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Abstract. The paper is devoted to the search for critical combinations of gas industry objects from
the standpoint of system operability. Critically important is the object partial or complete failure
which can cause significant damage to the country from the fuel and energy complex in general or
within the framework of a separate energy system. It is possible to failure of a critical and other
object of the system. The paper presents the main major critical combinations of gas industry
objects. Their significance and impact on the efficiency of the gas industry in Russia is shown.
Conclusions are made about the expediency of searching for critical combinations of gas industry

objects from the standpoint of system operability.

1 Introduction

One of the main aspects of ensuring energy security is
the creation of conditions for the greatest possible degree
of satisfaction of consumers with energy resources in
emergency situations [1]. The study of this aspect of
energy security requires the identification of critical
objects for the fuel and energy complex in general and
for individual energy systems. Critically important from
the standpoint of energy security, it is necessary to
consider an object whose partial or complete failure can
cause significant damage to the country from the fuel
and energy complex due to shortages to consumers of
the necessary fuel and energy resources.

The increase in the number of major accidents in
energy systems in recent years is due to the significant
wear and tear of fixed assets, and the lack of significant
financial investment in their reconstruction. Large-scale
accidents in energy systems caused by the failure of
various critical objects entail significant, sometimes
irreparable, damage to consumers in the form of large
short-term deliveries of final types of energy.

Current calculations show that in case of accidents at
the major intersections of main gas pipelines, consumers
of final types of energy resources in the regions will
suffer significantly because of their deficiencies. In some
cases, such deficits can amount to 30-50% of their need
for certain periods of the year that are tense for
consumption of energy resources. Along with the
intersections of the main gas pipelines, potentially large-
scale nodal compressor stations, as well as linear
sections of separate main gas transmission corridors,
may be potentially dangerous for the operation of the
system. From all this list of potentially dangerous
facilities for the functioning of the system, the most
significant, that is, critically important objects are
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currently being identified, followed by the development
of measures aimed at improving the reliability of these
objects to maintain uninterrupted fuel and energy supply
to consumers.

Previously, a number of studies were conducted on
the identification of critical objects in the gas
transportation network. The list of crossings of main gas
pipelines in the Unified Gas Supply System of Russia
has been determined, the disruption of which will result
in a relative shortage of daily gas supplies for the system
as a whole of 5% or more [2, 3]. Investigations were
carried out to find and identify combinations of separate
sections of main gas pipelines, the simultaneous
disruption of which may lead to a significant shortage of
daily gas supplies through the system (5% or more) [4,
5].

At this stage of research of critical gas industry
objects, critical combinations of gas industry objects are
considered, that is, such facilities are identified whose
failure, together with one of the critical objects, will lead
to a much larger gas deficit in consumers than if they fail
these objects separately. After identifying possible
critical combinations of objects in each specific case, the
possibility of bypassing bottlenecks is analyzed by short-
term increase in the capacity of individual sections of
main gas pipelines. This is done with a view to
minimizing gas shortages among consumers. As a result
of such measures, the significance of a number of
potential critical combinations of objects can be reduced.
Thus, all possible critical combinations of gas industry
objects will be identified and their list, ranked according
to the degree of significance, will be formed.
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2 Determination of critical elements in
energy systems

In the ongoing study, both for determining the critical
objects themselves and for searching for critical
combinations of objects, a flow model was used, which
is the core of the software complex "Oil and Gas of
Russia" [6, 7]. Its application makes it possible to
determine the degree of satisfaction of gas needs within
the country and to ensure export supplies. In addition,
the "Oil and Gas of Russia" allows identifying
"bottlenecks" - sections of the gas transmission network,
which in some cases limit the production capacity of the
system.

The flow distribution model in the Unified Gas
Supply System of Russia in the "Oil and Gas of Russia"
is designed to assess the production capabilities of the
Unified Gas Supply System of Russia in conditions of
various kinds of disturbances. The purpose of such
studies is to minimize gas deficits at the consumption
sites. The Unified Gas Supply System of Russia in the
model is represented as a set of three subsystems: gas
sources, main gas transport network and consumers.

When solving the problem of estimating the state of a
system after a perturbation, the criterion of the
optimality of the distribution of flows is the minimum
gas deficit in the consumer with minimum costs for
delivering gas to consumers. This problem can be solved
by finding the maximum flow over the network. The
problem of the maximal flow was investigated in [8] and
is formulated as follows:

f—max, )
with follow conditions
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In this formulation, f is the maximized variable
corresponding to the maximum flow.

With complex schemes, which are the Russian and
European gas transmission networks, there may be
several solutions, that is, several possible maximum
flows. Then it is advisable to talk about minimizing the
cost of delivering gas to consumers and using the
Basaker-Gowen algorithm [8]:
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Its application allows us to determine the maximum
flow of the resource at its minimum cost or the optimal
volumes of daily gas from the underground gas storages,
which maximally provide the given volumes of gas
supply to consumers at the minimum costs for
extraction, transportation of gas and its withdrawal from
underground gas storages.

O - the node number of the common source; S - is the
number of the common drain node; N'; — is a subset of

edges entering into the node j; N; — is the subset of
outgoing edges from the node j; f— is the value of the
total flow over the network; x; — is the flow along the
edge (7, j); d; — restrictions on the flow along the edge (;,
J); X* - is the set of solutions of problem (4)-(6); C; —
specific costs for gas transportation.

The node O is connected by fictitious edges with all
real sources of energy resources, and node S - with all
consumers.

In the flow distribution model, the Basaker-Gowen
algorithm is used to calculate the maximum flow of
minimum cost, which as a result allows us to determine
the possible level of satisfaction of consumers with gas.
As a result of implementation of various contingencies,
there may be a gas shortage in consumers caused by a
lack of capacity of certain sections of the gas pipelines.
Bypassing such narrow or limiting the production
capacity of the system's sites, in permissible amounts,
will reduce the gas shortage that has arisen in the
situation in question among consumers.

If there is a gas shortage in consumers caused by a
shortage of capacity of the gas pipelines, other branches
of the main gas pipelines, which are not affected by the
violation in question, assume increased volumes of gas.
In such a situation, the network load is changing and
there may be a lack of capacity on other sections of the
main gas pipelines.

The subsequent expansion of bottlenecks in the gas
transportation network will allow to minimize gas
shortages among consumers and makes an assessment
and definition of possible critical combinations of gas
industry objects as much as possible.

"Oil and Gas of Russia" has graphic capabilities,
which allow the researcher to identify many potential
bottlenecks in the analysis of calculation results, that is,
objects that do not have a reserve of production
capabilities. Most often, such facilities are either, or may
become, in the future the reason for the shortage of the
necessary amount of gas to consumers.

Even with the use of graphic capabilities of "Oil and
Gas of Russia" it is impossible without additional
modelling to find real bottlenecks, which at the moment
really limit the ability of the gas transportation network
to supply gas to consumers.

The result of solving the problem (1) - (5) is the
value of the maximum flow in the system and the gas
deficit in consumers. It is clear that in order to
compensate for the gas deficit in consumers, the amount
of flow should become more than calculated. Then the
problem arises of increasing the carrying capacity of
edges, in order to obtain a flow of the required value.

This problem of optimal network transformation [8]
can be written in the following form:

f—max, (6)
with follow conditions
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In this situation, there may also be several solutions,
that is, several possible maximum flows. Then it is
advisable to talk about minimizing the cost of delivering
gas to consumers:
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Jf — maximal flow, y; —edge’s capacity increment (i,
j); A; — price or unit costs for transport of gas by
increment y;; b;— edge-increment limits (i, j).

At the same time, the unit costs for gas transportation
by the increment y; should be many times higher than
the unit costs for transporting gas through the grid.

The required bottlenecks are those objects for which,
after solving the problem (6) - (11), y; will be greater
than zero.

To solve the problem of bypassing the bottlenecks
found in the flow distribution model, the possibility of
incrementing the gas flow along the edges within 10% of
the capacity of the flow was laid. Such a short-term
increase in the capacity of the main gas pipeline section
is possible with an increase in the working capacity of
compressors at large main compressor stations [9]. As a
result of increasing the working pressure in the gas
pipeline, an increase in the throughput capacity of the
main gas pipeline section is achieved up to 10%. As a
result (through the use of the technical capabilities of the
gas transportation network), the problem of minimizing
gas shortages among consumers is being solved.

m

3 Definition of critical combinations of
gas industry objects

The scheme of the Unified Gas Supply System of Russia
used for the calculations in this paper on the flow model
takes into account all the main features of the operation
of the Unified Gas Supply System of Russia and
contains:

- 382 nodes, including:

. 28 gas sources;

. 64 gas consumers (subjects of the Russian
Federation);

. 24 underground gas storage facilities;

. 266 nodal compressor stations;

- 486 edges representing main gas pipelines and outlets
to distribution gas networks.

Initial data, such as daily consumption, extraction,
export and import of gas, throughput capacity of existing
gas pipelines are adopted in accordance with official
statistics [10-12] for 2017. In a specially conducted
study [13], an appropriate analysis was carried out, as a
result of which 61 objects of the gas industry were
assigned to critical gas industry objects. Among these
objects there are 25 edges between the node compressor
stations and 36 nodes, including 30 nodal compressor
stations, 5 head compressor stations at the outlets from
large gas fields and a compressor station on one
underground gas storage.

Received the above-mentioned 61  objects,
calculations were carried out in this settlement scheme to
determine critical combinations of objects for each
individual critical object. With the subsequent
"expansion" of bottlenecks - the implementation of
measures aimed at minimizing gas shortage among
consumers.

The criterion for assigning a pair to potential
critically important combinations was to consider the
difference in the AQ deficit.

AQ = Qp{::’r - Qob;’ (12)
AQ=4 (13)

Qpair — total gas deficit in the system caused by failure
of a couple of objects, Qo — gas deficit in case of failure
of a critically important object, 0 — restriction of gas
deficit increment.

Calculations show that more than 15,000
combinations of other objects with identified critical
objects lead to an increase in gas deficit in consumers.
Based on considerations of the possibility of expert
analysis, we limit the value of § to within 5%. As a result
of the calculation in pairs of all 61 critical gas industry
objects with the rest objects of the system (in total it was
analyzed for their simultaneous disconnection of more
than 61,000 pairs), 630 pairs were obtained, consisting
of one critical object and one gas object, whose failure
can lead to the occurrence of AQ more than 5%.

In table. 1 (the real names of objects of the Unified
gas supply system in this article are replaced by
conditional serial numbers), the average number of pairs
for all objects is clearly represented, as well as the
possible total volumes of gas deficit in the system both
in the event of critical objects failure, combinations of
other gas industry objects with this critically important
object.



E3S Web of Conferences 58, 03002 (2018)

https://doi.org/10.1051/e3sconf/20185803002

RSES 2018
Table 1. Critical combinations of objects.
.. The number of critical Gas deficit, % After traversing bottlenecks,%
Crmcal combinations of objects Single AOQ’ Decrease of
object (pairs) object Pair Yo Gas deficit (pair) deficit
1,6 10 21 28-32 7-11 25-30 2-3
2,5,7 11 21 28-32 7-11 25-30 2-3
3,4 8 21 28-29 7-8 25-26 2-3
8 7 19 25-30 6-11 24-29 2-3
9-11 5 16 22-25 6-9 22-25 0
12-15 7 16 22-27 6-11 21-25 2-3
16 5 12 18-21 6-9 18-19 0-2
17 14 10 17-20 7-10 13-18 1-4
18-22 5 10 16-19 6-9 13-15 3-4
23 11 10 15-17 5-7 11-16 0-4
24 11 9 15-17 6-8 11-16 0-4
25 16 8 14-20 6-12 12-18 1-4
26,27 11 8 13-16 5-8 9-14 0-4
28 1 8 14 6 10 4
29 11 7 13-15 6-8 9-13 0-4
32,33 11 7 12-15 5-8 9-13 0-4
34,35 16 7 12-19 5-12 10-16 1-4
36-39 10 7 13-18 6-11 10-14 3-4
40 14 7 13-22 6-11 9-18 3-4
41 14 7 13-21 6-14 9-18 3-4
42 16 6 12-18 6-12 10-15 1-4
43 1 6 12 6 11 1
45 11 6 11-13 5-7 10-12 1
46 1 6 11 5 7 4
47 11 6 11-12 5-6 7-12 0-4
48 11 6 11-14 5-8 7-12 0-4
49, 50 16 6 11-17 5-11 9-15 1-4
51 24 6 11-18 5-12 9-15 1-4
52 9 5 12-14 7-9 9-10 3-4
53 19 5 10-25 5-20 8-22 4-5
54 17 5 11-25 6-20 6-22 3-5
55 13 5 10-25 5-20 6-22 3-5
56 15 5 10-22 5-17 6-18 3-5
57 21 5 10-19 5-14 6-16 3-5
58,59 17 5 10-19 5-14 6-16 3-5
60, 61 20 5 10-19 5-14 6-16 3-5
Table. show that apart from some critically deficit (on average by 2-3%), which also confirms the

important objects (28, 43, 46) having only one critically
important combination of objects (one pair each), from 5
to 24 critically important combinations of objects were
obtained for the remaining critical objects. So the first
seven critical objects are present in 8 to 11 critical
combinations of objects, the failure of which will entail a
total daily gas deficit for consumers in the system as a
whole in the amount of 27 - 32%. The difference in the
deficit AQ for these pairs is 7-11%.

In general, the following should be noted from the
results of the study. Violation of the functioning of a
critical combination of objects can lead to a greater gas
deficit in consumers by an average of 8-10% than in the
case of a violation of the functioning of a particular
critical object.

In possible situations with the failure of the critical
combinations of objects considered, measures to bypass
bottlenecks result in an insignificant decrease in the gas

high importance of identifying these combinations. Here
it is worth noting the critical combination of objects with
critical objects 9-11, to which measures to bypass
bottlenecks have no effect, that is, that before, that after
the bypassing of bottlenecks the same volumes of gas
deficit remain.

It is necessary to highlight 4 objects - 2 nodal
compressor stations and 2 edges between the nodal
compressors stations, which are present in 60% of the
critical combinations of objects obtained. Violation of
the normal functioning of these facilities together with a
number of critical objects can significantly increase the
gas deficit in consumers.
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4 Conclusion

As a result of this research, the issues of searching for
critical combinations of gas industry objects were
considered. The definition of such objects in the gas
industry, failure of which, coupled with one of the
critical objects, will lead to a much larger gas deficit in
consumers than in the event of failure of these objects
separately. To search for critical combinations of gas
industry objects, the flow distribution model laid in the
software "Oil and Gas of Russia" was used. This model
is designed to assess the production capabilities of the
gas transmission network in conditions of various kinds
of disturbances. A detailed analysis of the major critical
combinations of gas industry objects is given.

The conducted studies showed that in the modern
configuration of the Unified Gas Supply System,
situations are possible when, in the event of a critical
combination of objects failing, the total gas deficit in
consumers can reach 32% of the total gas demand.
Research and accounting of such objects and their
combinations is necessary to improve the reliability of
the Unified Gas Supply System in its development and
reconstruction works. The main efforts in this case
should be aimed at reducing the conditional significance
of the identified specific critical combinations of objects
for the operability of the entire system.

The work was carried out within the framework of a
scientific project I11.17.5.1 of program of fundamental research
of the SB RAS, reg. number AAAA-A17-117030310451-0.
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