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Abstract—For estimating the reliability of existing and newly developed circuit diagrams of heat networks, a spe-
cial procedure is applied. By applying this procedure, which uses such input data as the length and operation
time of pipeline segments, it is possible to determine the availability factors and probabilities of failure-free oper-
ation for a heat network. The aims of this study are to reveal and consider additional factors in determining the
failure rate of heat network pipelines and to develop a new procedure for calculating indicators characterizing
the reliability of heat supply to consumers. The failure rate of heat network elements depends, apart from the
time they have been in operation, on the pipeline wall residual thickness, corrosion activity of soil, pipeline
material, failure of a pipeline batch, other (previous) bursts in the considered segment, conduit flooding (flood-
ing traces), and intersections with other utility lines. Additional factors significantly influencing the heat supply
reliability, which, however, have not been included in the currently used procedure, are revealed, and an algo-
rithm for calculating the heat network reliability is developed. The influence of the additional factors on the reli-
ability of heat network operation is evaluated proceeding from the field data presented by regional heat supply
companies. The influence of additional factors is taken into account in elaborating the new procedure and algo-
rithm for calculating the heat supply’s reliability indicators. The results from numerical and experimental inves-
tigations confirmed the possibility of using the obtained functional dependencies for elaborating a procedure of
calculating heat network’s reliability taking external factors into account.
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According to the Russian Federation’s Federal
Law “About Heat Supply” [1], the main principle of
the state policy in the field of heat supply is “assurance
of heat supply reliability in accordance with the rele-
vant technical regulations.” The regulatory and legis-
lative acts developed within the framework of fulfilling
the law’s requirements rest on the heat supply’s reli-
ability assessment procedures [2–4]. The shortcoming
of the procedure set out in [2] is that it does not yield
a quantitative reliability indicator value. The reliability
indicator established in [3] is defined as the number of
heat supply interruptions connected with abnormali-
ties in the operation of heat supply sources and heat
networks. This indicator is rather subjective in nature
and may vary over a wide range for several years.

To determine the reliability of heat supply circuit
diagrams in designing them, the procedure outlined in
[4] is applied, which uses the failure rate and mean
time to restore the serviceability of heat supply mains
and equipment as input data. The actual reliability
level of a considered heat supply system must be esti-
mated by processing statistical data on the failures of
its components. In accordance with [5], to make sure

that statistical samples had the necessary uniformity,
completeness, and significance, the collection of
input data in line with the form recommended in [6]
should be set up in each system.

If statistical data are not used, the heat supply
mains' failure rate λ is calculated, taking the mains'
operation time into account using the Weibull distri-
bution equation [7] with the initial failure rate of
1 km of a single-line heat supply main’s λin, which is
equal to 5.7 × 10–6 1/(km h) or 0.05 1/(km year) [8]
and corresponds to the normal operation time of a
new heat supply main after its breaking-in period.
The mean failure rate of shutoff and control valves
(e.g., a gate valve) is taken as equal to 2.28 × 10–7 1/h
or 0.002 1/year [8].

For the heat supply schemes of cities and municipal
districts with a total number of inhabitants of more
than 100000 people, the reliability indicators are cal-
culated for nodes with generalized consumers. In this
case, the coefficient corresponding to the representa-
tive building categories or buildings with the worst
thermal stability in the considered node is taken as the
building’s heat storage coefficient.
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By using the developed procedure [4, 9], it is possi-
ble to calculate the availability factors and probabilities
of heat network failure-free operation proceeding from
information on the length and operation time of pipe-
line segments in a system. However, this procedure does
not take into account some factors that directly affect
the reliability of a heat network’s operation.

In [10–12], a procedure for comprehensively ana-
lyzing the reliability of heat supply to consumers and
for determining the heat supply system’s optimal reli-
ability parameters is presented. It is pointed out that
the external factors influencing the heat supply’s reli-
ability depend on a multitude of conditions that are
not connected with the parameters of system compo-
nents, structure, and properties [10]. By using the
mathematical model developed by the authors, it is
possible carry out the design analysis of a heat supply
system taking into account the effect of internal and
external factors. In so doing, the climatic conditions
(drop of outdoor air temperature below its design
value) are taken as external factors.

It should be pointed out that the heat supply’s reli-
ability depends on a broader list of external conditions.
The practical significance of reliability indicators con-
sists not only in estimating the reliability of the existing
heat supply system but also in developing a tool for
long-term scheduling of programs for carrying out
overhaul, refurbishment, and modernization of the
heat supply system’s components. The need for ana-
lyzing the reliability of particularly heat networks is
corroborated by the complexity of determining—both
visually and with the use of instruments—the condi-
tion of underground pipelines. An analysis that is
based only on information about pipeline failures and
lifecycles does not allow the long-term reliability
scheduling problem to be solved to a full extent.

The aims of this study are to reveal and take into
account additional factors in determining the failure
rate of heat network pipelines and to develop a new
procedure for calculating indicators characterizing the
reliability of heat supply to consumers. This aim is
reached by solving the following tasks:

(1) determining the additional factors having an
essential effect on the reliability of heat supply to con-
sumers, which, however, have not been included in the
approved procedure and algorithm for calculating the
reliability of heat networks;

(2) estimating the effect of additional factors on the
reliability of heat network operation based on the field
data obtained from regional heat supply companies;

(3) taking into account the influence of additional
factors in elaborating a new procedure and algorithm
for calculating the indicators characterizing the reli-
ability of heat supply to consumers; and

(4) developing a computer program for calculating
the indicators characterizing the reliability of heat
supply to consumers using the new calculation proce-
dure and algorithm.
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DETERMINATION OF ADDITIONAL 
FACTORS INFLUENCING THE FAILURE 

RATE OF HEAT NETWORK COMPONENTS
Application of the procedure set out in [4] makes it

possible to calculate the heat network’s availability
factors and probabilities of its failure-free operation
proceeding from information on the lengths and oper-
ation times of system pipeline segments. However, this
procedure does not take into account some factors
directly affecting the reliability of the heat network’s
operation.

In this article, we assumed that the following fac-
tors (parameters) influence the failure rate of heat net-
work components apart from their operation time: the
pipeline wall residual thickness (K1), other (previous)
bursts in a segment (K2), soil corrosiveness (K3), con-
duit f looding (f looding traces) (K4), and intersections
with utility lines (K5). The influence of these factors
on the reliability of the heat supply to consumers was
estimated in [13].

For solving the question about including some or
other factors in the new procedure and algorithm for
calculating the reliability indicators of heat supply to
consumers, we analyzed the entire amount of statisti-
cal data accumulated by heat supply companies about
the bursts that occurred in different segments of the
heat network in the city of Kazan [14]. Heat network
failures caused by external mechanical impacts (bursts
caused by collision with motor vehicles, and breaks of
conduit cover plates) were excluded from the analysis,
because such factors cannot be predicted statistically.

The information about bursts was grouped subject to
the availability of some or other factors (totality of fac-
tors). The material of which the pipelines are made was
not taken into account, because information about the
bursts of steel pipelines has by now been accumulated.
Modern structural materials began to be used in con-
structing heat networks relatively not long ago; there-
fore, statistical information about bursts in segments
containing polymeric pipelines is not available.

During the analysis of data, a correlation between
the pipeline segment operation time τ and the number
of its failed pipeline batches n (an additional parame-
ter) was established:

τ, years n, %
More than 29 85

28 85
24 75
19 75
17 60
16 50
14 50
8 10
6 5
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Since the segment operation time is the main
parameter in calculating the failure rate of heat net-
work components, we had to do away with this addi-
tional parameter. The number of factors affecting the
heat network reliability is limited to the actual data on
damages at heat supply companies.

ASSESSING THE INFLUENCE
OF ADDITIONAL FACTORS ON THE FAILURE 

RATE OF HEAT NETWORK COMPONENTS
According to the procedure presented in [4, 9], the

failure rate of heat network components, 1/(km h), is
calculated from the formula

(1)
where α is the coefficient that takes into account the
pipeline segment operation time,

(2)

For taking into account the factors recommended
in [8], the existing procedure was supplemented with
the coefficient considering the additional parameters

(3)
The failure rate of heat network components taking

into account Ki was calculated from the formula

(4)
where

(5)
To estimate the influence of each coefficient in (5),

the values of Ki were calculated from the formula

(6)

where  is the coefficient that takes into account the
specific features related to assembling and operation
of the segment.

The failure rate of each (ith) faulty segment was
calculated from the formula

(7)

where Li is the length of segment pipelines, km.
After that, the coefficient  was determined using

the expression obtained by transforming formula (4)

(8)

Having the values of the Ki coefficient calculated in
advance, it is possible to estimate the influence of
additional factors on the failure rate of heat network
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segments. The influence of one or another parameter
was estimated by groups of failures united by a com-
mon factor (a group of factors).

At the first stage, we analyzed a selected group of
failures united by a single parameter, namely, the resid-
ual pipeline wall thickness δres or the wall thinning K1.
The wall thinning was calculated from the formula

(9)

where δ is the initial pipeline wall thickness.
The numerical figures given below show the com-

parison between the wall thinning and the experimen-
tally obtained value of the coefficient Ki:

The dependence of the coefficient Ki that takes into
account additional factors on the pipeline wall thin-
ning is shown in Fig. 1a and can be represented by the
equation

(10)
Since all remaining cases of the heat network’s

component failures include the parameter K1, the
influence of the other parameters is only determined
by the slope of linear dependence (10).

At the next stage, we analyzed the selected group of
failures including two additional factors, namely, the
thinning of pipeline wall metal (K1) and soil corrosive-
ness (K3):

In the overall amount of statistical information, we
revealed a single case of segment failure that occurred
as a result of a combination of three parameters (K1, K2
and K3), for which Ki = 1.13. The functional depen-
dence of the coefficient Ki on the parameters K1 and K3
is shown in Fig. 1b and is expressed by the formula

(11)

K1, % Ki

11.1 1.02
12.5 1.05
20.0 1.08
27.5 1.13
34.3 1.20
40.0 1.23
52.5 1.29
54.3 1.33
62.5 1.37

K1, % Ki

24.7 1.13
25.0 1.15
37.5 1.19
60.0 1.37

δ = − δ 
res

1 1 100%,K

10.00673 0.954.iK K= +

10.00664 0.964.iK K= +
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Fig. 1. Influence of additional parameters on the coefficient for accounting them. Additional parameters: (a) K1; (b) K1, K3;
(c) K1, K4; (d) K1, K5; (e) K1–K5. 
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The selection of failures is given below, including
the pipeline wall thinning (K1) and conduit f looding
(flooding traces) (K4):

The functional dependence of the coefficient Ki on
the parameters K1 and K4 is shown in Fig. 1c and is
represented by the formula

(12)

K1, % Ki

8.9 0.95
11.1 1.01
13.3 1.05
16.5 1.04
17.5 1.04
22.5 1.06
32.5 1.10
40.0 1.13
42.5 1.17

10.00494 0.949.iK K= +
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The next selection includes the pipeline wall thinning
(K1) and pipeline intersection with utility lines (K5):

The functional dependence of the coefficient Ki on
the parameters K1 and K5 (Fig. 1d) is given by

(13)

In the final selection of failures, we included five
factors at once: the pipeline wall thinning (K1), the
other (previous) bursts in the segment (K2), the soil
corrosiveness (K3), the conduit f looding (f looding

K1, % Ki

15.6 1.05
30.0 1.19
35.0 1.22
47.5 1.26
62.9 1.37

10.00641 0.973.iK K= +
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Fig. 2. General functional dependence on all cases of a heat network’s segments’ failures.

0.9

1.0

1.1

1.2

1.3

5 10 15 20 25 30 35 40 45 50 55 60

Ki

K1

Fig. 3. (1) Theoretical and (2) experimental values of the additional parameters’ accounting coefficient.
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traces) (K4), and pipeline intersection with utility

lines (K5):

The functional dependence of the coefficient Ki on

the parameters K1, K2, K3, K4, and K5 is shown in Fig. 1e

and can be represented by the equation

(14)

The remaining single cases of a heat network’s
segments’ failures (e.g., the combinations K1–K2,

K1–K3–K5, etc.), which were not included in one or

another selection, were taken into account by the gen-
eral functional dependence constructed from all
experimental values of the coefficient Ki (Fig. 2)

(15)

K1, % Ki

7.5 0.94

11.1 1.01

35.0 1.13

53.3 1.24

62.5 1.36

10.00689 0.905.iK K= +

10.00704 0.918.iK K= +
Based on functional dependences (10)–(15), we
calculated the theoretical values of the coefficient Ki
presented in [13].

For comparison, Fig. 3 shows the theoretical and
experimental values of the coefficient Ki that takes into

account additional parameters. As is seen from the
graph, the theoretical parameters deviate from the
experimental data by no more than 1.13%. As an
example illustrating the procedure for calculating the
experimental and theoretical values of the coefficients
Ki, Table 1 gives the statistical data on damages in heat

networks and the calculation results.

CONCLUSIONS

(1) It has been established, based on the analysis of
factors influencing the failure rate of heat network
pipelines, that there are factors which, although hav-
ing not been included in the existing evaluation proce-
dure, still have an essential effect on heat supply reli-
ability: the pipeline wall thickness, bursts in the heat
network segment, soil corrosiveness, conduit f lood-
ing, and intersection with utility lines.

(2) Comparison between the experimental data
and results of determining the heat network reliability
according to the developed calculation procedure and
algorithm taking into account the influencing factors
THERMAL ENGINEERING  Vol. 66  No. 10  2019



ANALYSIS OF ADDITIONAL FACTORS IN DETERMINING 735

Table 1. Data on steel pipeline bursts in the heat network segments in the city of Kazan commissioned before 1989
and the calculated values of the coefficient for taking into account additional parameters

d is the pipeline diameter; τrep is the burst repair time; ΔKi is the deviation of the theoretical value from the experimental one; Δε is the error
of the Ki calculation procedure.

Parameter
Segment number

1 2 3

L, m 85 190 90

d, mm 50 100 100

τrep, h:min 0:40 7:10 0:50

δ, mm 3.5 4.0 4.0

δres, mm 2.3 3.3 2.8

Wall thinning, % 34.3 17.5 30.0

Other bursts Now

Soil corrosiveness Low

Flooding No Yes No

Intersection with utility lines No No Yes

Additional parameters considered in the analysis:

K1 + + +

K2 – – –

K3 – – –

K4 – + –

K5 – – +

λ, 1/(km h) 4.974 × 10–5 2.225 × 10–5 4.698 × 10–5

α 1.66 1.41 1.64

Ki:

experimental 1.185 1.035 1.166

theoretical 1.198 1.039 1.188

ΔKi 0.013 0.003 0.022

Δε, % 1.128 0.329 1.871
coefficient has confirmed the adequacy of the pro-
posed procedure.
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