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Abstract. The issue of determining the main parameters of electric energy storage systems — power and energy
intensity — is being considered, the determination of which is a fundamentally important task when introducing
such devices into the power supply systems of enterprises for both technical (technological) and economic rea-
sons. The work analyzes problems that can be solved by installing electricity storage systems at gas industry
facilities. An industry-wide methodology has been developed for calculating the parameters of an electricity
storage system based on traditional methods and methods aimed at minimizing the standardized cost of electricity
with adaptation to the conditions of the gas industry. A distinctive feature of the presented methodology is the
ability to determine the power and energy intensity of electricity storage systems when performing several func-
tions. The methodology was tested at a typical gas industry facility — the Yarynskaya compressor station of OO0
Gazprom Transgaz Ukhta, a characteristic feature of which is an autonomous power supply system. An example
is given of calculating the electricity storage normalized cost using an improved LCOS indicator, which takes
into account the effect of changing the fill factor of the electrical load schedule on the amount of gas consumption
by a power plant for its own needs. To confirm the economic efficiency of introducing electricity storage systems
calculated using the above methodology, calculations of the integral effect, net present value and efficiency index
are presented.

Keywords: electricity storage system; autonomous power supply system; electrical load control; hot reserve replace-
ment; standardized cost of electricity; gas industry
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Introduction. One of the main problems of energy supply to autonomous facilities and techno-
logical complexes in the gas industry is the autonomous power supply systems technical and eco-
nomic efficiency insufficient level [1], associated with the need to simultaneously ensure reliability
and uninterrupted power supply, stability and electrical energy sources operation efficiency, espe-
cially in cases of creating systems for power supply to consumers widely separated from each other
or consumers with sharply variable schedule of electrical loads (in accordance with the Concept for
the development of energy supply to production facilities of PAO Gazprom for the period up to 2030).

The solution to this problem may be the use of an electrical energy storage system (ESS). The
development of electricity storage technologies makes it possible to seriously consider these devices
as the main element of power supply systems [2-4]. A distinctive feature of electricity storage sys-
tems, which stimulates their widespread implementation, is the ability to perform several functions
with one device [5]. Even without taking into account the functional features of the ESS when inte-
grating renewable energy sources (RES) [6-8] the use of these devices in centralized and autonomous
systems allows the following:

* reduce the payment for installed capacity by covering load peaks with ESS means;

* reduce capital investments in the creation and operating costs of power plants for own needs
by reducing the number of operating units and covering peak loads with ESS;
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* improve the regularity of power supply and power quality;

« reduce the costs of ensuring the required level of categorization by eliminating the loaded (ro-
tating) reserve for electrical units and replacing it with ESS means;

» reduce the rapidly changing load on motor drive of power plants negative impact by covering
the variable part of the load with ESS means.

When considering the ESS as the main element of the power supply system, it is necessary to
calculate its physical parameters: rated energy intensity, rated power, maximum number of complete
charge/discharge cycles, dependence characteristics of the maximum number of charge/discharge cy-
cles on their depth, efficiency, self-discharge constant, specific energy intensity, etc. At the same
time, given the wide functionality of electricity storage systems, determining its parameters becomes
labor-intensive, since it comes down to multi-criteria optimization, when it is necessary to simulta-
neously consider a set of several incommensurable, contradictory objective functions [9-11].

Despite active work to determine the criteria that have the greatest impact on the ESS parameters
choice, currently there is no single established methodology for calculating the ESS main parameters
of power and energy intensity. In the works [12-14] the methods were developed based on the power
supply systems with renewable energy sources functioning characteristics; in the article [15] the
methodology is aimed at calculating the parameters of ESS for use in microgrids. In paper [16] the
methodology is based on empirical expressions aimed at determining the energy intensity of an elec-
trical energy storage device for energy recovery of traction rolling stock. In the article [17] the metho-
dology for calculating the optimal parameters of the ESS based on the available power of the techno-
logical connection is described, and is supplemented with the maintaining a certain voltage in the
busiest network node criteria. In the source [18] it is proposed to calculate the parameters of electricity
storage systems using linear filtering, which consists of analyzing the harmonic composition of the
load diagrams of generating units and determining those harmonics that are subject to suppression.
In the article [19] an alternative method for selecting ESS parameters according to the conditions for
limiting the depth of voltage dips is presented.

The use of these methods to solve problems in the gas industry is very difficult, since they either
are focused on another industry and are practically not adaptable, or are aimed at solving only one
problem, which, in turn, affects the final effect of the implementation of the ESS. Therefore, the
purpose of this study is to generalize and formulate a universal methodology for determining the main
parameters of the energy saving system for gas industry facilities with an autonomous power supply
system [20-22].

Methods. To formulate a methodology for determining the parameters of the ESS, promising
tasks for autonomous power supply systems in the gas industry have been formulated — replacing the
rotating reserve of a power plant for its own needs and ensuring stable operation or changing the
installed capacity of generating units by aligning electrical load schedules.

The ESS implementation will reduce the cost of maintaining the unit in operating condition, which
in turn will reduce fuel consumption and increase the service interval. It is also expected to ensure a
more uniform loading of electrical units with energy accumulation during the hours of least consump-
tion and energy release during the hours of highest consumption. If necessary, it is possible to reduce
the power of the technological connection to the external power system by reducing consumption from
it during peak hours [23, 24].

Taking into account the identified tasks and the analysis of already developed methods for cal-
culating the parameters of the ESS, the most suitable are the traditional (classical) method [25] and a
methodology aimed at minimizing the standardized cost of electricity [26]. However, they require
additional adaptation to the peculiarities of the gas industry.

The traditional calculation method is simple, but does not take into account the economic com-
ponent of the implementation of such systems; only technical and technological aspects appear in the
calculations. According to the adapted traditional methodology, the power of the EES is determined
from several components:
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* The power required to cover the generation capacity in the event of an emergency shutdown of
one of the generators, which is calculated by determining the power of the rotating reserve unit being
replaced, equal to the product of the generating unit installed capacity and the load factor (without
taking into account derating):

PESS = Punitkload’ (1)

where Punit — estimated power of the unit being replaced, kW; kioad — unit load factor, p.u.

The unit load factor depends on the number of operating units and is determined by
internal regulatory documents, for example STO Gazprom 2-6.2-208-2008, STO Gazprom
2-6.2-1028-2015.

* Power required for uniform loading of electrical units. The need to limit the power consumed
by the load has technical and organizational conditions related to the number of operating electrical
units.

Figure 1, a shows the load graph as an example. Let us say, it is the required that the power to
supply the load received from electrical units does not exceed the limit value Piim, determined by the
number of operating units. The area in which the load exceeds the maximum power marked with red.
The ESS is designed to ensure the elimination of this imbalance.

Figure 1, b shows the same load graph with the installed ESS. When the load power exceeds the
maximum power, the energy storage system switches to the electricity supply (discharge) mode and
eliminates the imbalance. In this case, the calculated power of the ESS should correspond to the
following inequality:

P..=2P

ESS = 4 maxload —

P,

lim?

where Pmax load — maximum load power, kW.

Electricity consumption of the ESS (charging) occurs during periods when the load power
does not exceed the maximum — such areas are shown with green in Fig.1, b. In this case, the
total area of the charge zones must be greater than the area of the discharge zones by n? times to
ensure energy balance for a given period of time (n is the equivalent efficiency of the ESS ele-
ments — matching transformer, filter and inverter, according to GOST R 58092.2.1-2020, GOST
R 58092.3.1-2020).

In addition, in order to more accurately determine the estimated power of the ESS, it is necessary
to take into account the safety factor established by the requirements of the facility:

PESS 2 |Pmax load _Plim|ksaf ' (2)

where ksaf — safety factor, p.u. (determined by regulatory documents); if there are no requirements for
stock availability, then ksar = 1.

Pmax load

Plim

Power, kW
Power, kW

0 6 12 18 24 0 6 12 18 24
Time, h Time, h

Fig.1. Electrical load (a) and load with operating ESS (b) daily graph
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The ESS energy intensity calculation using an adapted traditional methodology, consisting of
several stages, must begin with the calculation of the energy intensity required to start up the backup
unit (the time before start-up is 15 min — the maximum possible time):

Eegs = %Saf %Tpunit (t)dt. 3

Determining the energy intensity required to limit the electrical units load, it should be divided
into the following subtasks, solved sequentially:

« exchange energy intensity determination — the amount of energy that the ESS exchanges with
the power system in the process of power control when performing the stated functions;

* storage subsystem minimum energy intensity determination.

The exchange energy calculation using the example of the graph (Fig.1, b) should begin with the
energy produced by the storage subsystem calculation, which is numerically equal to the red zone
area divided by the ESS efficiency:

5]
EESS prod — j(Pcurrent (t) B Pdem (t)) dt n_l’
t
where Peurrent (t) — current power, KW; Pgem (t) — demanded power, kW.

The energy accumulated by the storage subsystem is equal to the area of the green zone multi-

plied by the efficiency of the energy storage system:
t, ts
EESS acc J.(Pdem (t) _Pcurrent (t))d”] +J-(Pdem (t) _Pcurrent (t))d”]

4 G

In the considered daily time interval, the ESS produces the same amount of energy as it accumu-
lates (Eess prod = EEss acc). However, various options for the configuration of the load schedule and,
accordingly, the ESS charge/discharge schedule are possible, when the power output modes or con-
sumption in the period under consideration alternate — one mode is replaced by another for a short
time [27, 28]. In this case, it is necessary to take an individual approach to analyzing the load schedule
and calculating energy intensity, based on the above approach.

Rules for determining exchangeable energy intensity:

« If in order to achieve the demanded P(t) dependence it is necessary to output some Egem (determined
by integration), the accumulation subsystem should be able to output the value Egem/m (a larger value).

« If to achieve the demanded P(t) dependence it is necessary to consume some Egem, the storage
subsystem must be able to consume a value of Egemn (smaller value).

To determine the minimum energy intensity of the storage subsystem, the following data is re-
quired: the required exchange energy intensity of the storage subsystem, taking into account losses
on the Eex elements; required service life (years) of the battery or required service life number of
charge/discharge cycles [29]; parameters of the batteries used (number of available cycles on the
depth of discharge dependence) [30].

Based on the specified data, the of the service life in cycles on the energy storage device depth
of discharge dependence is constructed. Using interpolation and extrapolation methods and having
knowledge of the approximate number of charge/discharge cycles, it is possible to determine the ESS
depth of discharge limiting value (DoD, p.u.). After determining the estimated discharge depth, the
final energy capacity of the ESS is calculated. Next, the obtained energy intensity value is used to
select the layout of the storage subsystem according to the formula

E

E oo =—2. 4

ESS final DOD ( )

However, in the traditional method, when calculating ESS parameters, attention is focused only on

the technical aspects of solving the problem; the economic component of the project does not appear in
the calculations, which is fundamentally important when implementing such systems [31, 32].
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Taking into account the economic component will allow the use of a methodology based on
minimizing the specific cost of energy storage Levelized Cost of Storage — LCOS [33-35]. This indi-
cator is an alternative to the levelized cost of electricity indicator Levelized Cost of Electricity —
LCOE [36] and allows comparing different energy storage systems and alternative solutions, for
example, as is done when planning the power plants construction. A detailed state analysis of LCOS
indicator calculation, as well as adaptation of this indicator for the tasks solved during the implemen-
tation of the ESS in the electrical complexes of the gas industry, is presented in the article [37].

A distinctive feature of the proposed method for calculating LCOS [37] is the ability to take into
account the versatility of the ESS, which also corresponds to the purpose of the study:

T -\t t
Capital + Y OM, (1+1) +(AUXIt)(1+ e) +Am,
t-1 (1+ r)
i k,Phn(1+e) + MWh, (1+e)
t=1 (l+ r)t

—AST

LCOS =

: ()

where Capital — capital costs, thousand rub.; t — operation year number; T — lifetime; OM; — operating
and maintenance costs for the year, thousand rub.; i — inflation rate, p.u.; Aux; — electricity cost for
ESS's own needs per year, thousand rub.; e —annual change rate in the cost of electricity, p.u.; Am; —
annual depreciation costs, thousand rub.; r — discount rate, p.u.; P — estimated power of the unit being
replaced, KW; k2 — unit load factor; h — backup unit start-up time, s; n—number of emergency launches
per year; MWh; — amount of energy supplied by the ESS to level the load curve, MWh; AS — reduction
in fuel costs, thousand rub.

For the first time, an indicator that allows us to correlate the state of electrical load schedule
leveling and changes in fuel consumption by generating equipment has been introduced:

AS =0.537C,-MWh (Y7 =Yy ) (6)

where y — load curve fill factor (load curve density); yievel — l0ad graph fill factor after leveling (load
graph density); Co — total fuel costs per year, thousand rub.

The formula (6) allows us to take into account the effect of replacing the rotating reserve and
leveling the electrical load schedule, which, in turn, allows us to more accurately calculate the LCOS
value.

The generalized methodology for calculating ESS parameters based on adapted traditional
methods and methods based on minimizing the specific cost of electricity storage is the following
sequence of actions:

1. Calculation of the ESS parameters for replacing the rotating reserve using formulas (1), (3).

2. Calculation of ESS parameters for leveling the electrical load graph at yievel = 1 using formulas
(2), (4).

3. Calculation of the LCOS indicator using an improved method (5).

4. If the LCOS indicator exceeds the value allowing a positive effect (according to the concept
of the development of the market for electricity storage systems in the Russian Federation —
36 rubles / kwWh), it is necessary to recalculate the ESS parameters to align the graph of electrical
loads at yiever < 1. However, the value of the load graph fill factor after leveling should ensure that
the condition for the minimum LCOS value (min {LCOS}) is met.

5. If the LCOS indicator provides a potential positive economic effect, then the ESS parameters
used in the calculation can be taken into account for further detailed feasibility study of the use of the
selected system.

6. If it is not possible to achieve the minimum LCOS value, it is necessary to abandon a number
of functions performed by the ESS and recalculate this indicator. If even in this case the LCOS value
exceeds the minimum permissible value that ensures a positive economic effect, then the use of these
devices should be abandoned.
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Fig.2. The power plant self-needs operation design scheme

CB — circiut braker; BSB — bus-section breaker; BSD — busbar section disconnector;
CT - current transformer; HVF — high-voltage fuse; T — voltage transformer;
DD - disconnecting device; DG — diesel-generator stand-by set; G — generator

To test the presented methodology, the ESS parameters are calculated using the example a real
facility in the gas industry — a standard compressor station “Yarynskaya” of OOO Gazprom Transgaz
Ukhta, an element of the design diagram of which is presented in Fig.2. The compressor station (CS)
is a modern high-tech gas transportation facility that ensures gas transportation along the northwestern
corridor of the PAO Gazprom gas trunkline system. The main electricity consumers at the Yarynskaya
CS are gas air cooling units and gas pumping units with gas turbine drives. The power system of this
compressor station is completely autonomous, and electricity is supplied from an auxiliary power plant
based on nine gas-piston electric units with a capacity of 1.5 MW with an average load of
3-4 MW. Such a load requires the constant use of at least four power units to provide a rotating reserve,
and in the event of a shutdown of one of the power units, the distribution of the load among the remaining
units without stopping the technological process.

Results discussion. To confirm the ESS implementation economic efficiency, calculated
using the given methodology, the integral effect is used — net present value (NPV) and efficiency
index. Due to the introduction of an electricity storage system, it is planned to change the number
of constantly operating units from four, with load of 70 %, to three, with load 90 %, and
also achieve an additional effect from leveling the electrical load schedule by reducing gas con-
sumption.

As a result of the scientific sources [2, 3, 5] analysis it can be concluded that the electrochemical
type storage subsystem based on lithium-ion batteries is most promising for use as part of an energy
storage system to solve the problems posed in the study, since it allows you to control both the operating
modes of electrical grid equipment and network parameters. In this case, the ESS is not just a local
buffer of electrical energy, but an active element that directly affects the energy efficiency of power
supply.

The following functions can be implemented when using ESS based on lithium-ion batteries —
ensuring power quality, managing power consumption, shifting consumption peaks, leveling the load
curve, cold reserve — which are fully consistent with the objectives of this study.

Despite the fact that the limiting factor for the drives of this type use was their high cost, it is
expected that by 2030 the drives of this type cost will be reduced by four times compared to 2018.

The main parameters of the ESS are calculated according to points 1 and 2 of the proposed
methodology. If calculating the ESS power and energy intensity to replace the spinning reserve does
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Fig.3. Electrical load schedule of the Yarynskaya CS:
a — the busiest month (August); b — busiest day (August 7)

not cause difficulties (unit power 1.5 MW; load factor 0.8; start-up time 15 min), then to calculate the
parameters for regulating the load schedule, a detailed analysis of the electrical loads of the selected
facility is required.

When analyzing the electrical loads of the Yarynskaya CS, it was found that the busiest month
is August (Fig.3, a), and the busiest day is August 7 (Fig.3, b). The averaging period for the electrical
load schedule is determined based on the conditions and method of solving the problem. In the case
under consideration and for the unification of calculations, the averaging period is taken to be equal
to six heating time constants for cable lines with voltages up to 6 kV and higher, supplying workshop
transformer substations and distribution devices, which correspond to one hour. At the same time, the
specified averaging interval does not contradict the conditions for using the ESS to solve the problem
of leveling the electrical load graph — the averaging interval of the load graph should be longer than
the battery response time and the discharge time of the minimum battery charge level, but should not
exceed the discharge time of the current battery charge level. These conditions ensure that the energy
stored in the battery is available to complete the task at hand.

The load graph (Fig.3, b) shows that during peak hours of the day, electricity consumption exceeds
4,000 kW/h, which leads to the launch of an additional generator and, accordingly, additional consumption
of resources. This can be avoided by redistributing excess energy to the morning minimum hours. Then the
ESS produces the same amount of energy as it accumulates (Eess prod = Eess acc), While, according to the
electrical load schedule, the power should not exceed 4,000 kW. Power and minimum permissible energy
intensity are calculated using formulas (2) and (4), and a load graph is plotted after regulation (Fig.4).

The use of ESS to regulate the electrical load schedule makes it possible to achieve a change in
the schedule density from 0.83 to 0.86 with a storage energy intensity of 800 kwWh. However, even
such a small difference in density will allow gas savings of up to 2,000,000 rubles per year, according
to calculation using formula (6).
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Fig.4. Daily load schedule of the Yarynskaya CS after regulation using the ESS
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60,000 ' _ maintenance (O&M), maintenance and repair —
' ear of project implementation 796 thousand rubles; the cost of electricity for the
Fig.5. Change in NPV depending on the year auxiliary subsystem is 6364.872 thousand rubles;
project implementation the amount of electricity that the ESS produced

over the estimated service life is 6,714 kWh; de-
sign power of the ESS — 1,600 kW; calculated energy intensity of the ESS — 2,745 kW-h; ESS effi-
ciency — 94 %; calculated lifetime — 20 years; discount rate — 0.08 p.u.; annual correction factor for the
cost of electricity — 0.06 p.u.; annual inflation — 0.077 p.u.; reduction in fuel costs per year — 23,000
thousand rubles. The initial data for calculating capital costs, installation costs and the cost of the ESS are
determined based on the operating experience of similar systems by the ESS manufacturer.

Using formula (5), the LCOS indicator was calculated as 20.68 rubles/kWh, which confirms the
effectiveness of combining several functions for one ESS and allows us to predict a positive economic
effect from the project.

As a result of calculating the indicators of the integral effect without taking into account the reduction
in capital repair costs and indicators of depreciation deductions and property taxes, the following values
were obtained: NPV — 68.207 million rubles; NPV payback period is three years; internal rate of return —
23 %. The graph of changes in NPV depending on the year of project implementation is presented in Fig.5.

The implementation of the ESS that is calculated using the presented methodology will be cost-
effective, since the amount of the integral effect is positive, the payback period according to the NPV
will be three years.

Conclusion. The conducted research confirms the possibility of power supply system parameters
calculation — power and energy intensity — using the proposed industry methodology, during the de-
velopment of which previous experience in studying the issue of calculating the parameters of elec-
tricity storage systems was generalized and adapted to the peculiarities of gas industry facilities au-
tonomous power supply system functioning.

A distinctive feature of the presented methodology is an attempt to take into account the ESS
multifunctionality from a technical and economic point of view when implementing such systems.

Selecting the improved LCOS minimization as the objective function provides stakeholders with
the following options:

* selection of the most effective combinations of ESS functions when determining system pa-
rameters, especially power and energy intensity;

» comprehensive analysis of technical, economic and financial changes impacts on the energy
saving energy systems introduction into the enterprise's power supply system;

» domestic and foreign technologies comparison, determination of various electricity storage
technologies competitive advantages.

The LCOS indicator does not limit the calculation to any framework and can become infinitely
more complicated by introducing additional coefficients and variables that allow you to take into
account a larger number of factors and thereby increase the accuracy of the calculation. Also, in favor
of the presented methodology is that the number of tasks associated with the implementation of the
ESS will increase every year, so it is advisable to use the LCOS calculation model as a key criterion
for determining the ESS composition and the functions performed.

The LCOS indicator should be of an industry nature, since in two identical storage systems ope-
rating at different facilities, with different technological processes, the electrical loads nature, and the
power supply system type, it will take different values. The calculation of components that influence

8

This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2024. P. 1-10  [Elgyz:[s]
© Ivan S. Tokarev, 2024 'E{

the LCOS value, such as the initial capital investment and, especially, the exchange energy intensity
of the electricity storage system, should always be adapted to the considered power supply system
characteristics.
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