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Abstract — The general idea of the methodology for the comprehensive reliability analysis of
district heating systems (DHS), developed earlier by the author of this paper, is a joint
considering and modelling of each technological processes, including fuel supply to heat
sources (HS), generation of heat energy by these HS and its distribution on district heating
network (HN). For solving this problem different methods and models are applied: statistical
testing method, Markov random processes, methods of the theory of hydraulic circuits, basic
laws of district heating and heat transfer processes, etc. In this paper the main attention is
paid to the results of the practical application of methods and models of a comprehensive
reliability analysis of DHS using the example of calculations performed for the actual DHS
scheme of the Shelekhov city (Irkutsk region, Russia). Different stages of the case study are
considered, including preparation of initial data, simulation modelling of fuel supply to HS,
modelling of the Markov random process describing operate of DHS, calculation of
post-failure modes in HN, evaluation of nodal reliability indices (RI), decomposition analysis
of reliability. Based on the analysis of calculation results some preliminary directions are
formulated to the increase of reliability for studied DHS. These data are the basis for a
comprehensive reliability synthesis (optimization) of DHS, the solution of which is the subject
of special perspective stage in development of the research.

Keywords — Comprehensive reliability analysis; decomposition of reliability; district
heating system; graph of states; Markov random process; nodal reliability indices;
statistical testing method; system of fuel supply; theory of hydraulic circuits

1. INTRODUCTION

Since the creation of the first district heating systems (DHS) based on cogeneration power
plants, back in the middle of 20th century, district heating is one of the most effective ways
to provide heat energy to urban consumers, especially for territories with a cold climate. So,
district heating in cities with a cold climate is socially and economically significant, and the
reliable and safe functioning of DHS is one of the priority conditions for the stability and
development of the economy for countries with a high share of district heating (Russia and
other countries of Eastern Europe, some countries of Northern Europe, China).

In recent years, the problem of the reliability and efficiency of the functioning of DHS has
acquired new aspects related to the technological development of these systems, in particular
the transition to so-called DHS of the 4th generation (4GDH systems) [1]-[5]. This transition
is consistent with the global trend when integrated energy systems with intelligent control are
being formed.
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Research on the reliability of DHS using mathematical methods of the theory of reliability
and probability theory began to develop in the late 1960s — early 1970s [6]. According to the
prevailing scientific and design methodology, the solution of reliability problems for DHS is
carried out separately for their subsystems: heat sources (HS) and heat network (HN) [6].

The HS of different types, technologies and capacities have a number of common features
as objects of reliability research. In most DHS, combined heat and power plants (CHP) are
applied as HS. This allows the technological scheme of any HS to be presented in the form
of separate units (components or their groups) with a specific function and parameters,
combined into unified serial and parallel structural circuits for reliability study. The degree
of aggregation of the initial scheme of HS is determined by purpose and the required detailing
of results of the reliability calculation. Methods for reliability analysis of HS can be divided
into analytical and statistical modelling methods.

Methods of the first group are mainly based on the application of models of Markov [6],
[7]-[14], Semi-Markov random processes [6], [15], [16], and other logical and probabilistic
algorithms [6], [17]-[19]. In this case, the solution of reliability problems is carried out on
HS calculated schemes with specified reliability parameters of components. A typical
methodology for reliability analysis of HS, based on the use of Markov and Semi-Markov
random processes, includes the following stages: the formation the set of possible states
corresponding to failures of different components; formation of the structure of events
associated with failures and restorations of components of the calculation scheme (usually in
the form of an oriented graph states and relations between them); solving the equations system
of the Markov random process that describes the given structure of events to determine the
probabilities of states; assessment of emergency modes parameters (consequences of
components failures); determination of RI characterizing different properties of reliability of
the studied HS.

Methods of the second group for reliability analysis of HS (statistical modelling methods)
are related to imitation algorithms which usually are based on the Monte Carlo method to
modelling of possible states of an object. Some of these methods are presented in [6], [20]—
[22]. A detailed component scheme of HS is not required for these algorithms, and the initial
information for modelling is statistical data on the failures of the studied object (or its
analogue) over a certain time period. It should be noted that the application of this approach
in practice is impossible due to the lack of the necessary array of statistical data for the
formation of a representative sample.

A comprehensive approach to the reliability analysis of HN was first proposed in 1972 [23],
in which the basic principles of calculating the reliability and redundancy of HN were
formulated. As a result of the further development of this approach a technique for analysis
the nodal reliability of HS was developed in Energy Systems Institute of Siberian Branch of
the Russian Academy of Sciences (ESI SB RAS) [6], [24]-[26]. In this technique, the methods
of the theory of hydraulic circuits (THC) [27] are used to calculate the emergency modes in
HN corresponding to failures of its components (sections or branches), and probabilities of
network states related to these failures are determined using simplified models of Markov
random process. The final assessment providing by nodal reliability indices (RI) is a
quantitative level of reliability properties of the system.

Along with the nodal approach assessing the reliability of HN, there is another concept
based on the use of integrated RI [6], [28], [29]. The integrated RI determines the quantitative
level of required functions performance or some reliability property averaged for HN as a
whole during the calculation period. This approach does not require multivariate calculations
of emergency modes in HN and it is well suited for express reliability analysis. At the same
time, only a nodal reliability analysis allows us to ensure RI decomposition with the
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identification of “bottlenecks” and the most severe failures leading to a long-term interruption
of heating to consumers.

The reliability of heat supply to consumers along with the availability and failure-free
operation of DHS operation is also determined by the uninterrupted fuel supply to HS. In this
regard, the assessment of the reliability of fuel supply to HS is an integral stage in a systematic
(comprehensive) approach to solving the problems of analysis and synthesis of the reliability
of heating to consumers. The complex of objects for production, transportation and storage
of fuel for HS is a system of fuel supply (SFS). These systems are different in type of fuel
(coal, oil, gas, etc.), structure and scale. The one of approaches to the reliability analysis of
SFS (fossil fuel supply to CHP) based on the method of statistical testing (Monte Carlo
method) is presented in [30]. In this methodology, to determine possible coal shortages for
HS caused by malfunctions of SFS functioning, the probability distributions of random
variables of fuel needs and fuel supply for a certain period of time are used. Some other issues
connected with impacting different factors (internal and external) on the irregularity and
reliability of the fuel supplying and consumption on HS are considered in [31], [32].

Along with methods of statistical modelling, techniques for the reliability analysis of
pipeline SFS (oil and gas supply) are widely applied based on combining deterministic
network models of operating modes (mainly hydraulic, with use of unified models of THC)
and models of Markov random processes for the probabilistic description of system states
[33]. As practice shows, this approach is most effective for solving the problems of reliability
for pipeline energy systems. Many aspects of reliability problems of pipeline SFS are
common with similar ones for other energy pipeline and network systems (oil, gas, electricity
etc.) [34]-[37].

As follows from the review, the existing methods for solving the reliability (analysis and
synthesis) problems of SFS, HS and HN are aimed at separate analysis and modelling of these
systems, which does not allow considering joint failures of components of these systems and
their impact on the level of emergency heating to consumers. As a result, the separation
solving of these problems leads to results that do not allow determining the actual level of
reliability of heating to consumers.

An analysis of the considered existing methodical approaches made it possible to formulate
directions for their development and improvement, substantiate the scientific and practical
significance of a comprehensive (jointed) studying of the reliability of SFS, HS and HN,
formulate problems of a comprehensive reliability analysis of DHS and its conceptual
methodological principles. To solve these problems, a methodology for the comprehensive
reliability analysis of DHS is previously developed by the authors of this article, in which the
disadvantages of separate reliability assessing of studied systems (SFS, HS and HN) are
eliminated. This methodology is presented in detail in several of the following publications
[25], [26], [38]-[40], and here it is not considered. In the framework of proposed approaches
the methodological compatibility is ensured for various calculating results of reliability of
these systems to determine the total (summary) impact of all stages of production and
distribution of thermal energy on the reliability of heating to consumers. This article presents
the results and a brief description of stages of practical (case) studies conducted applying the
developed methods for a comprehensive reliability analysis of DHS of Shelekhov city, Irkutsk
region (Russia).
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2. COMPREHENSIVE ANALYSIS OF THE DHS OF SHELEKHOV CITY, IRKUTSK
REGION (RUSSIA)

According to the methodology presented in [25], [38]—-[40], a comprehensive reliability
analysis of DHS taking into account fuel supply to HS was carried out in 5 following stages.
1. Preparation of initial data, calculation schemes.
2. Reliability analysis of SFS (fuel supply to HS).
3. Modelling of a Markov random process describing the operation of DHS.
4. Modelling of emergency modes of DHS.
5. Determining of nodal RI.
The calculations were carried out using Maple, GAMS and MS Excel software.
In the section 3 the results of a decomposition reliability analysis is presented, which allows
us to identify the impact of each of the studied subsystems on the reliability of heat supply to
consumers.

2.1. Preparation of Initial Data, Calculation Schemes

As part of the DHS of Shelekhov city, Irkutsk region, there is one centralized HS and HN
with looped circuit structures. The source is CHP-5 of energy company “Irkutskenergo” with
installed heat capacity of 512 MW (with peak electric boiler). The length of transmission
pipelines of HN is 15.7 km. The formation of the initial data for the reliability analysis for
the DHS of Shelekhov is based on the report [41]. Fig. 1(a) shows a DHS scheme of
Shelekhov on the city map. The district heat supply areas of the city are conditionally divided
into “western” and “eastern”. The “western” area includes the 1%, 3", 4% and Central districts.
The “eastern” area includes the Railway station district, from the 1st to the 11th, 18th, 20th
and 30th quarters, as well as a park zone. The heat load connected to CHP-5, taking into
account losses and constant consumption of hot water, is 193 MW, of which 59 % related to
the “eastern” area and 41 % to the “western” one. The total actual load of consumers is about
170 MW (1830 t/h).
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Fig. 1. Schemes of DHS in Shelekhov: a) general scheme on the city map; b) aggregated calculated scheme.
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The aggregated scheme of DHS in Shelekhov is presented in Fig. 1b, which was obtained
by combining several consumers into one united. This scheme consists of 41 section of the
network and 34 united consumers (further as consumers), the loads of which are presented in
Fig. 2. The load of each consumer includes two part: heating and hot water supply. Main
technical parameters of components (branches, sections) of HN (diameters and lengths) and
their reliability parameters (failure and restoration rates) are given in the Table 1. Reliability
parameters of the HN components are considered for two conditions: without and with the
emergency and restoration service (ERS) [6].

The main equipment of the CHP-5 consists of seven steam boilers BKZ-75-39FB with a
total capacity of 525 t/h (406 MW) and 3 steam turbines with backpressure R-6-35/5 with a
capacity of 6 MW each [41]. Steam pipelines in the plant have diameters from 159 to 273 mm,
and their total length is 640 m. The steam after the turbines is supplied to industrial needs,
and steam using to heat the network water is supplied directly from boilers through reduction
and cooling units (RCU). Aggregated technological scheme of CHP-5 is presented in Fig. 3
and contains next components: 42-48 — steam boiler units; 49—55 — steam pipelines from
boiler units to steam collectors; 56, 57 — steam collectors; 58—66 — steam pipelines from
collectors to RCU; 67-75 — RCU; 76—82 — network heaters; 83—89 — network pumps. Turbines
are not considered because in this scheme they do not impact on the heat energy output. The
numbering of HS components (CHP-5) begins at position “42” as continuation of the
numbering of components of HN for the formation of a jointed calculated scheme according
to the comprehensive reliability analysis.
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Fig. 2. Heat loads of united consumers of the DHS of Shelekhov  Fig. 3. Aggregated technological scheme of CHP-
city. 5 of DHS in Shelekhov city.
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Fig. 4. Scheme of DHS in Shelekhov city for the reliability analysis.

TABLE 1. TECHNICAL AND RELIABILITY PARAMETERS OF COMPONENTS (SECTIONS) OF HEAT
NETWORK OF THE AGGREGATED CALCULATED SCHEME OF DHS IN SHELEKHOV CITY

No. of Len- Dia- Failure Restoration No.of Len- Dia- Failure Restoration
section gths, meter, rate, rate, 1/h section gths, meter, rate, rate, 1/h
(Fig- 1b)  m mm 10%, without  with gl::)g m mm 10%, without  with
1/h ERS ERS 1/h ERS ERS
1 1297 720 2.59 0.047 0.071 22 60 377 0.12 0.067 0.116
2 96 529 0.19 0.056 0.091 23 100 219 0.20 0.084 0.163
3 928 529 1.86 0.056 0.091 24 154 219 0.31 0.084 0.163
4 1715 529 3.43 0.056 0.091 25 161 325 0.32 0.072 0.128
5 263 529 0.53 0.056 0.091 26 90 325 0.18 0.072 0.128
6 670 402 1.34 0.065 0.111 27 2564 325 5.13 0.072 0.128
7 658 273 1.32 0.077 0.143 28 523 325 1.05 0.072 0.128
8 718 529 1.44 0.056 0.091 29 262 325 0.52 0.072 0.128
9 338 529 0.68 0.056 0.091 30 93 325 0.19 0.072 0.128
10 450 529 0.90 0.056 0.091 31 282 283 0.56 0.076 0.140
11 346 529 0.69 0.056 0.091 32 342 317 0.68 0.072 0.130
12 517 273 1.03 0.077 0.143 33 184 325 0.37 0.072 0.128
13 115 273 0.23 0.077 0.143 34 49 325 0.10 0.072 0.128
14 125 529 0.25 0.056 0.091 35 55 325 0.11 0.072 0.128
15 142 529 0.28 0.056 0.091 36 204 325 0.41 0.072 0.128
16 203 273 0.41 0.077 0.143 37 138 325 0.28 0.072 0.128
17 174 273 0.35 0.077 0.143 38 134 256 0.27 0.079 0.149
18 246 213 0.49 0.084 0.166 39 262 219 0.52 0.084 0.163
19 70 213 0.14 0.084 0.165 40 138 159 0.28 0.092 0.192
20 235 426 0.47 0.063 0.107 41 381 133 0.76 0.097 0.209
21 204 394 0.41 0.065 0.113 Total 15700 - - - -
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The reliability parameters of components of CHP-5 are presented in Table 2 and set in
accordance with reliability properties of the equipment of the corresponding type and year of
manufacture [26]. Addition, the failure rates of HS components are determined depending on
the mean time between failures (MTBF), and also provided that each component is operated
for a much longer than running-in time period, and its reliability decreases with an increase
of operating time. Restoration rates are assumed the same for each type of equipment under
the assumption that the emergency repairing time is independent of the service life.

Based on the DHS scheme (Fig. 1b) and the HS scheme (Fig. 3), a general integrated
scheme of DHS for the probabilistic modelling of its functioning is formed, shown in Fig. 4.
The numbering of the components corresponds to the initial schemes: 1-41 — HN components
(sections), 42-89 — HS components; consumers and network nodes without load (for
connecting pipe sections) are indicated by points 1 through 38.

TABLE 2. RELIABILITY PARAMETERS OF COMPONENTS OF DISTRICT HEAT SOURCE (CHP-5)

No. of Time from the Length of Failure rate, Restoration
component  Component type beginning of operation, steam 5 ’
. s x107, 1/h rate, 1/h

(Fig. 3) thousand h pipelines, m

42 Steam boiler No.1 203.1 - 1.55 0.0251

43 Steam boiler No.2 211.1 - 1.61 0.0251

44 Steam boiler No.3 194.5 - 1.49 0.0251

45 Steam boiler No.4 216 - 1.65 0.0251

46 Steam boiler No.5 123.5 - 0.94 0.0251

47 Steam boiler No.6 103.5 - 0.79 0.0251

48 Steam boiler No.7 98.2 - 0.75 0.0251

49 Steam pipeline from 16.1 28 0.0095 0.1250
boiler No.1
Steam pipeline from

50 boiler No.2 25.1 28 0.0146 0.1250

51 Steam pipeine from 14.3 27 0.0082 0.1250
boiler No.3

52 Steam pipeline from 38.9 23 0.0187 0.1250
boiler No.4 ’ ’ '

53 Steam pipeline from 19.9 20 0.0082 0.1250
boiler No.5

54 Steam pipeline from 229 25 0.0121 0.1250
boiler No.6

55 Steam pipeline from 18.4 18 0.0071 0.1250
boiler No.7 ’ ’ '

56 Steam collector 1 57.1 82 0.0987 0.1250

57 Steam collector 2 25.3 58 0.0310 0.1250
Steam pipeline to

58 RCU-1 45.6 16 0.0153 0.1250

59 Steam pipeline to 17.3 17 0.0063 0.1250
RCU-2 ’ ’ ’
Steam pipeline to

60 RCU-3 12.5 19 0.0050 0.1250
Steam pipeline to

61 16.4 63 0.0217 0.1250

RCU-4
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Steam pipeline to
62 RCU-5 7.5 15 0.0024 0.1250
63 Steam pipeline to 24 25 0.0012 0.1250
RCU-6 : ' :
Steam pipeline to
64 RCU-7 16.6 11 0.0038 0.1250
65 Steam pipeline to 10 15 0.0031 0.1250
RCU-8 : :
Steam pipeline to
66 RCU-9 29.5 12 0.0076 0.1250
67-75 RCU (each) - - 0.53 0.0510
76-82 Network heater - - 0.05 0.0366
83-89 Network pump - - 5.1 0.0115

Information for assessing the reliability of the fuel supply to HS (CHP-5) or reliability of SFS
is presented in Table 3. It’s the designed values of the fuel needs (consumptions) and the
distributions of random values of fuel needs and fuel supply. Fuel needs are determined by the
heat load connected to HS and the necessary heat production in each calculation interval of the
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Level of supply and needs of fuel to HS, Mouth

% of the designed value

Fig. 5. Distributions of probabilities of random values of needs  Fig. 6. Range of calculated possible shortages of
and supplies of fuel. fuel on HS.

TABLE 3. DESIGNED VALUES OF THE FUEL NEEDS (CONSUMPTIONS), T F.E., AND
DISTRIBUTIONS OF RANDOM VALUES OF FUEL NEEDS AND FUEL SUPPLY

Month

Indicator Total

10 11 12 01 02 03 04 05
Fuel needs 9504 11558 14563 14042 11896 11681 8554 7481 89279
Probability Level of fuel needs and supply, % of the designed values
of deviations 94 95 96 97 98 99 100 101 102 103 104 105 106
fuel needs 0.5 0.6 09 1.7 42 10 17 20 19 14 6,0 3.0 2.0
fuel supply 1.5 20 25 4.5 9.0 19 22 19 9 4.5 2.5 2.0 1.5

The calculated intervals correspond to the months indicated in the table in numerical format
starting from the 10th (October), the total duration of the heating period is eight months — from
October to May. During this period, the total fuel consumption for heating to consumers is about
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89 thousand t of fuel equivalent (further — t f.e.). Deviations of random values of fuel needs and
supplies from the calculated level are determined based on statistical data of the actual indices of
HS operation and are presented in the form of discrete distributions in Table 3 and in Fig. 5. The
distribution of fuel supplies is even, and deviations in fuel needs are more probable in the range
of values that exceed its calculated level.

Climatic parameters for reliability analysis (outdoor temperatures, duration of the heating
period, etc.) are adopted for the conditions of Shelekhov in accordance with actual Sanitary
regulations [42]. The coefficient of thermal accumulation is taken equal to 60 h for all consumers
[6], [24]. Designed and reduced levels of heat supply to consumers correspond to the minimal
permissible values of indoor air temperature equal to 20 °C and 14 °C, respectively [6].

2.2. Reliability Analysis of SFS (Fuel Supply to HS)

Calculation of fuel needs and fuel supplies was carried out according to a simulation algorithm
using the statistical testing method described in [25], [38] and [40]. The generation of random
values of the needs and supply of fuel in each calculation interval (month) is carried out in
accordance with their distributions given in Table 3. As a modelling result, values of needs and
supply of fuel are calculated for each month during the heating period. Based on these indices, the
ranges of possible shortages of fuel are determined during the heating period, which are presented
in Table 4 and in Fig. 6. The total fuel shortage for the heating period is 2028-2953 t f. e. The
equivalent amount of thermal energy undersupply is 14.9-21.6 thousand MWh.

TABLE 4. DISTRIBUTION OF POSSIBLE SHORTAGES OF FUEL ON HS, T F.E.

Month

Range of values Total

10 11 12 01 02 03 04 05
Shortages of fuel, t f.e.
upper bound 265 415 500 575 537 374 183 103 2953
lower bound 137 299 382 445 390 235 108 32 2028
Equivalent amount of thermal energy undersupply, thousand MWh
upper bound 1.67 2.61 3.15 3.62 3.38 2.36 1.15 0.65 18.6
lower bound 0.87 1.88 241 2.80 2.46 1.48 0.68 0.20 12.8

2.3. Modelling of a Markov Random Process Describing the Operation of DHS, Considering
the Results of the Reliability Analysis of SFS

Modelling the evolution of states that describe the operating of DHS is based on the assumption
of a simplest stream of events (Poisson stream) within its subsystems — HS and HN, while
simultaneous failures of components from different subsystems are acceptable. In accordance with
this, set of states are formed considering failures of HS and HN components, as well as their
combinations (HS+HN). Along with the conditions corresponding to failures of DHS components,
the states associated with the functioning of SFS are considered. The graph of states corresponding
a considered structure of system events is shown in Fig. 7. The number of the graph component
corresponds to the number of the failed component of the considered scheme of DHS presented
in Fig. 4.
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Fig. 7. Graph of the states of DHS in Shelekhov tacking into account the functioning of SFS (i.e. states corresponding to
shortages of fuel supply to HS — 90 and 91).

States of simultaneous failure of two components of HS and HN are indicated by their numbers
with the “+” sign. States on the graph are grouped according to combinations: to the left of the
fully operational state “0” there is a subset of failure states of HN components (from 1 to 41), to
the right is a subset of failure states of HS components (from 42 to 89), their combinations are
given below — complex states of simultaneous failures of HN and HS components. The structure
of events described by the presented graph takes into account the functioning of SFS. A group of
states corresponding to the so-called imitating components (IC) with numbers 90 and 91 (Fig. 7),
failures of which correspond to fuel shortages calculating by the statistical modelling of SFS, are
integrated in the set of failures states of DHS components. Failure of each of these two IC leads
to an interruption of heat energy output from HS in accordance with the minimum and maximum
levels of fuel shortages (90-min and 91-max in Fig. 7) with intensity (rate) of transitions to these
states which are set based on one failure for the heating period, which corresponds to the
conditions for earlier assessing of fuel shortages in HS. So, the considered sates of failures of IC
are compatible with failure states of any components of HS and HN. Subsets of these states are
presented on the graph as aggregated groups corresponding to the joint failures of IC and
components of HS, HN, as well as combinations of HS+HN.

The formed structure of events is modelled by a Markov random process considering IC failure
conditions. This process is described by the corresponding system of linear stationary Kolmogorov
equations. The result of its solution are the probabilities of states corresponding to failures of DHS
components and components imitating of fuel shortages. Further, these calculation results (more
than 3000 variables) are used to determine the nodal RI.

2.4. Modelling of Emergency Modes of DHS

Determination of the levels of heat supply to consumers in different states of DHS, including
interruptions of the fuel supply to HS, it is carried out on the basis of multivariate calculations of
the flow distribution in the network using models of the THC, a detailed description of which is
given in [27]. The results of the calculation of post-emergency network modes contain a

154



Environmental and Climate Technologies

2020/ 24

significant amount of data. The ratio of the levels of heat supply to consumers in states
corresponding to failures of HS and HN components is presented in Fig. 8.
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Fig. 8. Levels of heat supply to consumers in case of failures of components of DHS subsystems (HS and HN).

On the vertical axis of this diagram, the relative level of heat supply to consumers is set in
percent (%) of the need (required) value. On the horizontal axes, numbers of DHS states
(corresponding to failures of HS and HN components) and numbers of consumers are set. The
plane of 100 % heat supply has “dips” in the field of interruptions of the required heating. It
can be seen from the figure that a large proportion of interruptions are related to failures of
HN components, while failures of HS components almost in any cases lead to interruptions
in the heat supply to consumers farthest from it (consumers 28, 34 in Fig. 1b).

2.5. Determining of Nodal RI

Assessment of the reliability of heat supply to consumers of the considered DHS is based
on the determination of two nodal RI: availability factor (K) and failure-free operation
probability (R). These indices are calculated by dependencies developed in the framework of
the methodology of a comprehensive reliability analysis of DHS [25], [38]-[40]. The results
of calculations of nodal RI are given in Table 5 and Fig. 9.

According to the applying reliability analysis technique, K is determined for the designed
(calculated) level of heat supply (at an indoor air temperature of 20 °C), and R — for a reduced
level (at an indoor air temperature of 14 °C). Additional indices were also calculated: the
average summary time for the heating period of the interruption of the designed heat supply
(that is, the temperature of the indoor air decreased below the calculated value) of consumer
(2), and the failure frequency of the reduced level of heat supply to consumer (N). All indices
are determined considering the time redundancy of consumers related to the heat
accumulating effect.
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TABLE 5. NODAL RI OF DHS IN SHELEKHOV CITY
Consumer K R Z,h N, Consumer K R Z,h N,
(Fig. 4) year (Fig. 4) 1/year
1 0.948 0.962 300 0.04 18 0.937 0.935 366 0.07
2 0.943 0.940 328 0.06 19 0.934 0.933 383 0.07
3 0.939 0.935 351 0.07 20 0.934 0.924 383 0.08
4 0.935 0.931 374 0.07 21 0.926 0.908 428 0.10
5 0.935 0.937 377 0.07 22 0.923 0.906 445 0.10
6 0.934 0.935 383 0.07 23 0.921 0.900 457 0.11
7 0.933 0.933 388 0.07 24 0914 0.893 496 0.11
8 0.932 0.937 394 0.07 25 0.907 0.886 535 0.12
9 0.932 0.937 394 0.07 26 0.900 0.879 574 0.13
10 0.931 0.941 400 0.06 27 0.894 0.872 613 0.14
11 0.931 0.941 400 0.06 28 0.887 0.866 653 0.14
12 0.938 0.933 360 0.07 29 0.913 0.910 501 0.09
13 0.938 0.932 360 0.07 30 0.906 0.900 541 0.11
14 0.941 0.935 337 0.07 31 0.899 0.891 583 0.12
15 0.942 0.929 331 0.07 32 0.892 0.882 625 0.13
16 0.949 0.946 291 0.06 33 0.884 0.873 667 0.14
17 0.947 0.944 303 0.06 34 0.877 0.864 708 0.15
1,00
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Fig. 9. Nodal RI of DHS in Shelekhov (number of consumers correspond to Fig. 3 and Fig. 6; S.L. — standard level).

As can be seen from the Table 5 and Fig. 9, the RI values differ significantly among
consumers. Consumers located far from the HS, and connected to the non-reserved (non-
circuit) part of the network, have the lowest level of reliability of both the designed and
reduced heat supply. Index K takes values in range from 0.877 (consumer 34) to 0.949
(consumer 16); and index R takes values in range from 0.864 (consumer 34) to 0.962
(consumer 1). Index Z for the most “unreliable” consumer 34 is 708 hours, and the number
of heat supply failures N is 0.15 1/year or one time in 6.8 years.
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In the requirements for reliability of heat supply to consumers, given in [6] the following
standard values of nodal RI for DHS are determined: K no less than 0.979 (or Z no more than
120 h); R not less than 0.905 (or N not more than 0.1 1/year). According to the results of the
reliability analysis of considered DHS (Table 5 and Fig. 11), the requirement for K are not
met for all consumers of the system, the requirement for R are not met for 32 % of consumers
(in Table 5, the corresponding cells are greyed out). This RI reflect the comprehensive effect
of all DHS subsystems, taking into account the fuel supply to HS (SFS functioning), on the
reliability of heat supply for each consumer.

3. DECOMPOSITION RELIABILITY ANALYSIS OF DHS IN SHELEKHOV CITY
AND DISCUSSION

Based on the result obtained, the decomposition reliability analysis is carried out, which
allows to determine the influence of each considered subsystem on the reliability of heat
supply to consumers. The decomposition assessment of reliability of heat supply to consumers
in Shelekhov is carried out in 4 stages in depend on which system it related to: 1) SFS; 2)
DHS; 3) HS; 4) HN. Modelling the functioning modes of DHS subsystems, determining of
probabilities of their implementation, and calculating RI are carried out according to the
decomposition analysis approaches described in the framework of the comprehensive
reliability analysis technique presented in [25], [38]-[40].

TABLE 6. GENERALIZED RESULTS OF COMPREHENSIVE AND DECOMPOSITION RELIABILITY
ANALYSIS OF DHS IN SHELEKHOV CITY

Increase in RI Part of
for subsystems consumers with

System Ranges of values of nodal RI relative to the a standard level
initial value, % of RL, %
K R Z,h N, 1/year K R K R
min max min max max min max min
DHS+SFS  0.877 0949 0.864 0.962 708 291 0.15 0.04 - - 0 68
SFS 0.896 0969 0.889 0985 602 179 0.12 0.02 2.1 2.6 0 88
DHS 0902 0976 0.873 0967 564 138 0.14 0.03 2.8 0.7 0 74
HS 0926 0994 0904 0987 428 36 0.1 0.01 5.1 4.6 9 56
HN 0911 0987 0.883 0983 513 75 0.12 0.02 39 22 0 53

The results of the decomposition and comprehensive reliability analysis of DHS of
Shelekhov are present in the jointed form in Table 6. Figure 10a and 10b shows the ranges of
values of K and R for DHS taking into account SFS functioning and with the separation of RI
for subsystems. The relationships of nodal RI for subsystems with respect to the level of
comprehensive assessment are shown in Fig. 10c.
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Fig. 10. Summarizing result of a comprehensive and decomposition analysis of the reliability of DHS (heat supply to
consumers) in Shelekhov: a) range of K values; b) range of R values; c) average values of the increase in nodal RI for
subsystems in relation to the level of indices of the jointed system DHS+SES.

Analysis of the presented results allows us to formulate the following conclusions about
preliminary general directions for improving the reliability of heat supply to consumers of
DHS in Shelekhov.

1. Fuel supply interruptions on HS in the considered system reduce the reliability of
designed level of heat supply to consumers to a greater extent than failures of HS and HN
components. This is confirmed by lower values of K for SFS compared with DHS (Fig.
10a,c). The range of increase in its values to the standard level is from 1 to 9.3 %. Improving
the reliability of SFS is achieved by regulating and increasing fuel reserves, providing the
system with additional sources of fuel and a more reliable system for its transportation.

2. Index K, calculated relative to HS, has the highest values, and for some consumers it
complies with the standard. For the group of jointed consumers with the highest values of this
index (consumers 1-20), achieving its standard level will require a minimal redundancy in
the HS scheme. For other consumers, HS-related K is low. To increase it, more significant
measures for increasing of functional and structural HS redundancy will be required. It is also
necessary to consider that the installed heat capacity of CHP-5 is significantly higher than the
required generation for heat supply to house-hold consumers of the city, since most of this
power covers technological loads. Therefore, there is an additional reserve for heating during
periods of low heat loads.

3. The reliability of the reduced level of heat supply to consumers, characterized by index
R, is affected to a greater extent by the failures of the DHS components (Fig. 10b,c).
Decomposition of RI is showed that HN is a less reliable subsystem (Fig. 10a,b), which
corresponds to lower RI values in comparison with HS. In this regard, one of the main
directions of increasing the reliability of DHS are related to the implementation of a set of
measures for the component and structural redundancy of HN. Such, the additional looped
network connections (bypass) in the network and duplication of some sections will provide
the required level of reduced heating to consumers in emergency modes. At the same time,
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the obtained R values for some consumers correspond to the standard ones, while additional
structural redundancy of the network will lead to a decrease in the reliability of the design
level of heating to consumers due to an increase of number of possible failures (redundancy
conflict of the 2nd type [6], [25]). Replacing the network components with more reliable ones
and increasing its restoration rates (incl. due to improvement of ERS) will increase the values
of both indices (K and R).

4. The presented results of the reliability analysis are aimed at obtaining the basis for
making further decisions on searching the optimal ratio of measures to increase the reliability
of heat supply to consumers. The rational distribution of reliability both in DHS (i.e. for
subsystems — HS and HN) and SFS, and in the ways to ensure it (functional, component,
structural redundancy, fuel reserves, energy storages, etc.) are a subject of special research of
the problems of reliability synthesis. For example, the methodology for the optimal
increase/ensuring the reliability parameters of DHS components as the one of the problems
of reliability synthesis is considered in articles [43] and [44]. Some reliability optimization
issues for the DHS with prosumers are presented in works [45]-[47].

5. Based on provided studies and calculations for actual DHS, functioning in Shelekhov,
the practical applicability of methods and models of a comprehensive analysis of the
reliability of heat supply to consumers is confirms and its successful application for solving
practical problems are demonstrated.

4. CONCLUSIONS

The problem of reliability of the functioning of DHS, or reliability of heat supply to
consumers connected to DHS, is becoming more and more relevant due to the increase in heat
loads (number of connected consumers), increase wear of equipment, as well as the
development of these systems (in particular, the transition to 4GDH system), which leads to
complication both their technological structure (different energy sources, incl. renewable
ones, prosumers, etc.) and management approaches. The reliable and safe functioning of DHS
is one of the priority conditions for the stability and development of the economy for countries
with a high part of district heating (Russia and other countries of Eastern Europe, some
countries of Northern Europe, China).

The existing methods for analysing the reliability of DHS subsystems (HS and HN), as well
as the reliability of SFS (reliability of the fuel supply to HS) were considered. Based on
analysis of this methods, directions of developing research in this area are proposed. As the
main area of research, the problem of a comprehensive reliability analysis of heat supply to
consumers and the development of methods for its solution is substantiated. In the previous
works of the author (also with co-authors), a detailed description of the methods, models and
algorithms for solve the problems of a comprehensive reliability analysis of DHS (reliability
of heat supply to consumers) is presented. Corresponding references are provided.

The main idea of a comprehensive approach to the reliability analysis of DHS is a joint
study and modelling of different technological processes and corresponding subsystems that
impact the reliability of heat supply to consumers. This approach allows to get the most valid
assessments of RI taking into account the total impact on heating reliability of the whole
process chain, including fuel supply, production, distribution and consumption of thermal
energy. On the other hand, a decomposition reliability assessment carried out on the basis of
a comprehensive reliability analysis allows us to identify the most “bottlenecks” in the
system, ensuring the basis for the most effective strategy to increase its reliability. The other
effects and advantages of a comprehensive reliability analysis of DHS are described in [38]—
[401].
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The main focus of the article is on the results of practical studies (case studies) conducted
for the existing and actual DHS in Shelekhov city (Irkutsk region, Siberia) based on the
previously developed methodology for a comprehensive reliability analysis of DHS. The main
stages of the reliability analysis are considered, including the preparation of initial data,
modelling of the fuel supply to HS based on the statistical testing method (Monte Carlo
method), probabilistic modelling of the joint operation of HS and HN based on the Markov
random process, modelling of emergency modes in the DHS based on the methods of THC,
calculation of nodal RIs.

According to the data obtained and considering the current standard requirements for RI,
the most unreliable consumer nodes of the studied system were identified. A decomposition
reliability analysis of DHS was carried out, as a result of which the levels of impact of each
of the studied subsystems (SFS, HS and HN) on the reliability of heat supply to consumers
were determined. Based on the results of a comprehensive and decomposition analysis of
reliability, preliminary general directions for increasing the reliability of heat supply to
consumers have been formulated.

The presented results of practical research are aimed at providing the basis for making
further solutions on the optimal ratio of measures to ensuring or improving the reliability of
DHS. The rational distribution of reliability both on various subsystems and redundancy
methods is a complex of problems of the synthesis (optimization) of reliability, which are the
subject of separate study in the framework of directions of this work. For example, some of
this studies are presented in [43]-[47]. The practical studies presented in the article confirm
the effectiveness and applied significance of the previously developed methods and models
of the comprehensive reliability analysis of DHS. The directions of further research are
related to the improving of this methodology and the development on its basis of a scientific
and methodological basis for a comprehensive (considering all technological processes)
synthesis of the reliability of heat supply to consumers.
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