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Abstract — The paper presents an analysis of the
current state of the Unified Energy System (UES) of
Russia, which aims to identify "weak points," regional
shortage and excess energy systems, locations of the
electricity consumption growth, and seeks to determine
the technical potential of the power grid for electricity
transmission. This analysis relies on the models
developed for optimization in terms of the maximum
excess capacity for the entire Unified Energy System of
Russia and for individual regions of the country in the
context of the existing mix of generating capacity and
cross-regional structure of the power grid. Calculations
were made for the conditions corresponding to the
reported performance of the Unified Energy System
of Russia in 2020. The cross-regional power grid of the
Unified Energy System of Russia is capable of covering
the capacity needs of all the country's power systems,
and almost everywhere has a significant available
transfer capability of power transmission lines.

analysis are employed to form alternatives for levels and
territorial distribution of power consumption, options for
construction of power plants, and power grid expansion.
This information is also needed to assess the energy
security of the country’s regions [8].
The importance of quantitative analysis of the potential
of the existing electric power industry in Russia is also
determined by the current situation, i.e., the presence of
significant excess generating capacity in the country.
The assessment of the technological potential of the
existing power grid depends on the electricity transmission
capability to cover additional demand for electricity at grid
nodes, whereas generating capacity potential is determined
by the relationship between the capacity demand and the
available capacity of power plants in the regions of the
country.
Let us consider the problem of determining the
maximum possible electricity consumption in the power
systems across the country, without expansion of grid and
generating capacity (problem 1).
Problem statement: find the maximum total excess
capacity (or maximum generation) in the system
(1)
max å ( gi - si ), i Î I ,

Index Terms: Unified Energy System of Russia, region,
generation, power grid, analysis, model, excess capacity,
potential, bottlenecks.

i

I. Introduction
One of the significant stages in formulating the
strategies for the development of electric power systems
[1–3] is an analysis of their existing state. In the process
of this analysis, it is necessary to identify «bottlenecks»
in the system, the power systems with a capacity
shortage or excess, the technical potential of the power
grid for power transmission, possible locations of power
consumption growth, and others [4–7]. The results of this

where gi is the load coverage at the node i:
gi = pi + å tki (1 - d ki ) - å tik , i, k Î I ,
k

(2)

provided that the electricity demand of all nodes is
covered
gi ³ si , i Î I ,
(3)
at the given maximum generation at the nodes
0 £ pi £ Pi , i Î I ,
(4)
and constraints on power flows
0 £ tik £ Tik , i, k Î I .
(5)
The optimized variables pi, gi, tik (power plant load,
load coverage, and power flow from node i to node k) are
non-negative here, I is a set of power system nodes.
The given variables are si – existing consumption at
nodes, Pi – limit load of operating power plants at nodes,
Tik – transfer capability of existing transmission lines, dik
– specific power losses during transmission from node i
to node k.
The obtained values of excess power determine the
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Fig. 1. Equivalent circuit of the UES of Russia

locations of possible growth of consumer loads in the
system without reinforcing the grid and power plant
capacity additions. Transmission lines where power flows
were at the limit of transfer capability form a set of loaded
grid elements, i.e., possible candidates for expansion.
Under normal (shortage-free) conditions, maximum
total surplus power will be achieved with minimum losses
in the grid, i.e., these criteria are identical.
Mathematical models similar in their statements to the
above are used to minimize power shortages in the process
of analyzing the adequacy of power systems [9–16].
The optimization criterion (1) in the considered model
assumes equal importance of possible load growth at all
system nodes. If it is necessary to single out certain regions
because of their particular importance (for example, those
of the Russian Far East), appropriate weighting coefficients
can be introduced into criterion (1).
Apart from this statement (placing new consumers to
maximize the total consumption in the system, given the
capabilities of the existing generation and power grid
with minimal energy construction), there can also be
another statement. Namely, it is necessary to maximize
consumption at a single system node, considering the grid
capabilities. In this case, the losses in the grid will naturally
be higher than in the first problem. The statement of this

problem is as follows. Determine the maximum excess
capacity at a single i-th node (problem 2):
max (gi – si), (6)
subject to constraints (2)–(5). This problem is solved
for all nodes of the power system equivalent circuit.
II. Practical application
The above problem statements were applied in the
corresponding analysis of the Unified Energy System
(UES) of Russia. An equivalent circuit of UES was built
for the calculations (Fig. 1).
The circuit includes 71 nodes, each corresponding
to a power system of a constituent entity of the Russian
Federation, and cross-system (cross-regional) power lines
connecting them (with a voltage of 220 kV and above). We
considered the state of the UES for the year 2020.
Background information on generation and
transmission lines is taken from the Scheme and Program
for the Development of the Unified Energy System of
Russia in 2020-2026 [Order of the Ministry of Energy of
the Russian Federation No. 508 of June 30, 2020]. The
reported load plus a 20% capacity reserve, the same for all
nodes, is taken as the node load si. The limit load of power
plants Pi was assumed to be equal to the reported available
capacity at the nodes of the equivalent circuit. The transfer
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Fig. 2. Excess capacity of Russian power systems (MW), given maximum total excess of the UES of Russia.

capability of transmission lines Tik is assumed to be
equal to the natural power of the lines of corresponding
voltages, reduced by 20% to ensure static stability. The
value of specific power losses during power transmission
is assumed to be 6% per 1 000 km, which is the same for
all types of transmission lines.
The main results of the model 1 (1)–(5) calculations for
the maximum total excess of Russia’s power systems are
shown in Fig. 2. Only power systems with positive values of
calculated excess capacity are shown. The rest of them have
zero excess. We provide the values of calculated and initial
excess capacity and transfer capability of transmission lines
incoming to the power systems and the remaining available
transfer capability for power flows.
The total generating capacity of Russian power systems
assumed in the calculation was 234.8 GW, the overall load of
consumers was 192.5 GW, their difference or initial excess
capacity was 42.3 GW.
Calculated total excess capacity of all Russian power
systems was 42.0 GW or 18% of the total generating capacity.
This is 0.3 GW less than the total initial excess due to the
need to cover a load of power systems with an initial capacity
shortage and the corresponding power losses in cross-regional
power tie lines.
Table 1 shows the regional power systems with the highest
values of calculated excess capacity (the top ten of them).

The power system of the Krasnoyarsk Territory has the
maximum calculated excess capacity (6.3 GW). The power
systems shown in this Table are the prime candidates for
possible load growth without generating capacity additions
and with the minimal expansion of the power grid. The total
capacity of these ten nodes is 31.0 GW, which accounts for
most (74%) of the excess of all power systems of the UES
of Russia.
The structure of these systems and the systems with
the highest excess capacity partially overlap; the first six
systems are on both lists, i.e., a large calculated excess
capacity is determined by the presence of a significant
initial excess. There was a positive initial excess in 33
systems (out of 71). The remaining 38 systems initially had
a shortage of capacity. The calculated positive excess was
found in 27 systems, each with a positive initial surplus.
The calculated excess in the remaining 44 systems was
zero. In all systems with the positive calculated excess,
its value was less than the initial excess, and after some
surplus power was supplied to adjacent nodes, there was an
available transfer capability of the connected power lines
for almost all excess nodes.
Fig.3. shows in an aggregated way the power flows
formed to cover a load of the systems initially experiencing
a capacity shortage.
The left-hand side of the Figure shows systems that

Table 1. Excess capacity (GW) at the first ten nodes with the highest excess.
Krasnoyarsk

Khakassia

Irkutsk

Saratov

Leningrad

Tver

Amur

Sverdlovsk

Perm

Ryazan

Total

6.3

4.4

3.7

3.5

3.0

2.7

2.2

2.1

1.8

1.3

31.0
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Fig. 3. Cross-system power flows (MW).

Fig. 4. Transfer capability of incoming transmission lines (MW).

initially have a power shortage and receive flows from the
outside. The right-hand side shows redundant systems.
The systems with relatively small flows in the center are
not indicated in the Figure. As seen in the Figure, systems
receiving the greatest power inflow are those of the
Krasnodar Territory, the Belgorod Region, and Moscow
Region; and the systems of the Kostroma Region, Stavropol
Territory, and the Kursk Region show the greatest output.
At the same time, almost all systems have the available
transfer capability of their incoming power lines.
The value of the available transfer capability of the
transmission lines incoming to regional systems, as shown
in Fig. 4, is used to identify the power systems that are most
suitable for placing generating capacity with subsequent

power output to neighboring systems without significant
expansion of the power grid. These are the systems of
the Tver Region, Moscow Region, Samara Region,
Krasnoyarsk Territory, and others.
To determine the power systems with the lowest cost
of connecting new consumers, we performed a series of
calculations with the criterion of maximum excess values
of individual systems (model 2). The results of these
calculations are shown in Fig. 5.
We give the values of excess power during local
optimization of regional power systems, their values
during optimization of the total excess in Russia (based on
the previous calculation), and the difference between these
values, i.e., an increase in excess capacity.
24
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Fig. 5. Results of local optimization of excess capacity of regional systems (MW).

5. The cross-regional power grid of the UES of Russia can
cover the power needs of all the country’s power systems,
and almost everywhere has significant available transfer
capabilities of power transmission lines.

This Figure indicates that there is maximum excess
capacity in the systems of Krasnoyarsk Territory, the Tver
Region, Samara Region, Sverdlovsk Region, and others. The
top ten of these power systems coincide with the list of the
top systems identified according to the global optimization
results only partially (6 out of 10) (see Fig. 2). Changes in
this list are determined by the transfer capabilities of the
power lines incoming to these nodes.
The largest values of the growth in local excess capacity
relative to excess capacity in the case of global optimization
are in the systems (the Tver Region, Moscow Region,
Kostroma Region, and others) with maximum power output
and the highest available transfer capability of the connected
lines shown in Figures 3 and 4.
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