction costs and risk profiles to make an informed decision on the strategic de-
velopment of PFEC.

In the future, it is advisable to continue research towards the definition of TCI of EC group of
production facilities, formation of requirements for energy complexes on the basis of information
about changes in the management conditions of enterprises of the gas industry.
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