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Abstract. In the context of global energy instability caused by the transformation of global
demand for energy and energy resources, one of the most important areas in the automotive indus-
try is the development of electric vehicles. Serial production of high-tech electric vehicles with
a long range contributes to the stabilization of the energy market and the sustainable development
of the whole fuel-energy sector. To evaluate the possibility of optimizing the electric vehicles
energy consumption, various regenerative braking strategies are discussed in the article based on
the Nissan Leaf electric vehicle, which simulation model includes submodules of the traction elec-
tric motor, hybrid braking system, traction rechargeable battery and tires. In order to test the ade-
quacy of the simulation model to reproduce the relationship between the operating parameters
of electric vehicles various systems and evaluate their ability to regenerate energy during braking
the simulation results were compared with the actual experimental data published by the Lab Avt
research laboratory (USA). The relative error of the mathematical modeling results of the braking
energy regeneration processes is 4.5 %, which indicates the adequacy of the electric vehicle simu-
lation model and the possibility of its using as a base for research and comparison of the energy
efficiency of various regenerative braking strategies. As the results of experiments have shown,
the usage of the proposed control strategy of the regenerative braking maximum force allows
increasing 2.14 times the energy recharging traffic to the battery as compared with the basic con-
trol strategy of fixed coefficient braking forces distribution with an increase in braking distance by
10 m. An alternative control strategy of regenerative braking optimal efficiency as compared to the
basic control strategy provides a reduction in braking distance by 13.2 % at increasing by 84.4 %
the amount of energy generated by the electric motor for recharging the batteries. The carried out
investigations confirm the available significant potential for improving the efficiency of the elec-
tric vehicles usage by developing the control strategy and algorithms of the braking energy rege-
neration.

Keywords: clectric vehicle, energy saving management, energy recovery, traction motor, traction
batteries, simulation
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HccnenoBanue crparerum peKynepaTuBHOIO

TOPMOKEHHS IEKTPOMOOHJIeit
Jle Ban Hrua", Jlam Xoanr Ixyk", Hryen Upour Xoaun", C. B. Xaputonunk?,
B. A. Kycsk”

DX anofickuii yHUBEpPCHTET HAayKH H TEXHONOrHit (XaHoii,
Counanucruyeckas Pecry6nuka BoetHam),
YBenopyccKuil HAMOHATBHEIN TeXHUIeCKHH yHIBepenTeT (MuHck, PecryGika Bemapycs)

Pedepar. B ycnoBusix sHepreTuueckoil HecTaOMIBHOCTH, BBI3BAHHOM TpaHcdopMaryeil rirobas-
HOTO CIIpoca Ha SHEPTHI0 U 3HEPropecypchl, OAHUM U3 BaKHEHIIMX HaNpaBlIeHHHA B aBTOMOOH-
JIECTPOSHNH SIBISIETCA Pa3pabOTKa TPAHCIIOPTHBIX CPEJCTB Ha dMeKTpuueckoil Tsare. CepuitHoe
MIPOXU3BOJICTBO BHICOKOTEXHOJIOTUYHBIX 3JIEKTPOMOOMIIEH ¢ GONBIINM 3a11acoM X0J1a CHOCOOCTBYET
CTa0WIN3aluy PHIHKAa SHEPrOpecypcoB M YCTOWYHMBOMY Pa3BUTHIO BCErO TOILIMBHO-YHEPreTHYE-
cKoro cekropa. J[Jisi OLEHKHM BO3MOKHOCTH ONTHMM3AIMU DHEPrONOTPEOICHHs IIEKTPOMOOHIIeH
B CTaTh€ PACCMATPHUBAIOTCS PA3IMUHBIE CTPATETHM PEKYNEPATHBHOIO TOPMOXEHHs Ha Oase MMH-
TaIMOHHOW Monenu snektpomodmist Nissan Leaf, Bxitogaromeld cyOMOAyIIN TATOBOTO JIEKTPO-
JIBUTATEIIsI, THOPHIHOM TOPMO3HON CHCTEMBI, TATOBOI aKKyMyJISITOpHOH Oatapew M muH. Pe3yis-
TaTbl MOJEJIHUPOBAHMS COIOCTABISUINCH C DKCHEPHMEHTAJIbHBIMH JAQHHBIMH Hay4HO-HUCCIENO-
BaTebcKoi Jtaboparopun Lab Avt (CILA), omyGIUKOBaHHBIMU Uil NPOBEPKH aJE€KBAaTHOCTH
MMHTAOHHBIX MOJENEH, BOCIPOM3BOIAIINX B3aMMOCBSI3b MEXKIY PAOOUNMH MapaMeTpaMu pas-
JIMYHBIX CUCTEM DJIEKTPOMOOMIIS ¥ OLIEHUBAIOIINX UX CIIOCOOHOCTH PEreHEepHPOBATh YHEPTHIO IIPH
TOpMOKeHUH. OTHOCHTENBHAsl IIOTPEIIHOCTh PE3yJbTaTOB MaTEeMaTHYECKOro MOZIEIHPOBaHHMS
MPOIIECCOB PEKYIepaIlui SHEPTUH cocTaBisieT 4,5 %, 4TO CBHUACTENLCTBYET 00 aJeKBATHOCTH
HMMHTALMOHHON MOJIETH 3JIEKTPOMOOMIIS U BO3MOYKHOCTH €€ HCIOJIb30BaHUS B KauecTBe 0a30BOi
JUISL MCCIIEJIOBAHUM M COIOCTABJICHHS SHEProd(p(eKTHBHOCTH pa3IHUYHBIX CTPATETHH peKyIepa-
THBHOTO TOpMOXeHHs. Kak rokas3ann pe3ynbTaTsl SKCIIEpUMEHTOB, HCIIOJIL30BaHUE TpeIaraeMoit
CTpaTeruy yIpaBJeHUss MAKCUMAIBHOH CHIIOH PeKyNepaTHBHOIO TOPMOXKEHHS ITO3BOJISIET YBEIIH-
4uTh TpaUK FIHEPruu Moa3apsaAKy B 2,14 pasa mo cpaBHEHHIO ¢ 0a30BOM CTpaTeruei yrnpaBieHUs
Ha OCHOBE (PMKCHPOBAHHOTO KOA(PPHIIUECHTA PaCTpEICICHIsI TOPMO3HBIX YCHIHN MO OCSM TpaHC-
MIOPTHOTO CPEACTBA INPU YBEJIMYCHUH TOPMO3HOrO ImyTH Ha 10 M. AJbTepHaTHBHAs CTpaTerHs
YIpaBJIEHHsI ONTUMAIBHOH 3 (HEKTHBHOCTBIO PEKYIEPATHBHOTO TOPMOXKEHUSI 0OECIICUHBACT IO
cpaBHEHHIO ¢ 6a30BOil cTpaTerueil yMeHblIeHHE TOPMO3HOTO IMyTH Ha 13,2 % mpu oJHOBpEMEH-
HOM yBenudeHnu Ha 84,4 % KomudyecTBa BbIPaOAThIBAEMOM 3JIEKTPOBUIaTENIEM SHEPTUU AT MOA-
3apAIKH TATOBBIX aKKyMYyJISITOPHBIX Oatapeil. [IpoBeeHHbIE MCCIEROBAHMS TTOJTBEPKIAIOT HME-
Iomuificss MOTEHIHAN 10 MOBBIICHNIO 3()(GEKTUBHOCTH UCIIOIb30BAHUS JIEKTPOMOOHIEH 3a cdeT
COBEPILCHCTBOBAHMS CTPATEI UK U alITOPUTMOB YIIPABJICHHS peKyIeparyeil SJHeprui TOPMOKEHHSI.

KnrodeBble ciioBa: 371€KTpOMOOUIb, YHpaBIEHHE YHEProcOepeKeHHeM, peKynepanusl SHEPTruH,
TSATOBBIN JEKTPOABUTATEND, TATOBBIE aKKyMYJIATOPHBIE OaTaper, UMHTAI[IOHHOE MOJIETTHPOBAHHE

Jns nurupoBanusi: ViccienoBanue CTpareruy peKyrnepaTuBHOrO TOPMOXKEHHs DIEKTPOMOOuIIeH /
Jle Ban Hrua [u np.] // Duepeemuxa. Hze. evicui. yueb. 3aéedenuil u snepe. oo6veounenuii CHI'.
2023. T. 66, Ne 2. C. 105-123. https://doi.org/10.21122/1029-7448-2023-66-2-105-123

Introduction

The gradual transition of the automotive industry to the production of electric
vehicles deals with the necessity of reducing the negative impact of traffic on the
environment and, first of all, with the decreasing of the exhaust gases emission
into the atmosphere, leading to climate change and global warming. A constrai-
ning factor in the launch of large-scale electric vehicles (EV) production is the
relatively small driving range of the electric car on a single traction batteries
charge. Brake energy recovery in EV is an ideal technical solution to this problem,
because this process allows converting the vehicle’s kinetic energy into electrical
energy for recharging the batteries during braking, forced deceleration or downbhill
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movement. Regenerative braking increases the EV range about 16.3 %, at the same
time reducing the total time of the braking process [1].

Another serious disadvantage of EV is the using of the batteries as the only
source of energy, which requires a long charging time from an external electrical
network in the optimal current mode. It should also be noted that traction bat-
teries, having relatively low specific energy consumption and power, cannot
fully satisfy the short-term needs of the traction motor for power consumption
during acceleration or uphill movement, when the efficiency of electric motor
energy recovery is significantly degraded [2, 3]. In addition, under various bra-
king conditions, the feedback current generated by the generator can be quite
significant [4]. At the same time, high levels of charging current negatively
affect the operational life of the battery [5, 6], and the rate of energy recovery by
the storage system may not reach the desired level due to the limitation caused
by the characteristics of the traction motor and batteries. The disadvantages
of electric vehicles include the high cost of traction batteries and the limitations
of their usage in heavy vehicles [7]. However, it’s also worth noting the fact that
for heavy vehicles exploited in urban areas, this problem has been solved by
using supercapacitors as an energy board storage device. Large urban passenger
transport and delivery medium-duty trucks on electric traction are equipped with
supercapacitors, which are charged both from stationary power sources at the
final points of the route, and during movement around the city due to the rege-
nerated kinetic energy during recuperation braking [8].

Nowadays, several control strategies of the regenerative braking process are
used in world practice, among which one can note the sequential control stra-
tegy, the ECO strategy and the strategy of regenerative braking based on the
fuzzy sets theory [9]. This paper has focused on the research of two control
strategies for regeneration process, viz. a strategy for controlling the maximum
force of regenerative braking and a control strategy for the optimal braking effi-
ciency. In order to optimize energy management [10] the analysis of the com-
plex parameters influence of the wheel electric drive, brake system, traction bat-
teries and the chosen regenerative braking strategy on the EVs energy consump-
tion was carried out on the basis of simulation modeling. The presented
simulation model of the energy recovery system was developed on the technical
and operational characteristics of the Nissan Leaf passenger car. The model al-
lows simulating the process of braking energy regeneration at different EVs
speeds and deceleration, taking into account the features of the chosen control
strategy and the type of road surface. In addition, the mathematical model takes
into account the level of the traction batteries charge and the tire slip coefficient
in wheel contact with the road, which allows the possibility an in-depth research
of the two proposed regenerative braking control strategies.

Regenerative braking principle

Regenerative braking is a high-tech, essentially energy-saving process,
which consists in converting the kinetic energy of a vehicle moving in braking
mode into electricity, and then using it to recharge traction batteries (or super-
capacitors) and also the control system accumulator. The implementation of this
process is technologically possible only on the board of the vehicles with electric
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drive wheels. Equipping a car with an electric drive by integrating traction
motors into the front and rear drive wheel design has a number of undeniable
advantages in comparing with a conventional vehicles using an internal combus-
tion engine as the main source of driving force. Firstly, in addition to the internal
combustion engine and a multi-stage gearbox, the transmitting and distributing
torque mechanisms (dry friction clutch, inter-wheel and axle differentials, multi-
plate friction clutches, viscous couplings, etc.) are excluded from the vehicle
design. Secondly, when power distribution between all vehicle wheels is re-
quired (for example, when driving on a snowy road, off-road or in icy condi-
tions), there is a technical possibility of implementation the full-wheel drive.
Finally, in the braking mode, forced deceleration or downhill movement, traction
electric motors can be effectively used as a generator sets, realizing the process
of regenerative braking [11], which saves energy consumption due to the rege-
neration of braking energy [12].

However, the implementation of the seemingly simple principle of braking
energy recuperation requires full integration of the regenerative braking system
with the EV regular braking system, which is the most important element of the
driver, passengers and vehicle safety. To ensure reliable and efficient operation
of the regenerative system, its integrated soft- and hardware platform must pro-
vide smooth and precise control of the combined mechanical and regenerative
braking [13]. Therefore, the operation coordination of the regular hydraulic
braking and the EV regenerative braking systems is an essential factor in deve-
loping a control strategy for the hybrid braking mode [14, 15]. Besides, in case
of the regenerative braking system failure, safety requirements must be strictly
observed. Braking torque distribution on the wheels should ensure the full usage
of the EV grip weight during braking of any intensity, but at the same time, its
value should have the minimum allowable value to maintain vehicle controlla-
bility during braking process.

Electric vehicle simulation model development. The EV simulation mo-
del [16], which includes submodels of traction electric motor, hybrid brake
system, traction accumulator batteries, tires, driving cycle module, and the mathe-
matical model of transient dynamics, is shown in Fig. 1.

The development of a complex EV simulation model was carried out in ac-
cordance with the practical recommendations for modeling vehicles on electric
traction [10], which regulate the including tires models and the SOC percentage
effect into the mathematical description of the EV dynamics and traction accu-
mulator battery respectively.

Tire models. Tires are represented in the model by an elastic shell that de-
forms in the normal and tangential directions during operation. The correspon-
ding forces F,,, F,, compatible with tire slip ratio can be calculated as [17]:

e front axle: F,, =, (sf)F 5

Zj

erearaxle: F, =p, (S,)FZ,,, (1)

Xi

where F,; F,, are traction forces respectively on the front and rear axles, N;
us M. are traction coefficients of the front and rear axles, respectively;
ss, s, are the front and rear tire slip ratio, respectively; F., F., are vertical forces
respectively on the front and rear axles, N.



Le Van Nghia, Dam Hoang Phuc, Nguyen Trong Hoan, S. V. Kharitonchik, V. A. Kusyak

Research of Regenerative Braking Strategy for Electric Vehicles

109

[opou A[OIYA OINII[Y [ ‘S1f

[2pow uafaui Supjealg

80104 uonoEx 21K Jesy

PEO] [EDILIAA 311} JEIY|

|9POoW alll leay

20E DIYRA

90} uBA

G

[apow Apoq 3|a1yaA

92403 UolORI} 3413 JUCL]

fooleA apR1uEA

paads JojoW
S A J
w2
¥ R

|2pow aJl] Juo.4

4

|opouw uid

aelq aanelausss

Jeal ayelq L.

JuoJy ayelq L

usBaJ axelq L

Jolop

3242 BuiauQg

juswow 1030l

.\_ [2pow D31 4010

]

annbas 4




Jle Ban Heua, /lam Xoane Ilxyxk, Heyen Ypone Xoan, C. B. Xapumonuuk, B. A. Kycax
110 VccnenoBanue CTpATeruu PpeKynepaTiBHOIO TOPMOKEHHUS SIEKTPOMOOHIIEH

The slip ratio for each driving condition is calculated by the following equa-
tions [17]:

) V- 7.
» acceleration: s =—— (_] <5 <0);
.,

wh' wh
V-7,
e braking: s =——*(0<5<1), )
v

where v is vehicle speed, m/s; ,; is wheel rotation speed, rad/s; r,, is wheel

dynamic radius, m.
The relationship between the coefficient of traction and the slip ratio of the
tires, determined experimentally, is shown in Fig. 2.

1.0 T ]
0.8 :
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8

-1.0 . - :
-1.0 -0.5 0 0.5 1.0
Slip ratio

Traction coefficient

Fig. 2. The relationship between traction coefficient and tire slip ratio

Accumulator battery model. Accumulator battery equivalent circuit cir-
cuit (Fig. 3) does not directly simulate the flow of complex chemical processes
inside the battery system, but allows approxima-
ting the output nonlinear characteristics and para-
R, meters of the traction accumulator battery in
T QD bC all EV operating modes, including the regenera-
: tive braking.
En Each element of the equivalent circuit (inter-
nal resistance R,, open circuit voltage E,, and di-
rect current DC of the battery) is the basis for the
construction of algebraic nonlinear equations,
including constant parameters and variables. The internal resistance R, parame-
ters are presented in non-linear equations by constants obtained empirically
using an interpolated data table.
From the equivalent circuit model, we have the output power of the battery

=P +F, 3)

Fig. 3. Battery equivalent circuit

where P, is battery output power, W; P, =UI ; P, is consumed power of the

traction electric motor, W; P, is capacity loss due to internal resistance R, of the
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battery, W; P.=R,[ 2. U, I are respectively operating voltage, V, and operating
current, A, of the battery, respectively.

To calculate the current strength of the main branch, we substitute P,, P,
into equation (3)

Ul =P, +R1I" (4)

Equation (4) has two solutions /;, as in the bellow formuler (5). The current
value will be taken according to the solution that has an absolute value less than.

)

SOC battery capacity, as one of the main output parameters of the battery
block, is calculated by

1 t
S0C,) = 50C,, \ - Ejl(t)dt, (6)
l

where SOC(t) is the instant SOC at time #; SOC( o) is the original SOC at time ¢,y;

C is battery capacity, A-h; I(¢) is instantaneous discharge current strength, A.
In accordance with the equivalent calculation scheme the voltage on the bat-
tery terminals is determined from the equation

U-u, =U,, (7)

where U, is voltage drop on the internal resistance, V; U is the same on the
load, V.

Regenerative braking models. During recuperative braking, the electric traction
motor performs the function of a generator, converting the vehicle kinetic energy
into electric energy, which is sent back to the accumulator battery for its rechar-
ging. It was experimentally established that the torque curves in the traction mode
of the electric motor and in the generator mode are symmetrical (Fig. 4), i. e. the
torque accepts negative values for regenerative braking [18, 19].

Motor mode

Torgue

gl ¥ &
S RIS /
A =1
BA=—"V ¥ Generator mode

A

C Y

Rotor angular speed

Fig. 4. Engine maximum braking curve
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If required for EV deceleration the total braking moment on the front axle
wheels is less than or equal to the maximum possible braking torque of the ge-
nerator at a given speed (Fig. 4, points 4, B), then only a recuperative brake is
used for service braking. The EV regular hydraulic braking system is not activated.
When the required brake moment exceeds the torque limit (Fig. 4, point C),

the generator operates at the point of maximum torque ( £,,,, ) and the rest of the

egen
power (P, ) is wasted as heat on the brake discs surface due to mechanical

braking. In addition, the regenerative braking system is not activated at low
speeds due to low energy efficiency and therefore the required brake force on the
front wheels during full vehicle stopping is created only by hydraulic actuators
of the regular brake system.

To simulate this activity, the mathematical description of the transient pro-
cess includes the speed-dependent recovery factor. The value of this indicator
depends on the vehicle speed threshold v, m/s, during service braking. At initial
braking speeds exceeding the upper threshold value v, of 12.0 m/s, the generator
operates in the maximum renewable capacity, generating energy to recharge the
batteries and participating, in parallel, in the formation of the total braking
torque on the EV front axle drive wheels. If the actual vehicle speed falls below
threshold v; in 4.47 m/s, the generator is deactivated and goes into “sleep” mode.
For speeds between v, and v,, it is assumed that the percentage of brake power
that can be recovered increases linearly with vehicle speed up to the point of
maximum resiliency, as shown in Fig. 5.

120
100
80
60
40
20

0
Vi V2 Speed, m/s

Regeneration factor, %

Fig. 5. Speed-dependent regeneration factor coefficient

Taking into account the dependence shown in Fig. 5, the 7(v) function of the
electric motor braking torque 7' from the actual EV velocity v was built, which
shows the influence of the EV speed mode on the electric motor regeneration
coefficient during braking process.

Recharging the battery with regenerative energy while braking from 60
to 10 mph. The simulation results of the battery recharging with regenerative
energy during braking from a speed of 60 mph (28.62 m/s) to 10 mph (4.47 m/s)
were compared with the actual experiment results [20] to evaluate its vali-
dity. The main parameters and technical characteristics of the tested EV are pre-
sented in Tab. 1.
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Table 1
Model parameters and EV technical characteristics

Parameters, dimensionalities Values
Air density, kg/m’ 1.25
Battery energy, kW-h 24
Battery round trip efficiency 0.95
Drag coefficient 0.29
Frontal area, m’ 2.19
Gear efficiency 0.95
Gear ratio 8.2
Maximum motor power, kW 80

(2730-9800 rpm)
Maximum motor torque, Nm 280
(0-2730 rpm)

Tire radius, m 0.316
EV total mass, kg 1663

The transition to the regenerative braking mode was carried when the EV
reached the set speed of 60 mph with activations at that very moment the trac-
tion electric motor as a generator to recharge the accumulator battery.
The changing in the regenerative braking energy efficiency during EV decelera-
tion in the above speed range is represented in Fig. 6.
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Fig. 6. Regenerative braking energy efficiency

As can be seen from modeling results the regenerative energy during EV
braking from 60 to 10 mph is 76.19 W-h. According to the experimental results
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of Lab AVT (USA) [20], a similar indicator of the regenerative braking energy
efficiency under the identical conditions of the transition process is 79.8 W-h.
Thus, the error of the regenerative braking simulation is less than 5 %, which
indicates the adequacy of the EV simulation model and the correctness of the
developed mathematical description. The computer experiment error depends
on the conditions of using the auxiliary load, environmental conditions, weather
and the road surface grip.

The presented EV model is used as a basis for evaluating the effectiveness of
the two proposed regenerative braking control strategies and developing the cor-
responding algorithms for the recuperation process control.

Proposed regenerative braking control strategies

Control strategy of the regenerative braking maximum force. The structure
of the hybrid braking system control algorithm, developed on the basis of the
proposed control strategy, allows realizing the law that ensures the redistri-
bution of the maximum total braking forces to the front axle wheels. Braking
forces distribution of the specified disproportion (the maximum possible braking
force (according to the grid conditions), respectively, on the front wheels, the
smallest one — on the rear axle wheels) is regulated by the Economic Commis-
sion for Europe (ECE) adjustment and described by the 0-a-b-c curve (Fig. 7).

0.8
0-a-b-c Front axle braking force distribution coefficient ¢ d

0.7} 0-a-/-g Front axle regenerative braking force distribution coefficient
0-h-i-c-d Front axle mechanical braking force
distribution coefficient
" 0-h-j-k-m Front axle mechanical braking force
distribution coefficient b

0.6
0.51
0.4
031

0.2} k/ o m

Braking force distribution coefficient

0.1+ 7 J—

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Braking strength, g

Fig. 7. The relationship between braking force distribution coefficient
and braking strength

During braking with a deceleration of less than 0.2g, the hydraulic actuators
of the regular brake system are not activated [21], and the required braking force
on the front wheels is created only by traction electric motor due to the activa-
tion of the regenerative braking mode. In this case, the generator braking torque
is regulated with ECU by signals processing from the EV brake pedal position
and wheels speed sensors. When the deceleration exceeds 0.2g, the regular brake
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system begins to create pressure in the hydraulic actuators cylinders and the me-
chanical braking force on the front and rear wheels begins to increase in a linear

relationship, shown in Fig. 8 by the f,, line.
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Fig. 8 Diagram of braking force distribution on the wheels

At this time, the traction motor continues to generate an electric braking
torque on the front wheels, providing, together with the regular brake system,
a total braking force corresponding to the distribution coefficient regulated
by ECE. For example, when the EV deceleration is 0.5g, the total braking force
is at point b, and the mechanical braking force on the front and rear wheels is
at point d. In this case, the maximum possible braking force for regenerative
braking is d-b line, marked F/,o, mar—possi-

The battery recharge efficiency directly depends on the duration of the recu-
peration process in each braking cycle, i. e. the longer the regenerative brake
takes part in the formation of the total braking torque on the front wheels,
the more energy the battery will receive for recharging. However, for the grea-
test possible recovery of braking energy, the following two conditions must
be satisfied.

The first condition is that the electric motor must be able to generate braking
force. Assuming that at a deceleration of 0.5g the maximum braking force of the
electric motor is limited in Fig. 8 by the f-e line, then the operating point of the
total braking force should be at point e, and the mechanical braking force should
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be at point /. However, for producing a maximum of regenerative electrical
energy per braking cycle, it is necessary to harmonize the generation of the ma-
ximum braking force by the electric motor with the ECE adjustment for the
axle brake force distribution. The second condition is that the road surface grip
coefficient u must be greater than 0.67, otherwise the front axle wheels will

be locked during braking. It is illustrated on Fig. 8, that in a case of decelera-
tion j = 0.5g and u = 0.6, the total braking force will be determined by the
operating point g.

It should also be noted that for braking systems with ABS, the required total
mechanical and regenerative braking force under identical braking conditions
will differ from the operating values shown in Fig. 8. For vehicles equipped with
an anti-lock braking system, the mechanical force generated by the hydraulic
brake actuators when the front wheels are locked will be less than the potential
values (Fig. 8, point g,) approximated by the line , , i. e. the value of the ma-

ximum mechanical braking force on the front axle will be determined by the
operating point i. In this case, the motor can still provide the greatest braking
torque (Fig. 8, braking force F, ) with the largest recovery energy for bat-

ofo—max
teries recharging.

Thus, the ECE curve (Fig. 8), which illustrates the minimum allowable
by ECE adjustment braking forces distribution along the vehicle axes, can
be replaced by a simple straight line B, max the coordinates of which can be used
to form the required total braking torque depending on actual EV deceleration

2,/0.07L,h, + L, +0.07h, ®

P = 0.85L :

where L is the EV wheelbase, m; 4, is the height of the EV’s center of gravi-

ty, m; L, is the distance from the EV’s center of gravity to the rear axle, m.

Equation (8) shows that, in fact, the braking forces distribution coefficient
is determined by the geometric parameters of the vehicle. Having calculated the
total braking force B,, .. from the hydraulic brake actuators and the regenera-
tive braking, which is necessary for providing the required EV deceleration, it is
possible to construct the braking forces distribution diagram on the front and
rear axles wheels based on the straight line f3,, ..., as shown in Fig. 8. At the
same time, the control algorithm for the combined brake system is greatly
simplified.

For simulation the proposed control strategy of the regenerative braking
maximum force, the regenerative braking model represented by the function 7(v)
was transformed. In particular, based on the diagram in Fig. 8, the line 0-a-f-g
was built (Fig. 7), which allows creating the 7, (v) function of the electric mo-
tor braking torque 7, during the recovery process from the actual EV decele-

ration V.
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Optimal brake efficiency control strategy. The hybrid braking system (Fig. 9)
allows to carrying out independent regulation of the total mechanical and rege-
nerative braking forces on each wheel of an EV. During service braking,
the torque generated by the hydraulic brake actuators on the front and rear
wheels is H-EBS controlled by applying a PWM-signal to the appropriate pro-
portional solenoid valve, taking into account the data processing from indivi-
dual pressure feedback channels, the brake pedal position, the actual and re-
quired EV deceleration and the regenerative braking torque value transmitted
to the front axle.
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At the developing of control algorithm for the above-described combined
braking system, the key point is the aspect of realizing the optimal control stra-
tegy for the total electrical and mechanical braking torque, which allows obtai-
ning the required vehicle braking efficiency along with the maximum regene-
rative braking energy.

The concept realization of independent braking forces regulation on each
wheel allows the hybrid braking system to precisely control the braking tor-
que on the front and rear wheels according to the ideal brake forces distribu-
tion curve / (Fig. 8, 10). This control strategy can provide optimal braking
efficiency.

When the required (on the condition of providing the necessary deceleration)
total braking force on the front wheels is less than the potential capabilities
of the electric motor, the braking torque on the front axle wheels is formed only
by the regenerative brake without using of hydraulic brake actuators. In this
case, the braking force on the rear axle wheels is created by the hydraulic actua-
tors of the regular brake system in accordance with the distribution coefficient
determined by curve / (Fig. 10). If the required total braking force on the front
wheels is greater than the maximum braking force of generator, then both elec-
tric and hydraulic braking systems are used during service braking.
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Fig. 10. Control strategy for the most optimal braking efficiency

For simulation the proposed control strategy of optimal brake efficiency,
the regenerative braking model represented by the function 7(v) was trans-
formed. In particular, on the diagram of Fig. 10 reconstruction path 0-a-b was
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built, which allows creating the 7, (v) alternative function of the electric motor

braking torque 7> in the recovery process from the actual EV deceleration v.

Simulation results

In order to research the described above two regenerative braking strategies
(Strategy 2 and 3), a scenario was developed to simulate the respective regenera-
tive processes and calculate their effectiveness in terms of braking dynamics and
the amount of renewable energy. The obtained results, namely the braking dis-
tance, the amount of regenerated energy for recharging per braking cycle and
SOC battery capacity, were compared with similar indicators from the braking
process simulation based on the basic control strategy with a fixed ratio of the
braking forces distribution (Strategy 1). The transient processes simulation con-
ditions are shown in Tab. 2.

Table 2
Scenario conditions
Condition Value
Deceleration speed range, mph From 60 to 10
Maximum grip coefficient @, 0.7
SOC start at, % 50
Braking time, s 55.6 (from 100 to 155.6)

The simulation results of the regenerative braking process with display of the
braking distance, the current vehicle speed and the brake pedal position are
shown in Fig. 11. The braking distance comparison in the context of the three
analyzed regenerative braking control strategies is shown in Fig. 12.
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Fig. 11. Braking distance evaluation graph

As can be seen from the Fig. 12 diagrams, the usage of the optimal braking
efficiency control strategy (Strategy 3) provides the shortest braking distance
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during transient process. Compared to Strategy 1 (fixed ratio of the braking for-
ces distribution) and Strategy 2 (control strategy for the regenerative braking
maximum force), the braking distance at applying Strategy 3 is reduced by
an average of 13.7 % and its value is 768.2 m, thus confirming the braking pro-
cess optimality in terms of braking efficiency.
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Fig. 12. Braking distance graph

The simulation results of the regenerative braking process with the display
of the total regenerated energy per time and the instantaneous values of the bat-
teries recharging capacity are shown in Fig. 13. Graphical comparison of the
most important energy efficiency characteristics of the researched regenerative
braking control strategies is shown in Fig. 14.
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Fig. 13. Battery charging energy evaluation graph

As can be seen from Fig. 14, the peak batteries recharging capacities for va-
rious recovery braking control strategies are almost identical (deviation within
4.5 %). However, when using Strategy 2 and Strategy 3, the total energy gene-
rated by an electric motor for battery recharging is 2.14 and 1.84 times more,
respectively, than when using Strategy 1.
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The simulation results of the regenerative braking process with the display
of SOC battery percentage and its ampere discharge are presented in Fig. 15.
The graphic comparison of the indicated values in the context of three analyzed
regenerative braking control strategies is presented in Fig. 16.
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After comparing the efficiency indicators of two proposed recovery braking
control strategies (Strategy 2 and 3) with similar indicators of the Strategy 1, we
can conclude that each strategy has its own advantages and disadvantages. When
using the Strategy 2, the EV braking distance is the longest among the other
ones, but instead, the battery receives maximum of recharging energy — 173.2 W
per braking cycle. Strategy 3, on the contrary, provides the smallest braking dis-
tance, but, at the same time, the recharging energy transmitted by the generator
to the battery is 13.6 % less compared to the Strategy 2 and 1.84 times more that
of Strategy 1. Thus, Strategy 3 is the most optimal in terms of providing the
smallest brake distance and minimal electric motor energy intake.

CONCLUSIONS

1. The relative error of the simulation results of the braking energy regenera-
tion processes and the actual experimental data of the Lab Avt research labora-
tory (USA) is less than 5 %, which indicates the adequacy of the EV simulation
model and the possibility of its using as a base for research and energy efficien-
cy comparison of various regenerative braking strategies without conducting
expensive bench and road tests.

2. As the simulation results shows, from two proposed regenerative braking
strategies, the best one is the optimal brake efficiency control strategy, which
provides a reduction in the brake distance by 13.2 % compared to the basic con-
trol strategy based on fixed ratio braking forces distribution with simultaneously
increasing by 84.4 % of the total battery recharging energy produced by the elec-
tric motor in generator mode. The research confirms the existing significant
potential to increase the efficiency of using electric vehicles by improving the
control strategies and algorithms of the braking energy recovery.

Funding: This research was funded by HANOI UNIVERSITY OF SCIENCE and
TECHNOLOGY, grant number T2020-TT-005.
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OnepaTuBHas HACHTU(PUKALUSA CONPOTHUBJICHUN NIPOBOI0B
pacupeaesureabHbIx cereid 380 B
aBTOMATU3MPOBAHHBIMH CUCTEMAaMHM yuyeTa

M. W. JTanunos”, U. T. Pomanenxo”

Bepo-Kas ui benepanbHbiid yHUBEpcHTET (CTaBpOIOJIb niickaa Peneparys
DCepepo-Kapkascxk enepa. epcuteT (CraBpormnosns, Poccutickas ®enepa

© benopycckuil HallMOHAIbHBIA TEXHUYECKUl yHUBepcuTeT, 2023
Belarusian National Technical University, 2023

Pedepar. PaccMmaTpuBaioTcsi UYETBIPEXIPOBOJHBIE pACIpPEACIUTENbHBIE DICKTPUUSCKUE CeTH
0,4 kB, ocHalleHHbIE aBTOMAaTH3HPOBAHHBIMU CUCTEMaMHM y4eTa dJIeKTPUYecKoi sHepruu. Pemra-
ercst 3ajada MACHTH(HUKALUKM CONPOTUBICHHI NPOBOJOB PACIPEACIUTEIBHOH CETH Ha OCHOBE
JeHCTBYIOIINX 3HAYCHUH HANpPSDKCHHH U TOKOB, a TAKOKe MX YIVIOB cBHUra (a3, IodydaeMbIX CH-
CTEMOH y4eTa B y3Jie IUTaHHs CETH U y ee a0OHEHTOB JUIs BEIOPaHHBIX HHTEPBAIOB HAOIIONCHHUS.
IIpoBomuTcst KpaTKUH aHaIM3 M3BECTHBIX METOMOB M TEXHOJOTHH, MPUMEHSIEMBIX B yKa3aHHOM
HalpapJIeHUH UcclieqoBaHuil. OTMeuaeTcsi BaXKHOCTb (OPMYIIUPYEMOil MPOOIeMbl s IPUKIAL-
HBIX 3aJa4: KOHTPOJI U AMAarHOCTHKH IIOTEpPh JIEKTPUYECKOI 3HEPTHH, a TakKe TEXHHYECKOTO
cocTtostHUsS ceTu. [lpemaraercs MeTox (anropuT™), MO3BOJISIIOLIMI ONPEAENSATh HEH3BECTHEIC,
HEOJMHAKOBBIC KOMIIJIEKCHBIC COIPOTHBIICHUS MEXAOOHEHTCKHX YYacTKOB PaCIpeAesIUTEIbHON
ceTH. B 3THX CONpPOTHBICHUSX PEAKTUBHBIC COCTAaBJISAIOLIME CUUTAIOTCS PAaBHBIMU B IIpeneiiax
MeKaOOHEHTCKOTO Y4acTKa, aKTUBHBIE — OTIMYAIOTCS BCIEACTBHE BO3/CHCTBHS HEOIMHAKOBBIX
MIPOTEKAIOMINX TOKOB W/WJIM MOTOAHBIX (akTopoB. [Ipu 5TOM HEOOXOIMMBI JaHHbBIE ABYX Pa3HBIX
PEeXNMOB pabOThI CETH, KOTOPble Ha OCHOBE aHAIM3a AWHAMUKM M3MEHEHMS ITHTAIOILINX TOKOB
W/MIN HanpsDKeHWH OTOMPAIOTCsl HPUOOPOM CHUCTEMBI y4eTa, MOJAKIIOYCHHBIM B Y3JI€ MHUTAHMS.
VY4uTHIBas, YTO AKTHBHBIC COIPOTHBICHUS IPOBOJIOB JOJDKHBI OCTABAThCS HEN3MEHHBIMH, VIS
pacyeTOB MCIOJIB3YETCS PEKUM O N3MEHEHUS SHEPronoTPeOICHUs B CETH U CIENYIOLIMiT cpasy
(mopsimka 0,1 c) mocne Hero. [IpuBeneH mpumep pacdeTa, JEMOHCTPUPYIOLIIMHA JOCTOBEPHOCTH
IIpe/TaraeMbIX ypaBHEHHUI pa3paboTaHHOTO METOa Ha MOAGIUPYEMOH pacIpeenTeNbHOM CeTH.
Pe3yipraTel HCCleIOBaHMH OpPHEHTUPOBAHBI Ha YCOBEPLICHCTBOBAHHWE aBTOMATH3HPOBAHHBIX
CHCTEM Y4YeTa U PeaM3allfi0 UX HOBBIX (YHKIIMi, MOBBIMIAIONIMX HAICHKHOCTh PACIIPENCIUTENb-
HBIX CETEH, a TaKKe MO3BOJISIOIIMX OPTaHM30BaTh OINEPATHBHOE BBISBICHHE HETEXHHYECKHX MO-
Tepb AEKTPUIECKOH YHEPTHUU.

KnrodeBblie ciioBa: pacripefenuTenbHas CeTh, apaMeTPhl CeTH, METOMA HASHTH(UKALUHU COMpO-
THUBIICHUH, YETHIPEXTIPOBOAHAS TpeX(asHas IeMb, COMPOTHBICHUS IPOBOOB, PELICHNE HEIMHEH-
HBIX ypaBHCHUI
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Operational Identification of Resistances
of Wires of 380 V Distribution Networks
by Automated Accounting Systems

M. 1. Danilov'), I. G. Romanenko"
YNorth-Caucasus Federal University (Stavropol, Russian Federation)

Abstract. Four-wire distribution electrical networks of 0.4 kV equipped with automated systems
of electrical energy accounting are considered. The problem of identifying the resistances of the
wires of the distribution network is solved on the basis of the effective values of voltages and cur-
rents, as well as of their phase shift angles obtained by the accounting system in the power supply
node of the network and from its subscribers for the selected observation intervals. A brief analysis
of the known methods and technologies used in this area of research is carried out. The importance
of the formulated problem for applied problems, such as control and diagnostics of electrical ener-
gy losses, as well as the technical condition of the network, is noted. A method (algorithm) is pro-
posed that allows determining unknown, unequal complex resistances of inter-subscriber sections
of the distribution network. In these resistances, the reactive components are considered equal
within the inter-subscriber section; the active components differ due to the influence of unequal
flowing currents and/or weather factors. At the same time, data from two different network ope-
rating modes are required, which are selected based on the analysis of the dynamics of changes
of supply currents and/or voltages by the accounting system device connected to the power supply
node. Considering that the active resistances of the wires must remain unchanged, the mode that is
used for calculations is the one that is before the change in power consumption in the
network and the next one immediately (about 0.1 s) after it. An example of a calculation that
demonstrates the reliability of the proposed equations of the method that has been developed on
a simulated distribution network is given. The research results are focused on the improvement
of automated accounting systems and the implementation of their new functions that elevate the
reliability of distribution networks, as well as allowing for the rapid identification of non-technical
losses of electrical energy.

Keywords: distribution network, network parameters, resistance identification method, four-wire
three-phase circuit, wire resistances, solution of non-linear equations

For citation: Danilov M. 1., Romanenko I. G. (2023) Operational Identification of Resistances of
Wires of 380 V Distribution Networks by Automated Accounting Systems. Energetika. Proc. CIS
Higher Educ. Inst. and Power Eng. Assoc. 66 (2), 124—140. https://doi.org/10.21122/1029-7448-
2023-66-2-124-140 (in Russian)

BBeaenne

[IpumeHeHue B paclpeAeNUTeNbHBIX CETAX aBTOMATH3MPOBAHHBIX CHCTEM
y4eTa 3JIEKTPOIHEPruy MO3BOJSAET MPOBOJUTH KOHTPOJL MOTEPh AIIEKTpHUe-
ckoit sHepruu [1, 2]. Texaudyeckue mMOTepr IIMEKTPOIHEPTUU (MOIIIHOCTH) B Ce-
TH OIPENENSFOTCS COMPOTUBICHUSIMH MPOBOJOB MEKAOOHEHTCKHX YYacTKOB
U KBaJpaToOM MpoTeKarouero Toka [2—4]. BenenctBue TOro, 4To COMpPOTUBIE-
HUS TIPOBOJOB NPHU BO3JEHCTBUM pPa3HBIX TOKOB [5—7] W KIMMaTH4ecKux (hax-
TOpOB MOTYT W3MeEHAThCA [8—10], HeoOXoamma opraHu3anus KOHTPOJIS WX
3HaueHui [11]. B TakoMm ciaydae cTaHET BO3MOKHBIM BBHITIOIHSTH ONEPATUBHYIO
MUAarHOCTUKY [12] TEXHUYECKOTO COCTOSHUA MEKaOOHEHTCKUX y4YacTKOB pac-
MPENIETUTENBHON CeTH, BBISBIATh HECAHKIIMOHHPOBAHHOE HHEPronorpede-
Hue [13, 14], a Taxke BeCTU MOHUTOPHUHT HETEXHUUYECKUX MOTEPh IEKTPOIHEP-
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ruu [2, 14]. Tlpu ananu3e CyIIECTBYIOIIUX HCCICIOBAaHUI MOXKHO BBIICTUTH
pabotel [15—18], B KOTOPBIX O JaHHBIM CHUCTEMBI ydeTa HACHTHQHUIHPYETCS
HEW3BeCTHas Tomoyiorus (cxema W (a3bl HMOIKIIOYECHUST a0OHEHTOB) pacmpee-
nutensHOU cetu. B [11, 19-29] pemaercs 3aaya onpeneneHrs CONPOTUBICHHH
(mapamMeTpoB) MeKaOOHEHTCKHX y4YacTKOB IIPH HM3BECTHOM CXEME pacipeeiu-
TenpHOU cetH, a B [30, 31] mpoBOIUTCS OJHOBPEMEHHO MACHTHU(UKALUS TOIIO-
JIOTHH ¥ COTIPOTHBIICHUN TIPOBOIOB MEKAOOHEHTCKUX yYaCTKOB CETH.

OTMmeTnM, YTO TIPU OMpPEAETICHHH TOTOJOTHH M MapaMeTpOB paclpeaeiu-
TENBHON CEeTH MPUMEHSIOTCS JIBa OCHOBHBIX Nojaxoxaa. [lepBerii mpexamomaraer
HCMOJb30BaHKE JAEHCTBYIOIINX 3HAUYEHUN HANpsHKEHUM, TOKOB W YIJIOB CABUTA
(a3, mosrydaeMBIX CHCTEMOH ydeTa B y3Jie IHUTAaHHSA CeTH W y ee aOOHEHTOB
JUTSL OJTHOTO W TOTO e WHTepBaia Habmonenus [11, 16-21, 23, 26, 27, 29-31].
JlaHHBIC TOKOB M YTJIOB CABUTA (ha3 MEXKTy HANPSDKCHUEM M TOKOM IKBHUBAJICHT-
HBI TOMY, YTO M3BECTHHI aKTHBHAS W PEakTHBHBIE MOIIHOCTH. BTopoil moaxon
HCTIONB3yeT MH(OPMAINI0 CHHXPOHHBIX BEKTOPHBIX M3MepeHwid (phasor mea-
surement unit — PMU) [12, 15, 22, 24, 25, 28]. YuurbeiBas, 4T0 B HACTOSAIICE
BpeMsi CTOUMOCTb TexHoJoruit PMU BbICOKa, UX BHEAPEHHE B HU3KOBOJIbTHBIC
ceTH 3aTpyaHeHo. Takum o0pa3om, Hibke OyayT OTMEUYCHBI OCHOBHBIC UJICU HIC-
CJIEJOBAHMHN, OTPAYKAIOIINX TEPBBIH MOIXO/.

B [11] mpenmosxeH MeTO pacdeTa CONMPOTHUBICHUH MPOBOMIOB pacIpeIeiu-
TEJIBHOM CETH MPHU YCIOBUU PAaBEHCTBA B Ipeleiax MEKaOOHEHTCKUX yYaCTKOB
COTIPOTHBIICHUH BceX (Pa3HBIX MPOBOJOB M OTIIMYHU WX 3HAUCHHH OT HEWTpasb-
HOrO. Ha OCHOBE MaHHBIX MHTEIICKTyaJIBHBIX CUETYHKOB B [16—18] ompenemns-
€TCSl TOJBKO TOMOJOTUS PACIPEACIUTEIBHBIX CEeTed HHU3KOr0 HANpPSDKCHUS.
B [16] ucnionb30BaH MPUHIMI aHATHU3a KOMIIOHEHTOB pacrpeaeTuTeIbHON CeTH,
BBITIOJTHSIEMBIA Ha OCHOBE M3MEPCHHM 3JIeKTpudeckoi sHeprun. B [17] mpoBo-
AT 00yYeHUEe MOJEIM Ha OCHOBE CTATUCTHYECKOTO aHan3a HECHHXPOHH3U-
POBaHHBIX HAMpPSHKCHUM W BBIABIAIOT CTPYKTYPY paclpeieUuTeIbHON CETH.
[Ipu »TOM OTMeUaeTCst, 9TO TOIIOJIOTHIO CETH MOYKHO ONPEIENUTh Jake 10 JIaH-
HBIM TOJIKO HECKOJBKHX MPHOOPOB cucTeMbl ydera. B [18] ucnons3yior oueH-
KM B3aUMHOM KOPPEISIIINY HANPSHKEHUH a0OHEHTOB CETH W y3Jia MTUTaHUS B Te-
YeHHe HEKOTOpPOro BEIOpaHHOTO WHTepBana BpemeHn. B [19] mpexncraBnen
METOJ] OTIEPAaTUBHON OLEHKH COMPOTHUBJICHUN MPOBOJOB HU3KOBOJBTHOM pac-
MpEeIETUTENbHON CETH NP HATUYUHU YCTPOUCTB € paclpee]IEHHON reHepalrei.
[Ipenmonaraercsi, 4To NEHCTBYIONIME 3HAYCHHUS HANPSOHKCHHUS B paclpeieiu-
TEJIBHOM CEeTH HEe UMEIOT cCUHXpoHu3auuu. B [20] u3noxxeH moaxo/ Aisi OLEHKU
MapaMeTPOB PACHPENCIUTENbHON CETH, MCIONB3YIOIIMUI NeHCTBYIONIUE 3HAYe-
HUS HaNPsDKCHHH, a TaKk)Ke aKTUBHOM M PEaKTHUBHOW MOIIHOCTEH C Y4EeTOM II0-
TCPELIHOCTeH WX U3MEPEHUM U CHHXpOoHM3aIuu. [IpeacTaBieHsl BRIpaKeHUs s
pacuera MOTOKOB MOIIHOCTH CETH NPHU HEM3BECTHBIX yIilaXx HadaJbHBIX (a3
HanpsoKeHUH aOOHEHTOB U TpeAiaraeTcsl MOJIEb Il KOMITEHCAIIMH TTOTPEITHO-
creil u3mepenust. CONPOTUBICHUS JTUHUN PaCIpPEeNCTUTEIBHON CETH C LETBI0
JIOKaJIU3allii MeCcTa TMOBPEXaeHus onpenerstores B [21, 32, 33]. [Ipeanaraercs
JUTSL CHUDKEHUSI CUCTEMAaTUIEeCKHUX OITHOOK M3MEPEHUH PUMEHSATH TOIPaBOYHEIC
kodduumentrl. B [23] mpeacraBieH MeTO OLICHKH COCTOSHHUS CETHU CPEIHETO
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HaNpsDKEHHUS 110 arperHpOBaHHBIM JIaHHBIM HHTEIICKTYalbHBIX CUYETYMKOB Ha
bunepax (IUHUAX) HAZKOTO HampspKeHUs. OTMedaeTcs BO3MOXHOCTD JOTIOTHH-
TEJNBHO YIIYYIINTH TUNIAHUPOBAHKUE M PadOTy paclpelenTelbHbIX CeTel cpeHe-
TO HampsbKeHHA 3a cueT ee pexoHurypaumu [34, 35]. Meroa uaeHTH(UKANHA
COTIPOTHBIICHUHA MEKAOOHEHTCKHX YYaCTKOB MarvCTPAbHOW JIMHUU B PEXHMME
peanbHOro BPEMEHU paccMOTpeH B [26]. 3amaua ompeiesieHHus BEKTOPOB TOKa
U HalpsOKEHHs B paclpeieIuTeNbHON CETH, a CIE0OBATENbHO, U CONPOTHUBICHUN
ee mpoBomoB pemaercs B [27]. Ilpn 3TOM HCIONB3yeTCs yCIIOBHE pPaBEHCTBA
B TpezeNiax MeXaOOHEHTCKHUX YYacCTKOB COINPOTHBICHUH (pa3HBIX W HEHTpaib-
HOTO TPOBOJIOB, a TaKXe OTMEYaeTcs HepadOTOCHOCOOHOCTH moaxonxa [26].
B [29] mpoBenena oreHKa mapaMeTpPOB paclpeAcIUTEIbHBIX Tpex(a3HbIX He-
TPaHCIIOHMPOBAHHBIX JIMHWMA, OCHOBAaHHAs Ha AWCIIEPCHH HETMHEWHON CXEMBI
HAaUMEHBIIUX KBaJpPaTOB C TOBTOPHBIM B3BEIIMBAaHHEM, HCIIOJIB3YIOIIasl JaHHbIC
NEHCTBYIONMX 3HAYCHWH HANPSHKEHWS W MOIIHOCTH, M3MEPEHHBIX Ha 000mX
koHUax auauu. B [30] npuBeneHa oueHka nmapaMeTpoB M TOMOJOTHHU AJA TPEX
JIEUCTBYIOINUX JIMHUI HHU3KOBOJIIBTHOM paclpeiesuTEeIbHOM CEeTH Ha OCHOBE
Habopa MaHHBIX HaMpspDKeHWH W MomHocTe. B [31] mpenmokeH MeTom WicH-
TA(UKAOWN TOIOJIIOTUM W TApPaMETPOB pPacCIpeNeIuTeIbHON CeTH HH3KOTO0
HanpspkeHus. [Ipu 3ToM HCnonb30BaHa MOJENIb MHOKECTBEHHON JIMHEHHON pe-
TPeccum.

Llenp maHHOTO MCCIIeIOBaHUS — pa3paboTKa MeTo1a pacyeTa COMPOTUBICHHUH
MIPOBOJIOB PacCHpEeIUTENBHON CeTH, KOTOPBIM MPUMEHUM IIPH YCIOBUH paBEH-
CTBa UX PEAKTUBHBIX COCTABISIONIMX B Mpenenax MeKaOOHEHTCKOTO y4acTKa U
YUYUTBHIBAET CONMPOTUBIIEHUE HEUTpabHOTO MpoBoja. [IpennaraeMplit METON SB-
nsieTcst pasputreM [11, 27] v He BCTpedaeTcsi B paCCMOTPEHHBIX BEIIIE padoTax.
Ha ero ocHoBe ompezeneHbl KOMIUIEKCHBIE COMPOTHUBIEHHUS MPOBOJOB MOJAEIH-
pyeMoil pacmpeienuTeNbHON CeTH C aBTOMAaTH3MPOBAHHON CHCTEMOW yueTa
AIEKTPOIHEPTHH TI0 JACHCTBYIOMIMM 3HAYEHHSIM HANPSHKEHWH W TOKOB, a TaKkKe
yriam casura a3z Mexay HUMH, TOyJaeMbIX [0 JaHHBIM JIBYX Pa3HBIX PEKH-
MOB CHHXPOHHO JJIsl OAHOTO U TOTO K€ WHTEepBaja HAOIIOJCHNUS B y3JI€ TUTAaHUS
CeTH 1y ee aDOHEHTOB.

IlocTaHoBKa 3agaun

PaccMmoTpuM pactipeemuTenbHyI0 IEKTPHUYECKYI0 ceTh HanpspkerrneM 0,4 kB,
B KOTOpPOW YyCTaHOBJIEHa aBTOMATHU3MPOBAaHHAs WH(OPMAIIOHHO-U3MEPHUTETh-
Hasl CHCTEMa KOHTPOJIS B y4eTa dIeKTpudecko snepruu (puc. 1).

B cocTas cucTeMbl yueTa BXOJAT TONOBHON W, u aboHeHTCKHe W,° mpubo-
pBI, onKIOYeHHbIe B (azax & = 4,B,C ceru. llpu satom v — HOMep aboHEH-
tTa (v=1,n), n — obliee KOIMIECTBO aGOHEHTOB B (ase & ceTH. MOMHOCTH
sHepromotpebienns p: =U:[ > abOHEHTOB CETH MPEICTABIECHBI COMPOTHUBIIE-
HUSAMM Harpy30k Z- (v=1,n) c Tokamu [° u Hampskenusamu US, rne 75 —
CONpsUKeHHBINH KomIuteke /¢ . TTutaHue Harpy30k aGOHEHTOB Z° BBITIOJHSETCS

HCTOYHHUKOM SHGKTpI/I‘leCKOI‘/'I SHEpruu cC TpeX(b.’:BHLIM HaIMpsKCHUEM E& ZUS; .
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[IpoBoga MexaOOHEHTCKUX YYaCTKOB PacHpeleTUTEIbHON CeTH MPeACTaBICHBI
KOMTLTEKCHBIMU COTPOTHBJICHUAMH z> U z. (v=0,n—1), IO KOTOPBIM TIPOTE-

v
e AN
KarT TOKH lv . lv .

E, U _264 l%(;l U _fol i;,f’,] U
: . B - A . ;I I .
@_EB (o S R U’
E wc z€ le ~C zC€ ¢ If C
C l]() =0y ,l\jl N =n—l 1,74 ,)ljn
L']ON—Z(])V l:AoN [']Cn —sz\il i;n]\ll ~ ~ Iy
Iy
&[]
L]
L[ O] (O] (O O O =
= VVlA VVIB VVIC WnA VV”B ch
_Zrlﬁ]_[_zf _Zfﬁ]_[ _Zfﬁ]_[_fﬁ]_l_zﬂcﬁ]_l

Puc. 1. DXxBUBaNCHTHAs CXeMa 3aMEICHHUS dJICKTPHUECCKOM CeTH

Fig. 1. Equivalent circuit of electric network

Janiee cunuTaem, YTO BBIMOJHSIIOTCS CICAYIOUIHE OMYIICHUS:

1) pactipenenuTenbHas CETh pabOTAET B IMITATHOM HECUMMETPHYHOM Oe3aBa-
pUIHOM peXHUME, U BCE €€ FJIEMEHTHI, KpOME aKTUBHBIX COMPOTUBJICHUN MPOBO-
JIOB, TUHEWHBI, T. €. HE 3aBUCST OT IPOTEKAIOIIETO TOKA,

2) B pacHpeneiuTeIbHON CETH OTCYTCTBYIOT BBICIINE TapMOHUKH TOKOB

141 HaHpH)KeHHﬁ, KOTOPBIC MOAABJIAIOTCA COBCTYIOIIMMHU TEXHUYCCKUMU CPCI-
CTBaMMU,

3) KOMIUTIEKCHBIE COTPOTUBIIEHHsS TPOBOJOB CETH z- = R°+ jX° u z =
=RY +jX" (v=0,n—1) ABIAIOTCA HEU3BECTHHIMH, OJHAKO CUMTAEM, YTO pe-
AKTHBHBIE COMPOTHMBJICHUS B TIPEleiax MEKaOOHEHTCKOTO y4acTKa OJMHAKO-
Bo, .. X/ =X =X =X" (v=0,n-1);

4) npuGopamu W, u WS- (¢£=A4,B,C, v=1,n) MOTYT IPOBOIUTHCA 3a
Bpemsi At ~0,1 ¢ OIHOBpEMEHHBIE U3MEPEHHS IEHCTBYIOMX 3HAYEHUIT HAMPS-
KeHuit US ¥ TOKOB [7, a TakkKe yrioB ¢° casura ¢pas mexay US u Iy Beex
ee abOHEHTOB U B Hauane cetd US, 15 =i,, og . B 3T0M ciydae Gy ayT H3BECTHBI
aKTHBHBIE pR°° =USIicos¢ u peaktuBHble p!™°=UI°sing MowHoCTH
(v=0,n) B pacmpeNeNUTeNbHOR CeTH 17 COOTBETCTBYIOIMIETO Af, =T,

+1 7 T

rae s =1,2,3,.... — HOMep U3MEpPEHHUS;
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5) npuGop W, cobupaer nanHble aGOHEHTOB, Moiydaemeie W°. Takum 06-
pazoM GOpMHUPYIOTCS HCXOAHBIC TaHHBIC:

US(s); 15(s); 95(s); v=0,n; E=4,B,C. (1)

g 7N

Vo =v

HJ’IH paCHpeﬂCHHTCHLHOﬁ CCTU C CONPOTUBJICHUSIMU IIPOBOAOB ZzZ

(v=0,n-1) chopmupyem matpuny Z(s) CIEAYIOIINUM 00pa3oM:

A A A
Z 2] e Zpe
ZB ZB ZB
=0 =] et Zp-]

Z(s) =

C C C
ZO Z) Zn—l

N N N
Zy £ Zp-1

3anava 3aK/Ir04YaeTcs B ONEPATUBHOM pacdere npubopoM W, mMaTpuusl Z(s)
Ha OCHOBE MaHHBIX (1) IpH yCIIOBHSX:

2zl 22l 2 (2)

X' =xP=x=x"; v=0,n-1.

v

Taxum o6pasom, TpeGyercs maiitu R, R®, RS, RY u X, =X'=X’=
=XS=Xx" (v=0,n-1).

Teoperuueckuii ananau3

Bozoeiticmsue moka na conpomuenenus npoeooos cemu. B [27] ipenioxkeHo
peleHue s ONpee/IeHNs CONPOTHBICHUI MPOBOIOB Z(s) PacHpenenuTelb-

o A B C N
HOMU CCTH IpHU YyCJIOBUU Z, =2, =Z, =Z,. B »sToMm Cjlydya€ HNpHUHHUMACTCH,

=V =V
4yro paBHbl akTuBHbe R, =R’ = RS = R" u peaxtusupie X' = X" =X =X
conporuBienua. OIHAKO NMPU HECUMMETPHYHOM PEKHME TOKH, MPOTEKAIOIIHe
no dasueiM 1 #i° #i° u HefiTpasbHOMY 1) HpPOBOZAM MEKAGOHEHTCKOIO
y4acTKa, MOTYT 3HAYMTEIbHO OTIMYAThCS. B TakoM cilydae aKTHUBHBIE COIpO-

THBJICHHUS B HEKOTOPBIii MOMEHT BpeMeHH Af, GynyT He pasubl R #R” # R® #

N o 2 ~N
¢RV , TaK KaK SBJISIOTCA (bYHKLII/ICI/I IIPOTCKAOMECTO 110 HUM TOKa I, I u

v
BPEMEHU { =1, —t, €r0 BO3JeHCTBHA. YKa3aHHbIE (DAKTOPHI U3MEHAIOT TEMIIEpa-
Typy MpoBoAa 3 M, COOTBETCTBEHHO, €I0 aKTUBHBIC CONIPOTUBIECHUS [0, 12]
. 9, +9(i%.1)
R (8(75 1)) = R (8,)| ——o— . (3)
3, +9,

rue Rf (SH) — CONPOTUBIICHHE NIPH Temueparype 9,; 3, = (1/ o— SH) — TeMIle-
paTypHasi KOHCTaHTa, 3aBUCSILAS OT MaTepuaia NpoBoja U O, (A7 aTIOMUHUS
0.=0,00403 1/°C;npu 9, =20 °C 3, =228,1 °C).
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Temmepatypy mpoBoaa S(ff, t) TIPH OTCYTCTBHUH BETPa M COIHIIA I CXEMBI

3azemuieHuss TN-C-S MOXHO onpeienuTh U3 ypaBHEHHS TEILIOBOTO OanaHca co-
riacHo [12]:

o(i5r) -9, +20- ) g, @
rie
b))+, +0.)

~ 9, +9,

t,—t
kg S| cgSh+2—1|;

pH (81{) SO
Py (SH) — YIeIbHOE CONPOTHUBIICHHE MaTepHaja MPOBOAHHUKA IIPU TeMIIepaTy-
pe 9,; § — mIomans NONEPEYHOr0 CEYEHHUs IPOBOJHUKA; €y — yJeJIbHas Tell-
JOEMKOCTh IPOBOJIHHMKA; A — IJIOTHOCTh MaTepuaja MPOBOJHUKA; S, — TEPMU-

YecKoe CONMPOTHBIICHHE OKPYKAFOIIEH CpeIbl.
TakuM 00pa3oM, MPH HEU3BECTHBIX W HEPABHBIX COMPOTHUBICHUSIX MPOBO-

4, B, C_ N .
IO0B z, #z, #Z, #Z, PaCHpeIelUTeIbHON CeTH MOKET BBINOJIHATHCS PaBEH-
CTBO MX peakTHBHBIX conporuBnennii X' =X’ =X =X" (v=0,n-1), xo-
TOpBIE CYMTAEM HE 3aBUCALIMMH OT TEMIIEPAaTypbl IPOBOAOB.

Ilpeonazaemviti memod. Jlns pemeHuss chHoOpMyITHPOBAHHOW 3aJadd 3alld-

1IeM ypaBHEHHE OajlaHca HANPSHKEHUH 111 KOHTYPOB PAacHpeAeIUTENbHON CeTH
B CJICIYIOILEM BUJIE:

5, =0 (2012 ©

2 2 jui AN R4 RB L AC. A A .
rae ip =i’ iV =it +if v it =it 1

PaccmoTpum HyJeBO# (TOJIOBHO#) MEXKaOOHEHTCKUH yYacTOK C COIPOTHB-

& N
JEHUSIMU Z;, Z,, Torzaa (5) IpuMeT BUL:
Uf = Ui = Ug - (i5R +1 R + %, (i§ +1) )): e=4B.C.

rie \|/f — YIJIbl HAMIPSDKCHUH MepBOTro aboHeHTa Juist (a3 & ceTH.

B (6) u3BecTHBI MOJYJIb HAMTPSHKCHUS Uf , KOMIUIEKCHBIC MTUTAIOIIHNE HATIPSI-
KEHUS U§ pacnipenenutensHol cetn: U = Uge"“’g; E=4,B,C; \|10A =0;
\4103 =27/3; \|fg =2m/3, a TakKe KOMIUIEKCHBIE MEXAOOHEHTCKUE TOKH ;0 =
(vi-o03). Aw

i 24 2B AC
=iye s Iy =iy iy +i .
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Takum o0pa3om, HEM3BECTHBIMU B (6) OyayT \yf, R, R}, X,. Ykasanuble
napaMeTpbl XapaKTepU3yIT CONPOTHUBIIEHHs MTPOBOJIOB gg, gf)v , a TaKxe o0y-
CIOBJIMBAIOT YIIIbI HANIPSUKCHHIA TIEPBBIX aGOHEHTOB Y- . [loaTOMy TSt Ompete-
JeHus gg, gév IPH BBITIOJTHEHUH yCIIOBUH (2) HEOOXOAUMBI IATh YPABHEHUH JUTs
HAXOXK/IEHHS HEM3BECTHBIX HE3aBUCHMBIX JIPYT OT Apyra mapameTpos: Ry, Ry,
RS, Ry, X,. Jns Tekyulero MOMeHTa BpeMmeHH At , cornmacHo (6), MOKHO

3amMcaTh TOJBKO TPH COOTBETCTBYIOIINX (ha3aM & CeTH HEe3aBHCHMBIX ypaBHe-

HUA, COACPKAIINX YKa3aHHbIC MapaMETPhI. OcTanbpHbIe JBa YpaBHCHHA MOXKHO
HOJIyYUTh U3 JAPYroro pexuma Af, pabOTBI CETH IIPH YCIOBHH, YTO MCKOMBIE
apaMeTpbl TOJDKHBI OCTAaThCsl HEM3MEHHBIMH. J[ist 3TOro mpudop W, momkeH
OTCJIC)KUBATH M3MCHEHHE BXOJHBIX TOKOB W/WJIM NMHTAMOMINX HANPSDKCHUN CETH.
B ciyuae M3MEHEHHS PEXHMA CETH HEOGXOIMMO B3sTh JaHHbIE 10 Hauana Uy,
Ut, ie, i u mocne 3asepmenns U)°, UJ®, i), i mepexommoro mpomecca,
Bpemst Kotoporo cocrasisier ~0,1 ¢. OTMETHM, YTO HpPH ITOM 3HAYCHHS I1apa-
METPOB Z{, Z) HE H3MCHATCS W JUIsl X HAXOXKICHHS MOXKHO HCIIOIb30BATh yKa-
3aHHbIC [JaHHBIC, COOTBETCTBYIOIIME ABYM BBIODAHHBIM PEKUMaM paboThI pac-
TIpENENMTENBHON CeTH. 3aluueM CHCTEMy ypaBHeHHii s pacueta R;, R.,

RS, R}, X, B cremyomeM BUzE:

U - (585 +i R + (35 +4)

UF = U3 = (8RS 43 R+, (i + 80 s 6= 4B,

Jns penieHus: HeJIMHEWHBIX ypaBHEeHUH (7) He0OX0ANMO HCIOIB30BATh YHC-
neHHble MeTobl. PemmB cucremy (7), Haiinem uckoMble mapametpsl R, Ry,

RS, RY, X,. Jlanee cornacHo (6) ompenemuM KOMILTEKCHbIe Hanpskerus U,

Ul'i nepBbIX a0OHEHTOB (a3 CeTH. 3aTeM PacCUUTaeM TOKHU CIEIYIOIEro MeX-

a0OHEHTCKOI0 y4acTKa:

A A i[wé—ps A A A A
i iz n /), g e g e (8)

b

5 A Jvi-of), AN _ A4 BB | HC
l{é=l(')é—]1/e(] "), 0=+ i

) 1 =

Pacuer mapametpos R, R”, RC, R, X, cnenyromiero mexaboHeHTCKOTO
T VI S VI
yuacTKa CeTH MPOBOMTCA 1O MoNydeHHsIM aanueM Uy, U°, 17, i, 5, @

Y 3HAYEHHUAM HaNpPsHKEHUS U2é , U f AHAJIOTMYHO OIMCAHHOMY IS CONPOTHBIIE-
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muit R, R), RS, R}, X,. Takum 06pa3oM HaXOMMM [Jisl BCEX MEKAOOHEHT-
ckux ydactko mapametpel R, R, RS, RY, X, (v=0,n—1) u onpenensiem
UTOTOBYIO MAaTpHLy KOMIUIEKCHBIX CONPOTUBIEHUH Z. TunuuHas nporoinKu-
TEJILHOCTh TETUIOBBIX MEPEXOAHBIX MPOLECcCOB cocTaBisieT He Goiee 1 u [10].
3a 3TO BpeMs TemIieparypa NpOBOJAa MOXET MEHSATbCS Ha HECKOJIBKO JIeCAT-
koB rpaaycoB (10-90 °C) B 3aBUCUMOCTH OT TOKa H BPEMEHH €TI0 BO3JCHCTBUSL.
[Ipu u3mMeHeHnn TeMIepaTypsl IPOBO/IA Ha KaXKAbIe JAECSATh TPalyCoOB aKTHBHOE
comnpoTuBieHue Mensercs: Ha ~4 %. [Ipu yBennueHun TemmepaTypsl CONPOTHB-
JICHUE pacTeT, B 0OpaTHOM cilydae — CHHXKaeTcs. PaccumTaB CONpPOTHBIIEHHUE
MPOBOJOB [JIsi MOMEHTa BPEMEHH, COOTBETCTBYIOIIEIO H3MEHEHHUIO peXUMa
B paclpeeIuTeIbHON CeTH, CIIEAYET 0XKUAATh YBEIHMUCHUS CONIPOTUBIICHUS TIPH
BO3PAaCTaHUHU BXOJHOTO TOKAa U HA00OPOT — B 0OpaTHOM ciydae. BiusHue Toka
Ha TeMIepaTypy MpOBOJA MPOSBISIETCS B TEUCHUE IECSITKOB MHUHYT, a U3MCHeE-
HHUE peXnUMa BCIIeICTBHE MOIKITIOUCHUN/OTKIIIOUEHHI HArPy3KH aOOHEHTOB CETH
npoucxoaut 3a ~0,1 c. [loaTomy mpesiaraeMblii MOIX0/, OCHOBaHHBIA Ha HC-
[I0JIb30BAHUM [BYX Pa3JIMYHBIX PEXKHUMOB PaOOThI, B3ATHIX JI0 U IIOCJIE U3MEHe-
HUSL BXOZHOIO TOKAa, HOTpeOsieMoro aOOHEHTaMU CETH W/WIM IHTAIOIIUX
HanpsDKEHUH, ABJsieTcss 000CHOBAHHBIM, aKTHBHBIE CONPOTHBIEHHS MPOBOJOB
MOKHO CUHTATh JJIsi 000OWX PEKUMOB OJMHAKOBBIMH. B ciyuae ecimu pexuMel
B PacHpeAEIUTE]IbHOW CETH M3MEHSIOTCS 4acTo, pacueT HapaMeTpoB MOXKHO
BBIMOJIHATH HECKOJIBKO a3 3a yac.

Pe3ybTaThl IPUMEHEHHsI MPEAJAraeMbIX PACUETHBIX BbIPAKEHHI

Cxema u napamempul cemu. TIpeiaragMslii METOJ pacueTa CONpOTHBIICHHIA
IIPOBOJIOB Pacpe/IeUTENLHON CEeTH TPOBEPUM Ha cxeMe ¢ Tpems (7 =3 ) abo-
uentamu (puc. 1). Duepronorpebienne (MommuocTs pt¢, p'™) aboneHTOB pac-

Hpe,[[eﬂHTeJ'ILHOfI CCTU JIs1 YCTAHOBUBIIUXCS PCIKUMOB S, s' 3aJaHO B Tabm. 1.

s yKa3aHHBIX PEXUMOB OTJIMYAIOTCS] TOJNBKO 3HAYEHHUsI MOIIHOCTH Y TPETHETO
. N -~
abonenTa (as3pl A. 3HaUEHUS] CONPOTUBICHUH MPOBOJIOB gf, z, ((=4,B,C;

v=0,2) MexaOOHEHTCKMX YYaCTKOB HPUHHMAIOTCS MPOHU3BOJBHBIM 00pazoM
¢ yueroM ycnoBus (2). [IpeacraBum ux Kax:

Rl'=RS =R? =0,0014 Om; X, =0,000224 Owm;
R} =R/ =R) =0,0015 Om; X, =0,000240 Owm; 9)
RS =R =R} =0,0016 Om; X, =0,000256 Owm;

R) =R’ =R; =0,0012 Om.

BeiOpanHble 3HaueHUs CONPOTHUBICHMI IIPOBOJOB COOTBETCTBYIOT IapamerT-
pam omHOXMbHOTO Kabens AIIB 1x70 gmuHol ~3 M mpu Temneparype 20 °C [12].

N
5 Z, Ppa3”HbIC IJId MEKaOOHEHTCKHX Y4aCTKOB U IJIA KaxX-

vy =y

CompoTuBieHus z

. 4 B c N )
noi ¢asel, xots ycnosue X, =X, =X =X =X (v=0,2) BbIIOIHsAETCS:
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zt = ZvAejq’Z‘/'1 %z = zf”eﬂpzig %28 = zvcejq’zg %z = zivejq’zy; v=0,2
W
2tz 220 22V @zl 22 #2$ 2 g2
[Murarolye HANPSKEHUs PacIpeIeUTeILHON CETH /I 000MX PEKUMOB s,

s’ OIMHAKOBEI Ug = Uéé (&= A4, B, C), mpuHAMaeM X COTJIAaCHO TabII. 2.

Tabnuya 1
[HapameTtpsl npuGOPOB yueTa aGOHEHTOB CETH
Parameters of accounting devices for network subscribers
AOGOHEHTHI ceTH HanmenoBanue napamerpa
AKTHBHas PeaxtuBHas
Ne| ®a3a | Pexxum | MOIIHOCTB MOLIHOCTb Hanpsicerine Tox cosQp
P~ Br p™, Bap v, B LA

s 1553,8234 1553,8234 219,8719 9,994176 0,7071

A s' 1553,8234 1553,8234 219,8195 9,996555 0,7071
s 1078,2091 218,9397 220,0213 5,000485 0,9800
I B s' 1078,2091 218,9397 220,0023 5,000919 0,9800
s 2814,2274 6448,2049 219,9307 31,989927 0,4000
¢ s' 2814,2274 6448,2049 219,9746 31,983552 0,4000
s 8605,4601 1747,4132 219,7634 39,956981 0,9800
A s' 8605,4601 1747,4132 219,6505 39,977522 0,9800

s 3112,2043 3112,2043 220,0330 20,003003 0,7071

2| B s' 3112,2043 3112,2043 219,9868 20,007206 0,7071
s 879,2213 2014,5491 219,9026 9,995575 0,4000
¢ s' 879,2213 2014,5491 220,0047 9,990939 0,4000
s 351,2271 804,7623 219,7583 3,995606 0,4000
A s' 3512,2705 8047,6228 219,5839 39,987806 0,4000
s 1294,1059 262,7794 220,0430 6,001173 0,9800
3B s' 1294,1059 262,7794 219,9722 6,003105 0,9800
s 3418,1382 3418,1382 219,8631 21,986308 0,7071
¢ s' 3418,1382 3418,1382 220,0198 21,970645 0,7071

Tabnuya 2

IMapameTpbl NpuGoOpa yyeTa HA BXO/IE PaCHPeIeTHTEILHON CeTH

Parameters of the accounting device at the input of the distribution network

Vroi AKTUBHaA
daza | Pexxum HaHg:ngHHe Hanps{iiceHH;[ MOI;.ZHOCTI: P;;;;::,;T ;{’OKA y;jj1°§?11,<a
@y, “IL. Py, Bt p o, Bap
A s 220,000 0 10520,4284| 4111,3230 |51,341989 |-21,3452724
s’ 220,000 0 13702,6935| 11358,8313 |80,902305 |-39,6569926
B s 220,000 -120,00 5483,2961 3593,9037 |29,800535 |-153,2419404
s’ 220,000 —120,00 5482,9647 | 3596,9657 |29,806908 —153,2659035
c s 220,000 120,00 7125,3355 | 11879,2072 |62,964960 | 60,9559933
s' 220,000 120,00 7122,1975 | 11874,3615 |62,938734 | 60,9551720
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Im

HUcxoouvle oanmvle ona mooenuposanus. Ilo nanueiM pR¢, p™ w3 tabm. 1,

v _
HCIIONB3YS COIPOTHUBIICHUS g%, z, (v=0,2), a Takke NUTAIOLINE HAIPsKeE-

wust US :U('f, paccuutaem B makete Mathcad, corimacHo meronmy [14], pexu-
MBI s, s paboTHI pacnpenenuTeabHoi ceTn. Takum 00pa3oM, HaXOJUM Hampsi-
wenns (US, Ul°

Vv o

v=1,_3), TOKHU (If, IV"E, v=1,_3) u yriel casura ¢as ((p%,
¢!%, v=1,3) y aGouentos (tabm. 1), a Taxke MOmHOCTH pX®, pi™ u Toxm i:,

iéé B Havaine cetH (Tabn. 2). Pacuer mapameTpos z

v S
z,, z, (v=0,2) no npena-
racéMoOMy METOMY BBITIONHSEM coriacHo (7), (8), 3ammMcaHHbBIM TSl COMTPOTHBIIE-

v N
HUN gg, zy. Ilpm stom m3 Tabm. 1, 2 uUCHONB3YIOTCS CEAyIOIINE HaH-
E e R M g TR T b o v—13
weie:U; =Uy, iy, iy, U, US>, 10, 17, 00, 07, v=13.
Pesynbmamol sbluuciumensuvix IKCNEPUMEHmMog ¢ onpedeieHuem Conpomuee-

Hull npoeodos pacnpederumenviol cemu. CHadaja ¢ HCIOJIb30BAaHHEM JaH-

HBIX Ug =U(')§ , fo‘i , f(;‘i, U?, U{‘z pelaeM crucTeMy HEJIMHEHHBIX ypaBHeHHH (7)

N
MeTonoM JleBenOepra — MapkBapATa U HaXOJUM MapaMeTphl IPOBOIOB gg , Zg -

. e . g
Jlanee mo (6) ompenemsem Hanpsokerus U =Ure’' | US =U ™", no (8) —

AN AE AN G
TOKU 1°, I, , i°, i . Pe3ympTaTsl pacueToB ;, ;> U yKa3aHHbIX TOKOB IIPHU-

BeJeHbI B Ta0. 3, croiben v=0.

o N
[t pacdera CONpOTUBIICHHI gf , z; (tabxa. 3, cronber v =1) ucnons3yem

HATPSDKCHHS BTOPHIX a00HEHTOB US UZ”Z U JaHHBIE Uf, Ul'é l'Alé, le, fl'é, fl'N
B takoMm ciyuae pacuer OyJaeT aHAJOTWYeH ONHCAHHOMY IJISi CONPOTHBIICHUM
HpebIIYyIIero MekaOOHEHTCKOTO y4acTKa. 3aTeM HAaXOIUM pacueTHbBIC 3Haue-
Hus yrooB W5, W s manpsoxennit US =USe’™? | UL =U£‘iej"/zé M TOKH 1.,
AN NE AN _ . & N

iy , Iy, i, (Tabm. 3, cronben v =1). Pacyer conpoTuBnenuii z;, z, KOHEYHO-
ro Mex)aOOHEHTCKOTO Y4acTKa pacHpeeNIUTENbHONM CETH, YIJIOB Hampsike-

e L e . g
mnit US =Use’ | U =Uje’" nocnennnx aGoHeHTOB V5, Wy, a Takxke To-

e OAN D AE B o
KOB Iy, Iy, I, 1y aHAJOTHMYEH, TONBKO HANJICHHBIE TOKH JOJKHBI GBITH PaB-
HBI HyJI0 (Tabun. 3, cronbery v=2). B ciyyae eciiu yka3aHHbIE TOKU HE PaBHBI
HYJII0, TO B PAaCIPEEIHTEIBHON CETH UMEETCsI HEYUTCHHBIH TOK 9HEpronoTpe6-

nenus [14] n HaliieHHBIE CONMPOTHBIICHHUS MPOBOJOB MEKAOOHEHTCKUX yYacT-
KOB Z°

=vo

g]vv (§&=A4,B,C,v=0,2) He ABISFOTCS JOCTOBEPHBIMH.

AHanM3 TOYHOCTH ONpPEACTCHHs] KOMIUIEKCHBIX COMPOTUBJICHHUIA IPOBOJIOB
pacrpeeuTeIbHON CeTH, MOJyYeHHBIX NpeaiiaraéMbIM METOJIOM B PacCcMOT-
PEHHOM BBIIIIE MpUMeEpe, IMoKa3all ciefyrolee. YKa3aHHbIE COMPOTUBICHUS
MOXKHO OTPEAENUTH C MOTPEIHOCThI0 10 1.5 % mpu coBmameHuN KPUBBIX I10-

rpemHocrel Hanpsukenus +6, = 0,1 % u Toka £3, = 0,1 %, a TakxKe BBINOJIHE-
HMU B LIEHTPE NUTaHUs CHHXPOHHBIX U3MEPEHUI C a0CONIOTHOM MOrPEIIHOCTBIO,

He npeBblmaromeil Ay =Aa = +107* ¢.
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Tabruya 3
PacyeTHble CONPOTUBJIEHUS MeKAOOHEHTCKMX YYaCTKOB CeTH
U YIJIbl HANPsI’KeHU Il a00HEHTOB

Calculated resistances of inter-subscriber sections of the network
and voltage angles of subscribers

Daszalllapamerp| v=0 v=1 v=2
A | z,, OM |0,00140000 + j0,00022400|0,00150000 + j0,00024000|0,00160000 + j0,00025600
B | z,, OM |0,00150000 + j0,00022400(0,00120000 + ;0,00024000(0,00140000 + ;0,00025600
C | z,, Om |0,00160000 + j0,00022400(0,00140000 + j0,00024000(0,00120000 + ;0,00025600
N | z,, Om |0,00120000 +;0,00022400|0,00160000 + j0,00024000|0,00150000 + j0,00025600
Yy, L —-0,00617015 —0,00933461 —0,01325063
zém, A | 40,753941 —;11,620121 1,597395 —;3,662403 -
A Y, OIL 0,01447061 0,03615337 0,05699276
;Cw A | 55,214553 —j44,564204 | 16,031570 —;36,633501 -
Yy, L —120,00283180 —-120,00676309 -120,00441114
fm, A | —23,297173 —;9,670687 | —3,975144 —;j4,495810 -
B Y, OIL —120,01312904 —120,03046926 —-120,04086581
;Cw A | —23,307512 —;9,662694 | —3,979285 —j4,494726 -
Yy, L 120,03857318 120,05898936 120,06584212
Izw A | 11,592409 +,29,292890 | 5,666067 +,21,243668 -
¢ Wy, 0L 120,03940215 120,06037448 120,06802741
;Cw A | 11,584620 +,29,274382 | 5,661220 +,21,228750 -
lém, A | 29,049177 +;8,002082 | 3,288318 +,13,085455 -
b lé;w A | 43,491661 —;24.952516 | 17,713506 —;19,899477 -

Tpebyemble u3MepeHus: MOT'YT OBITh BBIIIOJIHEHBI 0€3 3HAUUTEIHHOTO YBENH-
YEeHUS] CTOMMOCTH MPHUOOPOB y4yeTa MPH HCIOIB30BAHUH TEXHOJIOTHH, pa3pado-
TaHHOU B [24, 36]. Kpome Toro, ycTaHOBIIEHO, YTO HE yUWUTHIBaTh KPUBBIE IO-

IPENIHOCTel TOKA ¥ HANPSKEHHs MOYKHO TIPH CHHXpOoHH3amuu +107° c.

Takum 00pazom, MPOBEICHHbIE BBHIYHCIUTEIBHBIE SKCIIEPUMEHTHI U UX pe-
3yJbTaThl CBUAETEILCTBYIOT, UTO MpeAIaraeMblii METOJ MO3BOJIAET ONPENEATh
KOMIUIEKCHBIE COTIPOTUBJIEHHS MPOBOJOB paclpeAeIuTeNbHON CETH MPHU YCIIo-
BHUW PAaBEHCTBA WX PEAKTUBHBIX COCTABJISAIONIMX B TMpEIenax MeKaOOHEHTCKOTO
yuactka. [IpencraBieHHbIe pe3ynbTaThl SBIAIOTCA WUTIOCTPATUBHBIMU U TTOKa-
3bIBAIOT BO3MOXKHOCTH pacueTa COMPOTHBICHUH MEKaOOHEHTCKHX YYaCTKOB
pacrpefenuTeNsHOW CeTH TMPH BO3ACHCTBUM HAa HHUX MPOTEKAIONIMX TOKOB
Y TEeMIIepaTypbl OKPY>KAIOIIEH CPEIbl.

BBIBO/IbI

1. IlpenyoxeH MeTOA pacyeTa CONMPOTHUBICHUN MPOBOAOB PACIpPEACTUTENb-
HOH cetn Hu3KOro HampspkeHus 0,4 kB, KOTOpbIi UCHIONB3YET AaHHBIE aBTOMa-
TH3UPOBAHHBIX CHUCTEM yYeTa DJICKTPOIHEPTHU. MeToa TO3BOJIET ONPEILISITh
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KOMIUIEKCHBIE COITPOTUBIIEHUS TPOBOJIOB C AKTUBHBIMHU COCTABJISIOIIMMH, OTIIH-
YaOLWMMHUCS 110 3HAYCHUIO Ha DPa3IMYHBIX MEKAOOHEHTCKHX YYacTKax H3-3a
BO3AEHCTBUSA MIPOTEKAIOLINX TOKOB U KIMMaTH4Yeckux (axropos. HeoOxonumeim
YCIIOBUEM SIBIISIETCSI PABEHCTBO MEXIY COOOH PEaKTUBHBIX COCTABIISIOLINX IS
BCeX MPOBOJOB B Ipefenax MeXaOOHEHTCKMX yd4acTKoB ceTd. llpm 3Tom wmc-
MOJIB3YIOTCSl ACHCTBYIOIINE 3HAYCHMS HANPSDKEHUM M TOKOB, a TaKXKe YIJIbI
caBuUra (1)33 MCKAY HUMH, IMOJTy4aCMBbIC CHCTEMOU y4u€Ta CUHXPOHHO JJId OAHOIO
U TOTO K€ MHTEpBajia HaOMoAeHUs Y aOOHEHTOB W B Hayalle pacrlpeaeIuTellb-
Hoii cetu. Ilpu pacuerax HEOOXOIUMBI JaHHBIE ABYX PA3HBIX PEKUMOB PabOTEHI
CeTH, KOTOpbIe BBIOMPAIOTCA TOJOBHBIM IPHOOPOM CHCTEMBI yueTa Ha OCHOBE
aHaJIn3a MMUuTarmux TOKOB 1 HaHpH)KeHI/Iﬁ aOOHEHTOB.

2. Iloka3aHa BO3MOXKHOCTh aHANM3a AMHAMHUKH W3MEHEHUH CONPOTUBIICHUH
IIPOBOJIOB CETH BCIIEACTBUE BO3ICHCTBHSI TEMIIEPATYPhI OKPYXKAIOLIEH Cpeasl U
IIPOTEKAIOLIEro TOKA. JTO YKa3bIBaeT HA IIOJE3HOCTh IIOIy4YEHHBIX PE3yJbTaTOB
MU peann3aluyl HOBBIX (PYHKIMH CHCTEM ydeTa 3JEKTPOIHEPTUH sl OpraHu-
3alUM B paclpeneNuTeNbHON CeTH KOHTPOJISL U AUArHOCTUKU TEXHUYECKOTO CO-
CTOSIHUSL €€ TMPOBOJOB M HETEXHHUYECKHUX IOTEPh MOIIHOCTH (3JIEKTPUYECKOU
SHEPTHH).

JIUTEPATYPA

1. Non-Technical Losses: a Systematic Contemporary Article Review / F. D. S. Savian [et al.] //
Renewable and Sustainable Energy Reviews. 2021. Vol. 147. 111205. https://doi.org/10.
1016/j.rser.2021.111205.

2. Hanunos, M. W. O BbIABIEHHM M pPacdeTe IOTEPh INIEKTPOIHEPIMU aBTOMATH3HPOBAHHBI-
MH CHCTEMaMH ydeTa pPaclpelelHTelIbHBIX CeTed IPH HEeCaHKIMOHHPOBAaHHEIX IOTpebIe-
wusix / M. U. Jlanunos // DnektpuuectBo. 2021. Ne 6. C. 51-61. https://doi.org/10.24160/
0013-5380-2021-6-51-61.

3. ®dypcanoB, M. U. Pacuer TexHOJIOrH4eckoro pacxoia (IOTEph) JICKTPOIHEPTHH B COBpE-
MEHHBIX PaclpeAenuTeNbHbIX d1ekTpuueckux cersix 0,38—10 kB / M. . dypcanos, A. A. 3o-
noroii, B. B. MakapeBud // Duepretuka. M3B. BricII. y4yel. 3aBeICHUI U HEPT. 00 BETUHEHUI
CHI. 2018. T. 61, Ne 5. C. 408—422. https://doi.org/10.21122/1029-7448-2018-61-5-408-422.

4. Boporaunkuii, B. D. DHeprocOepeskeHne M HOBBILICHUE >HEPreTHdeckoil sddexTnBHOCTH
B PacIpeneNnuTeNbHbIX 3IeKTPHUECKUX CEeTSX HOBOTO TeXHOJOrmueckoro ykiana / B. O. Bo-
potHuuKkuii // Dnexkrposneprus. [lepenaya u pacnpenenenue. 2021. Ne 4. C. 88-96.

5. Rahman, M. Temperature-Dependent System Level Analysis of Electric Power Transmission
Systems: A Review / M. Rahman, F. Atchison, V. Cecchi // Electric Power Systems Research.
2021. Vol. 193. 107033. https://doi.org/10.1016/j.epsr.2021.107033.

6. Frank, S. Temperature-Dependent Power Flow / S. Frank, J. Sexauer, S. Mohagheghi // IEEE
Transactions on Power Systems. 2013. Vol. 28, Iss. 4. P. 4007—4018. https://doi.org/10.1109/
TPWRS.2013.2266409.

7. Rahman, M. Power Handling Capabilities of Transmission Systems Using a Temperature-
Dependent Power Flow / M. Rahman, V. Cecchi, K. Miu // Electric Power Systems Research.
2019. Vol. 169. P. 241-249. https://doi.org/10.1016/j.epsr.2018.12.021.

8. Ahmed, A. Weather-Dependent Power Flow Algorithm for Accurate Power System Analysis
under Variable Weather Conditions / A. Ahmed, F. J. S. McFadden, R. Rayudu // IEEE Trans-
actions on Power Systems. 2019. Vol. 34, Iss. 4. P. 2719-2729. https://doi.org/10.1109/
TPWRS.2019.2892402.

9. banameroB, A. b. MopenupoBanne peKUMOB SIICKTPUYECKUX CETEH Ha OCHOBE ypaBHe-
HUH yCTaHOBUBIIETOCS peXnMa U TerioBoro Oamanca / A. b. bamameros, 3. JI. Xamuios //
Ouepreruka. M3B. Beichl. yueb. 3aBeaeHuid u sHepr. oobequaennit CHI. 2020. T. 63, Ne 1.
C. 66-80. https://doi.org/10.21122/1029-7448-2020-63-1-66-80.



M. I. Danilov, I. G. Romanenko
Operational Identification of Resistances of Wires of 380 V Distribution Networks... 137

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Girshin, S. S. Development of Improved Methods for Calculating Steady States of Power Sys-
tems Taking into Account the Temperature Dependence of the Resistances of the Overhead
Transmission Lines / S. S. Girshin, A. O. Shepelev // Power Technology and Engineering.
2020. Vol. 54, Iss. 2. P. 232-241. https://doi.org/10.1007/s10749-020-01196-w.

Janunos, M. U. Meron pacuera U MOHUTOpPUHIra NapaMEeTPOB paclpele/UTeIbHON ceTy,
KOHTPOJIUPYEMOil aBTOMAaTH3UPOBAHHONW HH(OPMALOHHO-U3MEPHUTEILHON CHUCTEMOH ydera
anextposnepruu / M. U. lauunos, U. T'. Pomanenko // Duepreruk. 2021. Ne 5. C. 17-21.
http://doi.org/10.34831/EP.2021.90.72.004.

Hanunos, M. U. K npoOneme ITHArHOCTHKHA TEXHHYECKOTO COCTOSIHUS JIMHUK DPacHpeaeiu-
TenbHBIX cerell o manHeiM AUWC KY3 / M. U. Janunos // Kontpons. JuarHoctuka. 2020.
T. 23, Ne 8. C. 56-64. http://doi.org/10.14489/td.2020.08.pp.056-064.

Ferreira, T. S. D. Load Flow-Based Method for Nontechnical Electrical Loss Detection and
Location in Distribution Systems Using Smart Meters / T. S. D Ferreira, F. C. L. Trindade,
J. C. M. Vieira // IEEE Transactions on Power Systems. 2020. Vol. 35. P. 3671-3681.
https://doi.org/10.1109/TPWRS.2020.2981826.

Hanuno, M. W. Unentuduxanus HECAaHKIMOHUPOBAHHOTO MOTPEOICHUS DICKTPOIHEPTUH
B (ha3ax paclpeeNUTeNbHBIX CeTel ¢ aBTOMAaTU3MPOBaHHBIME crcTeMaMu yueta / M. U. [la-
HuioB, U. I'. Pomanenko // Dnekrpuyeckue cranmun. 2022, Ne 2. C. 10-19. http://doi.org/10.
34831/EP.2022.1087.2.003.

Cavraro, G. Power Distribution Network Topology Detection with Time-Series Signature Ve-
rification Method / G. Cavraro, R. Arghandeh // IEEE Transactions on Power Systems. 2018.
Vol. 33, Iss. 4. P. 3500-3509. https://doi.org/10.1109/TPWRS.2017.2779129.

Identifying Topology of Low Voltage Distribution Networks Based on Smart Meter Data /
S. J. Pappu [et al.] // IEEE Transactions on Smart Grid. 2018. Vol. 9, Iss. 5. P. 5113-5122.
https://doi.org/10.1109/TSG.2017.2680542.

Cavraro, G. Voltage Analytics for Power Distribution Network Topology Verification /
G. Cavraro, V. Kekatos, S. Veeramachaneni // IEEE Transactions on Smart Grid. 2019.
Vol. 10, Iss. 1. P. 1058-1067. https://doi.org/10.1109/TSG.2017.2758600.

Kysbkuna, S1. V. Unentuduxanus $ha3 noaKIroueHuIs HHTSIUICKTYAIbHBIX CYCTYHKOB B HU3KOBOJIb-
THOU pacnpenerutensHoi cetn / 5. Y. Kyspkuna, . U. T'ony6 / Bectauk MpkyTck. roc. TeXH. yH-
Ta. 2020. T. 24, Ne 1. C. 135-144. https://doi.org/10.21285/1814-3520-2020-1-135-144.

An Automated Impedance Estimation Method in Low-Voltage Distribution Network for Coor-
dinated Voltage Regulation / S. Han [et al.] / IEEE Transactions on Smart Grid. 2016. Vol. 7,
Iss. 2. P. 1012-1020. https://doi.org/10.1109/TSG.2015.2489199.

Distribution Line Parameter Estimation under Consideration of Measurement Tolerances /
A. M. Prostejovsky [et al.] / IEEE Transactions on Industrial Informatics. 2016. Vol. 12,
Iss. 2. P. 726-735. https://doi.org/10.1109/T11.2016.2530620.

Novel Approach to Noninvasive Measurement of Overhead Line Impedance Parameters /
D. Ritzmann [et al.] // IEEE Transactions on Industrial and Measurement. 2017. Vol. 66, Iss. 6.
P. 1155-1163. https://doi.org/10.1109/TIM.2017.2665958.

Khandeparkar, K. V. Detection and Correction of Systematic Errors in Instrument Transfor-
mers Along with Line Parameter Estimation Using PMU Data / K.V. Khandeparkar,
S. A. Soman, G. Gajjar // IEEE Transactions on Power Systems. 2017. Vol. 32, Iss. 4.
P. 3089-3098. https://doi.org/10.1109/TPWRS.2016.2620990.

Three-Phase State Estimation in the Medium-Voltage Network with Aggregated Smart Me-
ter Data / F. Ni [et al.] / International Jornal of Electrical Power & Energy Systems. 2018.
Vol. 98. P. 463-473. https://doi.org/10.1016/j.ijepes.2017.12.033.

Kononos, 0. I'. YTouHeHHe mapaMeTpoB Y4YacTKOB JMHHUHA CETH CPETHETO HAMPSHKEHUS I10
nIaHHBIM CHHXpOHHBIX m3MepeHuit / 1O. I'. Kononos, O. C. Pribacosa, B. C. Muxaiinenko //
WzBectrs BeIcIIMX y4eOHBIX 3aBefeHuil. Dnekrpomexanmka. 2018. T. 61, Ne 1. C. 77-84.
https://doi.org/10.17213/0136-3360-2018-1-77-84.

Compensation of Systematic Measurement Errors in a PMU-Based Monitoring System for Electric
Distribution Grids / P. A. Pegoraro [et al.] // IEEE Transactions on Industrial and Measurement.
2019. Vol. 68, Iss. 10. P. 3871-3882. https://doi.org/10.1109/TIM.2019.2908703.

Omopos, T. T. Ilapamerpuueckas HIACHTH(HKALMS paCHpPENSIUTEILHON CETH B COCTaBe
ACKVYD / T. T. Omopos, P. U. Ocmonosa, T. XK. Koiibarapos // Becruuk IOYpI'Y. Ce-
pust «Oueprerukay. 2018. T. 18, Ne 1. C. 46-52. https://doi.org/10.14529/power180106.



M. U. Jlanunos, Y. I'. Pomanenxo

138  OneparuBHas naeHTHUKALMA CONPOTUBIIEHHUI IPOBOIOB PaCIIpeIeUTENbHbIX ceTel 380 B...

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hanmnos, M. U. K mpobneme onpeneneHns BEKTOPOB TOKA U HANIPSDKEHUS B PACHPEACTUTENb-
Holi cetu no paHHbiIM AUWC KVYD / M. U. lanmnos, U. I'. Pomanenko // Bectauk IOYpI'Y.
Cepust «OHepretuxay. 2019. T. 19, Ne 4. C. 87-94. http://doi.org/10.14529/power190410.
Janunos, M. U. K npoGieme onpenenenus napaMeTpoB pacipeeIuTeIbHON CeTH 110 JaHHBIM
AWNC KYD / M. WU. Nanunos, U. I'. Pomanenko // Bectauk IOYpI'Y. Cepust «DHepreTukay.
2020. T. 20, Ne 2. C. 5-14. http://doi.org/10.14529/power200201.

Parameter Estimation of Distribution Lines Using SCADA Measurements / R. Dutta [et al.] //
IEEE Transactions on Industrial and Measurement. 2020. Vol. 70. P. 1-11. https://doi.org/
10.1109/TIM.2020.3026116.

Lave, M. Distribution System Parameter and Topology Estimation Applied to Resolve Low-
Voltage Circuits on Three Real Distribution Feeders / M. Lave, M. J. Reno, J. Peppanen //
IEEE Transactions on Sustainable Energy. 2019. Vol. 10, Iss. 3. P. 1585-1592. https://doi.org/
10.1109/TSTE.2019.2917679.

Automated Determination of Topology and Line Parameters in Low Voltage Systems Using
Smart Meters Measurements / V. C. Cunha [et al.] // IEEE Transactions on Smart Grid. 2020.
Vol. 11, Iss. 6. P. 5028-5038. https://doi.org/10.1109/TSG.2020.3004096.

Trindade, F. C. L. Low Voltage Zones to Support Fault Location in Distribution Systems with
Smart Meters / F. C. L. Trindade, W. Freitas // IEEE Transactions on Smart Grid. 2017. Vol. 8,
Iss. 6. P. 2765-2774. https://doi.org/10.1109/TSG.2016.2538268.

Epmos, A. M. Cucrema 3anmtsl Bo3ayIHbIX JuHuK HanpsbkenueM 0,38 1 6-10 kB ot oOpsiBoB
nipoBozioB / A. M. Epruios, A. B. Xnonosa, A. 1. Cunopos // Dnexrpudeckue cranimu. 2020. Ne 4.
C. 28-32. https://doi.org/http://dx.doi.org/10.34831/EP.2020. 1065.4.005.

Ayuev, B. I. Fast and Reliable Method of Searching Power System Marginal States /
B. I. Ayuev, V. V. Davydov, P. M. Erokhin // IEEE Transactions on Power Systems. 2016.
Vol. 31, Iss. 6. P. 4525— 4533 https://doi.org/10.1109/TPWRS.2016.2538299.

The Wald Sequential Analysis Procedure as a Means of Guaranteeing a High Automatic
Under-Frequency Load-Shedding Response Rate at Deviations of Unified Power Quality Indi-
ces / A. L. Kulikov [et al.] // Power Technology and Engineering. 2021. Vol. 55. P. 467—475.
https://doi.org/10.1007/s10749-021-01383-3.

Kononov, Y. G. The Low Cost Method of Measurements Synchronization in the Low-Voltage
Network on Frequency and the Voltage Phase / Y. G. Kononov, P. A. Zvada, S. Rudnev // XXI
IMEKO World Congress “Measurement in Research and Industry”, August 30 — September 4,
2015, Prague. Mode of access: https://www.imeko.org/publications/wc-2015/IMEKO-WC-
2015-TC4-146.pdf.

IMoctrymmia 09.02.2022  INoxnucana B nedats 21.04.2022  Ony6nukosana omnaiin 31.03.2023

REFERENCES

.Savian F. D. S., Siluk J. C. M., Garlet T. B., do Nascimento F. M., Pinheiro J. R., Vale Z.

(2021) Non-Technical Losses: a Systematic Contemporary Article Review. Renewable and
Sustainable Energy Reviews, 147, 111205. https://doi.org/10.1016/j.rser.2021.111205.

.Danilov M. 1. (2021) On Identifying and Calculating Electricity Losses with Automated

Metering Systems in Distribution Networks in Case of Unauthorized Consumption. Elektri-
chestvo, (6), 51-61. https://doi.org/10.24160/0013-5380-2021-6-51-61 (in Russian).

. Fursanov M. L, Zolotoy A. A., Makarevich V. V. (2018) Calculation of Technological Consumption

(Loss) of Electricity in Modern 0.38-10 kV Electrical Distribution Networks. Energetika. Izvestiya
Vysshikh Uchebnykh Zavedenii i Energeticheskikh Ob’edinenii SNG = Energetika. Proceedings
of CIS Higher Education Institutions and Power Engineering Associations, 61 (5), 408-422.
https://doi.org/10.21122/1029-7448-2018-61-5-408-422 (in Russian).

. Vorotnitskii V. E. (2021) Energy Saving and Energy Efficiency Improvement in New

Technological Distribution Networks. Elektroenergiya. Peredacha i Raspredelenie = Electric
Power. Transmission and Distribution, (4), 88-96 (in Russian).

. Rahman M., Atchison F., Cecchi V. (2021) Temperature-Dependent System Level Analysis

of Electric Power Transmission Systems: A Review. Electric Power Systems Research, 193,
107033. https://doi.org/10.1016/j.epsr.2021.107033.



M. I. Danilov, I. G. Romanenko
Operational Identification of Resistances of Wires of 380 V Distribution Networks... 139

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

.Frank S., Sexauer J., Mohagheghi S. (2013) Temperature-Dependent Power Flow. [EEE

Transactions on Power Systems, 28 (4), 4007—4018. https://doi.org/10.1109/TPWRS.2013.2266409.

. Rahman M., Cecchi V., Miu K. (2019) Power Handling Capabilities of Transmission Sys-

tems Using a Temperature-Dependent Power Flow. Electric Power Systems Research, 169,
241-249. https://doi.org/10.1016/j.epsr.2018.12.021.

. Ahmed A., McFadden F. J. S., Rayudu R. (2019) Weather-Dependent Power Flow Algorithm

for Accurate Power System Analysis under Variable Weather Conditions. /[EEE Transactions
on Power Systems, 34 (4), 2719-2729. https://doi.org/10.1109/TPWRS.2019.2892402.

. Balametov A. B., Halilov E. D. (2020) Simulation of Electric Networks Modes Using Steady-

State and Heat Balance Equations. Energetika. Izvestiva Vysshikh Uchebnykh Zavedenii
i Energeticheskikh Ob’edinenii SNG = Energetika. Proceedings of CIS Higher Education
Institutions and Power Engineering Associations, 63 (1), 66-80. https://doi.org/10.21122/
1029-7448-2020-63-1-66-80 (in Russian).

Girshin S. S., Shepelev A. O. (2020) Development of Improved Methods for Calculating
Steady States of Power Systems Taking into Account the Temperature Dependence of the Re-
sistances of the Overhead Transmission Lines. Power Technology and Engineering, 54 (2),
232-241. https://doi.org/10.1007/s10749-020-01196-w.

Danilov M. 1., Romanenko I. G. (2021) Method of Calculation and Monitoring of Parameters
of a Distribution Network Controlled by an Automated Information and Measurement Sys-
tem for Electricity Metering. Energetik, (5), 17-21. http://doi.org/10.34831/EP.2021.90.72.004
(in Russian).

Danilov M. I. (2020) To the Problem of Diagnostics of the Technical State of the Distribution
Networks Lines According to AIMS EMA Data. Kontrol’. Diagnostika = Testing. Diagno-
stics, 23 (8), 56—64. http://doi.org/10.14489/td.2020.08.pp.056-064 (in Russian).

Ferreira T. S. D., Trindade F. C. L., Vieira J. C. M. (2020) Load Flow-Based Method for Nontech-
nical Electrical Loss Detection and Location in Distribution Systems Using Smart Meters. /EEE
Transactions on Power Systems, 35 (5), 3671-3681. https://doi.org/10.1109/TPWRS.2020.2981826.
Danilov M. 1., Romanenko 1. G. (2022) Identification of Unauthorized Electricity Consumption in
Phases of Distribution Networks with Automated Accounting Systems. Elektricheskie Stantsii =
Electrical Stations, (2), 10-19. http://doi.org/10.34831/EP.2022.1087.2.003 (in Russian).

Cavraro G., Arghandeh R. (2018) Power Distribution Network Topology Detection with
Time-Series Signature Verification Method. IEEE Transactions on Power Systems, 33 (4),
3500-3509. https://doi.org/10.1109/TPWRS.2017.2779129.

Pappu S. J., Bhatt N., Pasumarthy R., Rajeswaran A. (2018) Identifying Topology of Low
Voltage Distribution Networks Based on Smart Meter Data. /EEE Transactions on Smart
Grid, 9 (5), 5113-5122. https://doi.org/10.1109/TSG.2017.2680542.

Cavraro G., Kekatos V., Veeramachaneni S. (2019) Voltage Analytics for Power Distribution
Network Topology Verification. IEEE Transactions on Smart Grid, 10 (1), 1058-1067.
https://doi.org/10.1109/TSG.2017.2758600.

Kuzkina Y. I., Golub I. I. (2020) Identification of Smart Meter Connection Phases in Low-
Voltage Distribution Network. iPolytech Journal. 24 (1), 135-144. https://doi.org/10.21285/
1814-3520-2020-1-135-144 (in Russian).

Han S., Kodaira D., Han S., Kwon B., Hasegawa Y., Aki H. (2016) An Automated Impedance
Estimation Method in Low-Voltage Distribution Network for Coordinated Voltage Regulation.
IEEFE Transactions on Smart Grid, 7 (2), 1012-1020. https://doi.org/10.1109/TSG.2015.2489199.
Prostejovsky A. M., Gehrke O., Kosek A. M., Strasser T., Bindner H. W. (2016) Distribution
Line Parameter Estimation under Consideration of Measurement Tolerances. /EEE Trans-
actions on Industrial Informatics, 12 (2), 726-735. https://doi.org/10.1109/T11.2016.2530620.
Ritzmann D., Rens J., Wright P. S., Holderbaum W., Potter B. (2017) A Novel Approach
to Noninvasive Measurement of Overhead Line Impedance Parameters. I[EEE Transactions on
Industrial and Measurement, 66 (6), 1155—1163. https://doi.org/10.1109/TIM.2017.2665958.
Khandeparkar K. V., Soman S. A., Gajjar G. (2017) Detection and Correction of Systematic Errors
in Instrument Transformers Along with Line Parameter Estimation Using PMU Data. [EEE Trans-
actions on Power Systems, 32 (4), 3089-3098. https://doi.org/10.1109/TPWRS.2016.2620990.

Ni F., Nguyen P. H., Cobben J. F. G., Van den Brom H. E., Zhao D. (2018) Three-Phase State Esti-
mation in the Medium-Voltage Network with Aggregated Smart Meter Data. International Jornal of
Electrical Power & Energy Systems, 98, 463—473. https://doi.org/10.1016/].ijepes.2017.12.033.



M. U. Jlanunos, Y. I'. Pomanenxo

140  OneparuBHas naeHTHUKALIMA CONPOTUBIIEHHUI IPOBOIOB PaCIIpeIeUTENbHBIX ceTel 380 B...

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kononov Yu. G., Rybasova O. S., Mikhailenko V. S. (2018) Refinement of the Parameters of
the Medium-Voltage Network Lines Sections on the Basis of the Synchronous Measurements
Data. Russian Electromechanics, 61 (1), 77-84. https://doi.org/10.17213/0136-3360-2018-1-
77-84 (in Russian).

Pegoraro P. A., Brady K., Castello P., Muscas C., Meier von A. (2019) Compensation of Sys-
tematic Measurement Errors in a PMU-Based Monitoring System for Electric Distribution
Grids. IEEE Transactions on Industrial and Measurement, 68 (10), 3871-3882. https://doi.org/
10.1109/TIM.2019.2908703.

Omorov T. T., Osmonova R. Ch., Koibagarov T. Zh. (2018) Parametric Identification of
a Distribution Network as Part of ASCME. Vestnik YuUrGU. Ceriya “Energetika” Bulletin
of South Ural State University. Series “Power Engineering”, 18 (1), 46-52. https://doi.org/10.
14529/power180106 (in Russian).

Danilov M. I., Romanenko I. G. (2019) On Determination of Current and Voltage Vectors
in the Distribution Network According to AIMS EMA. Vestnik YuUrGU. Ceriya “Energeti-
ka” = Bulletin of South Ural State University. Series “Power Engineering”, 19 (4), 87-94.
http://doi.org/10.14529/power190410 (in Russian).

Danilov M. 1., Romanenko I. G. (2020) Using AIS EM Data to Find the Parameters of a Dis-
tribution Grid. Vestnik YuUrGU. Ceriya “Energetika” = Bulletin of South Ural State Universi-
ty. Series “Power Engineering”, 20 (2), 5-14. http://doi.org/10.14529/power200201 (in Rus-
sian).

Dutta R., Patel V. S., Chakrabarti S., Sharma A., Das R. K., Mondal S. (2021) Parameter
Estimation of Distribution Lines Using SCADA Measurements. [EEE Transactions on
Industrial and Measurement, 70, 1-11. https://doi.org/10.1109/TIM.2020.3026116.

Lave M., Reno M. J., Peppanen J. (2019) Distribution System Parameter and Topology Estimation
Applied to Resolve Low-Voltage Circuits on Three Real Distribution Feeders. /EEE Transactions
on Sustainable Energy, 10 (3), 1585-1592. https://doi.org/10.1109/TSTE.2019.2917679.

Cunha V. C., Freitas W., Trindade F. C. L., Santoso S. (2020) Automated Determination of
Topology and Line Parameters in Low Voltage Systems Using Smart Meters Measurements. [EEE
Transactions on Smart Grid, 11 (6), 5028-5038. https://doi.org/10.1109/TSG.2020.3004096.
Trindade F. C. L., Freitas W. (2017) Low Voltage Zones to Support Fault Location in
Distribution Systems with Smart Meters. I[EEE Transactions on Smart Grid, 8 (6), 2765-2774.
https://doi.org/10.1109/TSG.2016.2538268.

Ershov A. M., Khlopova A. V., Sidorov A. 1. (2020) Protection System of Overhead Lines with
a Voltage of 0.38 and 6-10 kV Against Wire Break. Elektricheskie Stantsii = Electrical Stations,
(4), 28-32. https://doi.org/http://dx.doi.org/10.34831/EP.2020.1065.4.005 (in Russian).

Ayuev B. 1., Davydov V. V., Erokhin P. M. (2016) Fast and Reliable Method of Searching
Power System Marginal States. [EEE Transactions on Power Systems, 31 (6), 4525-4533.
https://doi.org/10.1109/TPWRS.2016.2538299.

Kulikov A. L., Ilyushin P. V., Loskutov A. A., Sevost'yanov A. A. (2021) The Wald Sequen-
tial Analysis Procedure as a Means of Guaranteeing a High Automatic Under-Frequency Load-
Shedding Response Rate at Deviations of Unified Power Quality Indices. Power Technology
and Engineering, 55, 467-475. https://doi.org/10.1007/s10749-021-01383-3.

Kononov Y. G., Zvada P. A., Rudnev S. (2015) The Low Cost Method of Measurements Syn-
chronization in the Low-Voltage Network on Frequency and the Voltage Phase. XXI IMEKO
World Congress “Measurement in Research and Industry”, August 30 — September 4, 2015,
Prague. Available at: https://www.imeko.org/publications/wc-2015/IMEKO-WC-2015-TC4-
146.pdf.

Received: 9 February 2022 Accepted: 21 April 2022 Published online: 31 March 2023



DOuepreruka. V3. BbicIL. yueO. 3aBenenuii u suepr. oowveauuenuit CHI'. T. 66, Ne 2 (2023), c. 141-157
141 Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. V. 66, No 2 (2023), pp. 141-157

https://doi.org/10.21122/1029-7448-2023-66-2-141-157
YIK 621.311.22

Ounenka repmoaguHamMuuyeckoil 3¢ PeKTUBHOCTH
O0bennHeHHOI YHepreTu4YecKoi cucremsbl benapycu

Yactb 2

B. H. Pomaniok, A. A. Boouu", T. B. PrrxoBa", T. B. By6bips",
B. B. Inuyx", S1. C. SIuyxno”

1)Eenopyccm/n?l HaIMOHAIBHBIA TeXHUYecKkui yHuBepcureT (MuHck, Pecrry6nmka benapycs)

© benopycckuil HallMOHANBHBINA TEXHUYECKUH yHUBepcUTeT, 2023
Belarusian National Technical University, 2023

Pedepart. DHeprocucteMa — CTPYKTypa, BXOJSIIAS B UUCIO CIOKHEHUIIIMX UCKYCCTBEHHBIX 00BEK-
TOB, yCIICITHOE (YHKIMOHUPOBAHHUE U Pa3BUTHE KOTOPBIX aOCOIIOTHO HEOOXOIUMO st obecre-
YEeHUsS KHU3HEJ[EITSILHOCTH COBPEMEHHOTO TocyJapcTBa. B aToit cBsi3u, 6e3ycinoBHO, BOCTpeOOBaH
ee HeNpephIBHBI MOHUTOPHUHTI C ITOJy4YeHHEM JOCTOBEPHBIX U OOBEKTHBHBIX IOKa3artenei pabo-
Thl. TpanunMOHHBIE KITIOYEBBIE SHEPreTHYECKHUE MoKa3aTean (YAETbHBIH Pacxoll YCIOBHOTO TOII-
JIMBA HA BBIPAOOTKY AJIEKTPOIHEPTUH U OTIYCK TEIUIOBOW YHEPTHH) JUIS TAKUX CIIOKHBIX CTPYKTYP
HE JAIOT MOJHOTO IIPECTABICHUS O paboTe SHEPrOCHCTEMBI U B Pslie CIIydaeB PacCUUTHIBAIOTCS
HEKOPPEKTHO. B HacTosmiei cTaThe mpeiaraeTcest K YUCIly TPAIMIMOHHBIX XapaKTePHCTHK 100a-
BUTh U3BECTHBIN, HO MPAKTUUECKH HE UCIONb3YyEeMbIi 3KCEPreTHUeCKU K03 HLIUECHT M0JIe3HOTO
neiictBus. Ero mpumenenne pacmupseT BO3MOKHOCTH MOHHTOPHHTA U TIOBBIIIAET OOBEKTHBHOCTh
OLICHKHU. BriepBrie npoBeeH aHaN3 pa3IMyHbIX IEPHUOI0B (TOJJOBOT0, OTOIUTEILHOTO U MEXOTO-
MIUTEIBHOT0) Ha IpUMeEpe TeIuioeKTpoueHTpaneii OObeINHEHHONH 3HEPreTHYeCKOW CHCTEMbI
Benapycu. OtHOCUTENBHAST BBIpaOOoTKa 31ekTpodHeprun TOLl no BBoga benopycckoit ADC ome-
HUBanack B ~45 %, a mocie BBoJa CHU3WIACH 0 ~39 %. Bojee MoIOBHHBI TOIOBOTO TOTPEOICHUS
TEIJIOBO SHepruu B benapycy mpuxoquTcst Ha TEIUIOreHepUPYIOIINe UCTOUYHHKH, 1pu 3ToM TOL]
obecnieunBarot 10 88 % oTiycka TemnoTsl. OnpeneneHsl KO3GGHUIUEHT HCIOIb30BaHUS YCTaAHOB-
JICHHOW 2JIEKTPHYECKON MOITHOCTH, KO3 PUIIHEHT TemohUKaMy U YCPEOHEHHAS 32 TOJ yelb-
Has BEIPaOOTKA JICKTPOIHEPTHH Ha TEIUIOBOM HOTpeOsieHnu Juist kaxnoid TOLl B oTaensHOCTH.
Haiinen skcepreruueckuii Ko3)@UIIMEHT MOJE3HOTO ACHCTBUS IS KAKIOH KPYMHOW W Majoi
TOLI B OTOENBFHOCTH U MPOBEACHO paHKUpOBaHHUE MX P PeKTHBHOCTH. [loTydeHHBIE Pe3yIbTaThl
HPEJICTABICHEI B TpaMIeCKOM BHIE, YTO MOBBIMIAET HHPOPMATUBHOCTE U 00JIEr4aeT BOCIPHUSTHE.
IMpemnosxxensl penienys s noBbimenus a¢dexrnBHocty padoter TOLI.
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Abstract. The energy system is a structure that is among the most complex artificial objects,
the successful functioning and development of which is absolutely necessary to ensure the liveli-
hoods of a modern state. In this regard, its continuous monitoring with obtaining reliable and
objective performance indicators is undoubtedly in demand. Traditional key energy indicators
(specific consumption of conventional fuel for electricity generation and heat release) do not give
a complete picture of the operation of the power system for such complex structures and in some
cases are calculated incorrectly. The present paper proposes to add a well-known, but practically
unused exergetic efficiency coefficient to the range of traditional characteristics. Its application
expands the monitoring capabilities and increases the objectivity of the evaluation. For the first
time, the analysis of various periods (annual, heating and inter-heating) was carried out on the
example of thermal power plants (CHP) of the Unified Energy System of Belarus. The relative
power generation of the CHP before the commissioning of the Belarusian NPP was estimated
at ~45 %, and after commissioning it decreased to =39 %. More than half of the annual consump-
tion of thermal energy in Belarus is accounted for by heat-generating sources, while thermal power
plants provide up to 88 % of heat output. The installed electric capacity utilization factor, the ex-
traction factor and the average annual specific generation of electricity on thermal consumption for
each CHP separately have been determined. The results are presented graphically, which ma-
kes the content more informative and facilitates the perception. Solutions have been proposed
to improve the efficiency of the CHP.

Keywords: power system, exergy, exergetic efficiency, thermodynamic efficiency, analysis, con-
densing power plants, Belarusian NPP

For citation: Romaniuk V. N., Bobich A. A., Ryzhova T. N., Bubyr T. V., Yanchuk V. V., Yatsu-
khna Y. S. (2023) Assessment of Thermodynamic Efficiency of the Belarusian Energy System.
Part 2. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 66 (2), 141-157.
https://doi.org/10.21122/1029-7448-2023-66-2-141-157 (in Russian)

BBenenne

KomOnHnpoBaHHas BeIpaOOTKa MpeoOpa3oBaHHBIX YHEPTONOTOKOB — Han0o-
Jiee COBEpPILUEHHAs TEXHOJIOTHUsI UCIIOIb30BAHMS OPraHUYECcKoro Torusa. B snep-
rocucreMe benmapycu Benuka poib TEIUIO(UKALMOHHBIX MOIIHOCTEH, TONO-
BOH OTITyCK 3JIEKTPOIHEPTIHH OT Teruodekrpouentpanein (TOLl) onennBaercs
B 3642 % [1]. Tak, B 2020 . oH coctaBuin 39 % 0T cyMMapHOTro OTIycKa 3JeK-
TPOSHEPTHH B SHEPTOCUCTEME, B TOM uucie 26 % B MEXOTONUTENbHBIN NepHoa
u 47 % B OTONUTENBHBIN [2].

Brenpenue razotypOHHHBIX qBHUrarteneil BHyTpeHHero cropanus (JIBC) mo3so-
JWJO TIOBBICHTH 3((PEKTHBHOCTH MCIOJIB30BaHUs MpupoaHoro rasa Ha TOLl, mo
CPaBHEHHIO C Pa3NeIbHON BBIPAOOTKOM TEIUIOBOM SHEPTHH Ha KOTEIBHBIX M DJICK-
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TPUUYECKON SHEPTUU Ha KOHJeHCAMOHHBIX 3JekTpocTanuusx (K2C), mo 31 %,
a razonopmraeBbix JIBC — 10 38 % [3].

B cooTBercTBUM C MHIUKATOPOM SHEPTETHUECKOW OE30MacHOCTH, OTHOCH-
TeNbHAS JOJIsI IPUPOHOTO T'a3a B MPUXOJHON YACTH DHEpProdaiaHca CTPaHbI HE
nmomkaa mpeBsimath 50 % [4]. C BBogom bemopycckoit ADC 3ToT mokazarenb
cHuzutcd ¢ 97 mo 59 % [5], T. e. HeoOXoaUMO nanbHelIee moBbIIIeHHEe d(dek-
TUBHOCTH KCIIOJI30BaHUsI MPUPOIHOTO ra3a 3a cuer BHenpenus J[BC mMeHHO
na TOII [1, 6], a Takke NPUMEHEHUE IPYTHX AIBTEPHATHUBHBIX MEPONPHUSTHH,
HampuMep 3a CUeT YTHIU3alUH HU3KOTEMIEPaTyPHBIX TETUIOBBIX BTOPUYHBIX
sHepreTudeckux pecypcon TOLI [7].

Ctout OTMETUTH, 4TO BBOJ ADC BBI3BIBACT TEXHUYECKUE BOTIPOCHI, PEIICHUE
KOTOPBIX MOKET MPHUBECTU K BhITecHeHUIO TOIl u3 reHepamuu. B s3ToM KOHTEK-
cTe TpeOyeTcsl BCECTOPOHHMU aHanmu3 paboTel Beex TOILl u sHeprocucTembl
B II€JIOM, YTOOBI MUHUMHU3UPOBATh 3aMEHY 3THUX BHICOKO3(D(EKTHUBHBIX TETIJIOTe-
HEPUPYIOIIUX UCTOYHHKOB Ha KOTENBHBIE W COXPAHUTh WX B COCTaBE JHEPro-
CHUCTEMBI.

[IpencraBnenHoe uccienoBanue oxpateiBaeT 2020 r., B KauecTBe MokasarTe-
neit a¢dexkruBHOCTH paboThl TOILl mpwHATH KOA(MGUIMEHT HCIOIH30BAHUS
YCTaHOBJICHHOW D3JIEKTPHUUYECKOW MOIIHOCTH, KOI(GOHUIMEHT TeIUIopHUKaIINY,
yAenbHas BBIPaOOTKa AIIEKTPOIHEPTHH HA TEIUIOBOM TOTPEOIIEHHH U TePMOIH-
HaMUYecKas OLEHKa ¢ moMoulbko 3kcepretruueckoro KIIJ [8—17].

OcHoOBHAA YacTh

Oo6mee kommmuectBo TOL] OObeaArHEHHON dHEpreTHYecKoil cucteMbl benapycu
cocraBisieT 39 emummi, 12 W3 HUX KpymHBIe. ['0mOBoe MOTpeOICHHE TEIUIOo-
BOI SHEPrum cocTapisieT nopsaka 61 mia [kan, 6onee monoBuHkI (<32 MiH ['kan)
MPUXOJUTCS Ha TeIuoreHepupyoomue uctoynuku. llpm srom TOLl obecme-
ynBatloT 10 88 % otmycka temnotsl (67 % kxpymuele TOLl u 21 % wmansie),
u3 KOTopeIX 82 % momarotcsa ¢ cereBoil Bojoil u 18 % ¢ mapoBBIM TEMJIOHO-
CHUTEJIEM.

l'ogoBas BeIpaboTKa 3nexTpo3nepruu Ha TOL 1o BBonma bemopycckoit ADC
coctaBisiia ~45 %, a ocne BBona Bkiaa TOLl cumxaercs no ~39 % [2]. [lpu
3TOM cJelyeT OTMETHUTh, YTO Ha JOJII0 KPYNMHBIX U Manbix TOLl mpuxoaurcs co-
otrBercTBeHHO 86 U 14 % BBIpaboTKH 3nexTposneprun Ha TOL, wmm 34 u 5 %
oOrmieii BBIPaOOTKH 3JIEKTPOIHEPTUM BCEMH SHEPrOr€HEPUPYIOIUMH HCTOYHU-
KaMH 9HEepProcucTeMsl, BKItovas beropycckyro ADC.

IMokazarenu paboTs! kpymHbIx TOL 32 2020 r. npuBeneHs! B Tad. 1.

W3 ananu3a naHHbIX Tabu. 1 cinemyer, 4To rooBas FeHepalus JIeKTPOdIHep-
TMH U OTIIYCK TEIUIOBOH 3HEpruM Ha KpynHbIX TOL[ M3MEHSIOTCA B IIMPOKOM
Juamna3oHe B 3aBUCUMOCTH OT KoHKpeTHOH TOLl. Tak, renepanus 3neKkTposHep-
TUH Ha OTAETHHBIX TOLl B OTOMUTENHHBIN M MEKOTOMUTENBHBIN ITEPUOIBI OTIIH-
YyaeTcsl Ha OAMH-IBA IOPAIKA, OTIYCK TEIJIOBOW SHEPTUH — HA OIMH HMOPSIOK.
VY nenvHas BEIpaOOTKa 3JEKTPOIHEPTUU Ha TeruioBoM moTpedienuu (YBDOTII)
Takke He oamHakoBas (B mpexaenax ot 0,17 mo 0,87 kBr-u/'kam). Ee makcu-
MaJbHOE 3HadYeHue oTMmeuaeTcss Ha ['pomnenckort TIL[-2 (0,73 kBru/Tkan)
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u Munckoit TOLI-3 (0,87 kBt-u/T'kan), 1. e. Ha TOL] ¢ mapora3zoBbsiMu GJIOKamMH,
a Taxke Ha ortomutenbHbIXx TOLl: Tomenbckoit TIL-2 (0,65 xBt-u/T'kam)
n Munckoit TOL[-4 (0,68 xkBru/I'kam). Ha octampabx kpymabeix TOL ynens-
Has BBIPaOOTKa ANEKTPOSHEPTHH HAa TEIUIOBOM MOTPEOJICHHH HECKOJIBKO HUXKE
u Haxogutcs B quamasone 0,17-0,40 kBt u/I'kan.

Tabruya 1
Ioxa3zaTesu padoThl KPYIMHBIX Telo0d1eKTpouenTpaseii B 2020 r.

Performance indicators of large thermal power plants in 2020
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Bobpyiickas
TOILI-2 530 | 182 | 33 | 52| 11 1235 | 1318 | 11 | 16 [4,8 0,37
BureGekas TOL[ | 245 | 80 | 35 | 53 | 14 616 590 12 | 17 | 6,0 0,35
I'ponnenckas
TOI-2 1558 | 322 | 55 | 75 | 34 1975 | 1345 | 17 | 26 | 6,2 0,73
I'omenbckas
TOL-2 1410 | 544 | 30 | 42 16 1921 780 28 | 43 | 11 0,65

Komunckas TOL[| 89 120 | 8,4 | 15 0 421 465 10 | 16 | 3,5 0,17
Mumnckas TOL-2| 395 | 80 | 56 | 76 | 35 1045 520 23 |33 |12 0,33
Munckas TOL[-3 | 2294 | 442 | 59 | 72 | 48 2450 1546 | 18 | 25 | 10 0,87
Mumnckas TOL[-4 | 3758 | 1035 | 41 | 59 | 22 5012 1519 | 38 | 59 | 13 0,68
MorwuneBckas

TOII-2 744 | 350 | 24 | 37| 9 1636 | 1263 | 15 | 22 |6,5| 0,39
Mossipekast TOLI| 642 | 205 | 36 | 49 | 22 | 2070 | 435 | 54 |70 |39 | 027
Hosomnononkas

oI 686 | 270 | 29 |40 | 17 | 2572 | 1215 | 24 |32 | 16| 023
Caeriioropckas

AL 347 | 155 | 26 | 31 | 21 587 | 721,5| 93 | 14 |3,8| 040
Hrtoro 12698| 3785 | 38" | 50" | 22" | 21540 | 11718 | 217 |29 |10™| 0,53™"

IpuMeuannsi: = — yCpeAHEHHEI 32 MepHOI KOd(HIHEHT HCIIONIb30BAHUS YCTAHOBICHHOMR
JIEKTPUYECKOH MOIIHOCTH Ha BceX KpynHbIx TOLI; o yCpeIHEHHBIH 3a nepruo Koddduiment
tennodukamuy Beex Kpymusix TOL[; — — yCpeIHEHHAsS 3a TOf YACIbHAS BHIPAOOTKA AIEKTPO-
SHEPI'HH Ha TEIUIOBOM HOTPEOICHUH.

st 00BeKTHBHOM OTIeHKH 3P (HEKTHBHOCTH paboTH KoHKpeTHOH TOLI HE0O-
XOJUMO TIIATEIbHO MPOaHATU3UPOBATh OTITYCKAEMble TOTOKH AJIEKTPOIHEPTHH
U 4acoBOM OTHYCK TemioBoM sHepruum oT kKaxaod TOILl. CooTBeTcTBylrouue
JIaHHBIC I KpymHBIX TOIl nmpuBeneHs! Ha puc. 1, 2.
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Puc. 1. OrnyckaeMsblii IOTOK 3JIEKTPOIHEPTUH OT KPYIIHBIX TEILUIOIEKTPOLIEHTpaIeil
3a OTONHUTENBHBIN U MeXOoTOnUTeNbHBIH nepuoas! 2020 r., MBt

Fig. 1. The released flow of electricity from large thermal
power plants for the heating and inter-heating periods of 2020, Mw
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Puc. 2. HacoBoii OTITyCK TEIIOBOW HEPTHU OT KPYMHBIX TETIOAICKTPOLICHTpaIeH
32 OTONHUTEIBHBIA U MEXKOTOMHTENBHBIH nepuopl 2020 r., ['kan/a

Fig. 2. Hourly release of thermal energy from large thermal power plants for the heating
and inter-heating periods of 2020, Gcal/h

W3 amammza puc. 1 cremyer, 4TO OTIyCKaeMBIH TOTOK AIIEKTPOIHEPTHH
B OTOMUTENBHBI U MEXOTONMUTENBHBIA Mepuonbl otinuvaercs B 1,4-53 pasza,
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YTO BEChbMa CYILECTBEHHO W HANPsIMYIO BIIUSIET Ha TO/IOBBIE TTOKa3aTeNn S eKTHB-
HocTH paboter TOLl. Hanbomnee HeraTwBHO 3TO CKa3bIBacTCsS HAa IPPEKTHBHOCTH
pabotsl TOLI, y KOTOpBIX Takue oTiIM4Msl MakcuManbHbl: Ha XKoguHckoi TOLL oT-
ITyCKaeMbIii TIOTOK 3JEKTPOSHEPTUH B MEXOTONHTENBHBI MEPHON OTCYyTCTBYET,
Ha bobpyiickoii TOLI-2 ormmyaercs B 5,3 paza, Mormiesckoir TOL-2 — B 4,5 pa-
3a, Ha ButeOckoii TOII — B 3,9 paza. Hanbonee OaronpusiTHas CUTyalliyd HMEET
Mecto Ha Tex TOLl, y KOTOpBIX 3TH OTJIMYMS HECYIIECTBEHHbI. Tak Ha MuH-
ckoit TOLI-2 u Ceetnoropckoit TOL] oTmycKaeMslif MOTOK 3JIEKTPOIHEPTHH B OTO-
MUATENBHBIN MEPUOJ] OTINYAETCS OT MEKOTOIMUTENHLHOTO TIepruoia Jidiib B 1,4 pasa,
Ha ocTalbHbIX KpynHbIX TOL] HaxonuTes B nuanasone 2,1-2,6 pasa, yTo mpuemse-
MO ¥ HAPAMYIO 3aBUCUT OT BETMYMHBI TETUIOBBIX HArPy30K.

JlanHble puc. 2 MOKa3bIBaOT, YTO OTIYCK TEIUIOBOM SHEPTHUU B OTOMUTEIb-
HEII ¥ MEXOTONMMTENBHBIN mepruoa oTiuyaercs B 1,7-4,4 pasa, 94To Takke OKa-
3bIBAaET BIUSHHUE HA TOJIOBBIE MOKazarenu 3¢ ¢ekTuBHOCTH padotel TOLl. Mu-
HUMAaJIbHBIE OTJIUYHA TEIUIOBBIX HAarpy30K MEXIy OTONMUTENIbHBIM U MEXKOTOIH-
TENBHBIM TIEPUOJIAaMU OTMEYAIOTCSI Ha KPYIHBIX MPOMBIIUICHHO-OTOIMHUTEIh-
veix TOI. Tak, Ha Mosbipckoit TOL nmokazatenu ortiuuarores B 1,7 pasza, Ho-
Bomrostortkoit TOI — 1,8 pasa, Ha Munckoit TOII-3 — 2,3 paza, Ha ['pogHeHCKO#
TOL-2 — 3,9 pa3za. Ha ocranpHbIX KpymHbIX TOIL pa3HuIla TENMJIOBBIX Harpy-
30K HaXOIWTCs B nuara3one 2,6—4,4 pasa. Ilpu 3ToM Ha cyry00 OTONMHTEINH-
veIX TOI (I'omenbckoit TOL-2, XKomuuckoit TOLl, Munckoi TOL[-4) oTmmuune
MaKCUMAaJIbHO U cocTaBiseT 3,7—4,4 paza.

Pa3HuIa TEIIIOBBIX HATPY30K B OTOMUTENBHBIN  MEKOTONMUTEIbHBIN MEPUO-
Bl CYIIECTBEHHO BIIMSET HAa COCTaB OCHOBHOTO 00OpymoBaHUS, (yHKIMOHH-
PYIOIIETO B 3TO BpEMsl, M, COOTBETCTBEHHO, Ha 3(DPEKTUBHOCTL €ro pabOoTHI.
B MmexoronurensHbIN nepuon 3ppekTHBHOCTh paboThl OONBIIMHCTBA KPYITHBIX
TOL] xpaitHe HU3Ka (MCKITIOYeHHE cocTaBisieT Mo3sbipckas TOLI), Ha yTo yKa3bI-
BaeT ko3(dunument rtemnodukanuu, He npeBbimarommii 0,13, Jns XKomus-
ckoit TOL, Csernoropckoii TOL, bobpyiickoit TOL-2 naHHBIA MOKa3aTelb U
BoBce 0,05, uTo kpaitHe HU3KO.

Takum o00Opa3om, 1enecooOpa3HOCTh SKCIUTyaTallid HEKOTOPBIX KPYTI-
HEIX TOLl B MEKOTONUTEIBHBIA MEPUOA C TOYKH 3pEeHHUS dPPEKTHBHOCTH WX
paboTHI BBI3BIBAET OmperesieHHble coMHeHHs. 110aTOMy momomHuTENEHO HEoO-
XOJUMO OLIEHUTHh OTHOCHUTEJIBbHYIO J0MI0 KpymHbiXx TOIl B romoBoM oTmycke
3JIEKTPO3HEPTUH U TEIUIOBOM sHepruu. COOTBETCTBYIOIINE JaHHbIE NMPUBEACHBI
Ha puc. 3, 4.

AHanM3 AaHHBIX pHUC. 3 MOKAa3bIBAET, YTO MAKCHUMAJIBHBINA OTIYCK 3JEKTPO-
sHeprun umeer Mecto Ha MuHnckord TOL-4, Munckoit TOL-3, I'ponneH-
ckoit TOII-2, 'omensckoit TOII-2, Morunesckoit TOII-2, HoBomomonkoit TOL],
u Mo3ssipckoit TOL. Ha octanenbix kpymabix TOLI (boOpyiickoit TOLI-2, Mun-
ckoit TOII-2, Ceernoropckoit TOLI, Burtebckoit TOL, XKomuuckoir TILL) cym-
MapHBII OTITYCK 3JIEKTPOIHEPTUH cOCTaBisieT 12 % OTITycKa AIIeKTPOIHEPTHH
BceMH KpymHbIMH TOLI, mpu 3TOM 07 OTHyCKa 3JEKTPOIHEPTUU OT KaKIOU
TOII He peBbimaet 4 %.
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MaxkcuManbHBIH OTITyCK TEII0BOM sHepruu (puc. 4) orMevaercs Ha MuH-
ckoit TOII-4, Hosomomorkoit TOLl, Munckoit TOLI-3, Mo3zsipckoit TOL, I'pox-
HeHckoir TOII-2, T'omenbsckoit TOLI-2, Mormnesckoit TOL-2 u bobpyii-
ckoit TOU-2. Ha ocranpabix kpymabix TOL (Muackoit TOL-2, Bure6-
ckott TOII, Cretrnoropckoii TOLl, Koamackoit TOLI) cyMMapHBIH OTITyCK TeTI-
JIOBOM 3HEPIHH cocTaBisieT 13 % OTMycKa TEIIOBOM 3HEPTUU BCEMU KPYIHBIMH
TOL, nons oTycka TemnoBoi aHeprun ot kaxxaon TOLL He mpesbimaer 5 %.

Hosomnomnoukas TOLL Bobpyiickas TOL[-2

51 Caetmioropckast TD 4,0
Mossipckas TOL] i 2,6 Burebockas TOL]
5,0 ’/ 1,9

Morunesckas TDII-2 I'ponnenckas TOLI-2
5,6 o — 12,7

Tomensckas TOLI-2

10,9
Munckas TOI1-4 ‘\&HHCKB}I oL
30,0 0,53
Mumnckas TOII-2
3,0
Munckas TOII-3

18,6
Puc. 3. OtHOcUTEIbHAS JOJIS KPYITHBIX TEIIOMICKTPOLEHTpasel
B TOJJOBOM OTITyCKe 31ekTpodHepruu B 2020 1., %

Fig. 3. Relative impact of large thermal power plants
on annual electricity output in 2020, %
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Fig. 4. Relative impact of large thermal power plants
on annual heat output in 2020, %
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U3 06001menns moryueHHbIX pe3yabTaToB 1o KpynmHeiM TOL] (Taba. 1) cie-
IyeT, 9TO0 KO3 (HUIMEHT MCIIOIb30BaHUS YCTAHOBIEHHON 3JIEKTPHYECKOW MOIII-
Hoctu 38 % (3,3 ThIC. W), a koad¢unuent termodpukamuu 21 % (1,8 ThIC. U)
OT HOMHMHAJIBHON YCTaHOBJICHHOHN 3JIEKTPUYECKONW M TemoBOH MomtHOCTH TOL]
COOTBETCTBEHHO. lCmoip30BaHNE YCTAaHOBICHHON MOIIHOCTH IO OTHEIBHBIM
KkpynHbeiM TOL:

® JJIEKTPUUYECKON: 3HAYMTENILHO BBIIIE CPEeIHEro YPOBHS Ha ['pomHeHCKOU
TOU-2, Munckux TOII-2, TOII-3, TOII-4; Huxke cpeanero ypoBHs Ha Hoormo-
morkoit TOL, Mormnesckoit TOII-2, Cetnoropckoit TIII, Komguackoit TOLI,
I'omenbckoit TOL-2, bBobpyiickoit TOLI-2, Butebckoit 1 Mo3sipckoit TOL;

¢ TeITO(UKAIMMOHHOM: BBIIIE cpeaHero ypoBHsI Ha Mo3sipckoit TOLI, Mun-
ckoit TOLI-4, T'omenbckoit TIL-2, Munckoit TOIl-2 u HoBomonoukoit TOLI;
HIKe cpexHero ypoHs Ha Munckoit TOLI-3, I'pogaenckoit TOLI-2, Cretnorop-
ckoit, Kommuckoit u Butebckoit TOL, bobOpyiickoit TJIL[-2, Morunes-
ckoit TOLI-2.

ITo BenmmuuHe KO3 UIIMEHTA TEILIOPUKANKA OTBEYaeT TpeOOoBaHHUAM 3¢-
(extuBHOCTH JIUTh Mo3bipckast TOLI. Ha octanpabix kpymabIX TOL] nMetorcs
n30bITOYHBIe MomHOCTH. OueBuaHO, uro B HoBomonornke, Morunese, Csetio-
ropcke, Mo3zsipe u boOpylicke, Tie TEHEPUPYIOIIHE UCTOYHUKHA CO3/1aBAIMCh B
OCHOBHOM il OOECTeueHMs] IMapoBBIX HArpy30K KPYITHBIX IPOMBIIIIICHHBIX
MPEINpHUsITAH, HU3Kas 3arpys3ka JCHCTBYIOMIMX MOIIHOCTEH OOYCIIOBIIEHa CO-
3IaHUeM COOCTBEHHOW T'eHepalliyl Ha MPEIUpUATHSIX U MOJIEpPHHA3ANNEH TPOH3-
BOJICTB C OTKa30M OT MapOBBIX TEXHOJIOTHH, a B OTENBHBIX ciaydasx u oT TOLI.
B aroii cBsi3u B Omkaiiied nepenektuse (2025-2030 rr.) HeoOxoauMo ompe-
JIEJIUTHCS C TeNIeCO00Pa3HOCTRIO NaTbHEHIIEH dKCIUTyaTallid OCHOBHOTO 000py-
JOBaHUS ACUCTBYIOIIUX KpynHbIX TOLI.

IMokazarenu pabotel Masbix TOL npuBeneHs! B TA0M. 2.

Tabauya 2
IMoka3zaTesu padoTbl MAJIBIX TeIUIOdJIEKTpoLeHTpaJeii B 2020 r.
Performance indicators of small thermal power plants in 2020
5 Koaddumuent
E“ § HCIIOJIb30BAHMS - Koaddumnuent VcpenHeHHas
g % YCTaHOBIICHHOH | § TemnopuKa- |3a ron ynenb-
:5: 3 3JIeKTPHYECKOi § e uun, %, Hasi BEIPAGOT-
< e MomHoctH, %, | © 5 3a Nepuoxa Ka DIICKTPO-
HaumenoBanue | & 3 S g Z
£ % &4 3a [IEpUOL 2 5 § SHEPIrUuu
8 E = % E = Ha TEIIOBOM
Er| 2 4 & o 24 &  |norpebuenuu
Ef-‘ F 5| = = E’E gl 2 5 B ’55’5 b ’
g3 gg g ﬁzpzéﬁ g% 8&EHEMBT"{/FK8.JI
|5 ¢ |E 5 g o E‘ ;| & F S |E = g o
5E|58| 5|25|e5|g8 52| 512 5¢e5
= =|» 2| & |o &= &|0C K| » = = lo /= &
1 2 3 4 5 6 7 8 9 | 10| 11 12
bapanoBuuckas
TOI1 89,2 | 18 | 57 | 81 | 22 |512| 407 | 14 |21 | 5,2 0,14
Bbenopycckas
I'PoC 25 | LS | 19 | 33 0 [37,5| 67 |64(92] 24 0,03
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Okonuanue maban. 2

1 2 3 4 5 6 7 8 9 | 10| 11 12

bobpyiickas
TOII-1 29,1 12 28 | 38 13 | 116 60 22 129 | 12,5 0,20
Bopucosckas
TOIL] 459 65 81 | 82 | 78 | 342 | 294 13 | 18] 6,1 1,26
Bpecrckas TOLL | 85,7 | 18 54 | 65 | 39 | 418 | 183 | 26 |33 (16,3 0,15
T'oMenbckas
TOILI-1 89,2 | 373 | 27 | 39 11 | 512 | 274 | 21 | 31| 7,8 0,14
JKitobunckas
TOIL] 168 | 23,7 | 81 | 84 | 76 | 365 | 233 18 | 26| 6,2 0,43
Junckas TOL] 153 43 41 | 66 | 4,4 | 398 | 353 13 [ 18] 5,2 0,39
MoruneBckas
T3ILI-1 282 | 50,5 | 64 | 77 | 45 | 510 | 294 | 20 | 28 | 8,3 0,50
MorwuieBckas
TOII-3 105 | 195 61 | 81 | 34 | 167 | 230 |83 | 11| 4,2 0,58
Opmranckas TOL[| 300 73 47 | 70 | 14 | 514 | 455 13 | 18| 5,6 0,54
TTunckas TOL] 95,7 | 22 50 | 69 | 22 | 366 | 336 12 [ 17 ] 6,2 0,21
IMonoukas TOL| | 47,3 | 7,7 | 70 | 98 | 31 | 171 | 239 |82 |11 | 3,7 0,25
Bocrounas mu-
Hu-TOI] r. Bu-
TeOCK 27,8 | 3,5 | 91 [ 100 | 68 | 599 | 430 16 | 23| 5,5 0,03
CeBepHasi MUHU-
TOL r. I'pogo | 63,6 | 9,5 | 76 | 82 | 69 | 366 | 251 17 [ 23] 8,1 0,14
3anaaHas MUHH-
TOIL] r. [Tunack 14,4 3 551 90 | 58 | 242 | 285 10 | 16 | 0,7 0,02
MosoneuHeHCKas
MUHHU-TIL] 20,9 | 3,5 | 68 | 78 | 54 | 186 | 296 | 7,2 18,9 4,8 0,07
Crymkas MUHH-
TOIL] 1,99 10,75 | 30 | 37 | 22 | 107 | 132 |92 | 13| 3,3 0,01
Conuropckas
MuHU-TOL] 823 | 2,5 | 38 | 42 | 32 | 151 | 230 | 75|11 29 0,01
OcunoBHUCKas
MuHU-TIL] 5,651 12 | 54| 76 | 23 | 111 | 242 |52 (79| 1,6 0,03
Bunetickas
MuHU-TOI] 10,4 | 24 | 49 | 72 | 17 | 112 | 114 11 {17 ] 3,7 0,03
Peunnkas MUHH-
TOIL] 11,0 | 42 | 30 | 38 | 17 [90,9| 16,8 | 62 | 91 | 20,8 0,05
Munu-TI1]
bapaub 8,69 | 205 | 5 8 1,0 | 54,0 75 83112 3,0 0,10
Jlynunenkas
TOIL] 148 4,7 | 36 | 49 | 18 |859| 163 | 6,0 |83 2,7 0,12
IIpyxaHnckas
TOI], 15,6 | 3,7 | 48 | 68 | 21 [53,8| 58 11 | 15| 3,7 0,22
JleGenenckas
MuHU-TOL] 27721 0,5 | 62 | 61 | 64 | 1,84 0,5 42 | 44 | 40,0 1,34
[yunHckas
MuHU-TOL] 0331029 | 13 | 21 | 1,1 {037 0,36 | 12 | 19| 1,1 0,84
Wroro 2109 | 451 | 537 [ 687 | 337 [6590] 5718 [ 137 [19*¥ 557 | 0,28

IIpumevanus: = YCPeOHEeHHBIH 3a TeproA Kod(D(UIMEHT HCIONB30BaHHs YCTAHOBICHHON
SMEKTPHYECKOI MOIITHOCTH Ha BeeX Mabix TALL, ~ — ycpe[HEeHHbIH 3a meprox Koa((UIHEHT Tero-
¢uxarmu Bcex Manbix TOLI; o YCpEeIHEHHAsI 3a TOJ1 y/Ie/bHas BEIPAOOTKA AIICKTPOIHEPIHH HA TETI-
JIOBOM ITOTPEOJICHUH.
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CornacuHo Tabi. 2, TOf0Bas TeHepanus 3JIEKTPOIHEPTUN U OTITYCK TETUIOBOU
sHepruu Ha manbix TOL] Takke U3MEHSAETCS B IMIMPOKOM JUANa30HE B 3aBUCHU-
MocTH oT KoHkpetHoW TOIIl. Tak, reHepanuu IJIEKTPOIHEPTHH Ha OTICITBHBIX
TOL] oTMyaeTcs Ha OJMH-/IBAa MOPSAAKA, OTIMYCK TEIUIOBOW SHEPTHH — HAa OAWH
MOPSIZIOK. YIenbHasi BBIPa0OTKa JIIEKTPOIHEPTHH Ha TEIUIOBOM IOTPEOICHUH
cocrasisger 0,01 mo 1,34 xBt-u/I'kan. MakcumanbHoe 3uauenne YBOOTII or-
mevaercs Ha bopucosckoit TOL (1,26 xBru/I'kan), JlebeneBckoit Muau-TIL]
(1,34 xBt-u/T'kan) u yannckoit muan-TIL] (0,84 kBt-u/T'kan), 1. e. Ha TOL]
C Mapora3oBbIMU OJIOKAMH W Ta30MOPIIHEBEIMH ycTaHOBKaMu. Ha apyrux TOL]
C Tapora3oBBIMH OJIOKAaMH M Ta30MOpPIIHEBBIMU ycTaHoBKamMu YBOOTII ne-
ckonbko Hike: Ha MoruneBckoit TOI-3 0,58 xBrw/I'kan, Opmanckoit TIL]
0,54 xBt-u/T'kan, Mormnesckoit TOL[-1 0,50 xkBru/T'kan, XKnobunckon TIL]
(razonopmraeBbie yctanoBku) 0,43 kBt-u/['kan, JIuackoit TOIL 0,39 xBtu/I'kan.
Ha octanpnpix manbix TOL yaenpHas BEIpaOOTKa JIEKTPOIHEPTUHU HA TEIIOBOM
notpebnennn Haxoautcs B penenax 0,01-0,25 kBr-u/['kan. Cnemyer oTMETUTH,
gyro TOLI ¢ yaenbHOI BBIpaOOTKOM 3JIEKTPOIHEPTUN HA TEIIOBOM MOTPEOICHUH
menee 0,1 kBt-u/['kan nmpakTuieckn HUYeM He OTIMYAIOTCS OT KOTENBHBIX.

[To anamoruu ¢ kpymabiME TOLI, 11t 00BEKTHBHON OlleHKH 3(D(PEKTHBHOCTH
paboTel KoHKpeTHON Majoi TOL[ HeoOXoaMMO MpOoaHATM3UPOBATH OTITyCKae-
MBIE IIOTOKH 3JIEKTPOIHEPIHH U YACOBOM OTIYCK TEIJIOBOM 3HEPrUU OT KaKI0H
TOL, a Takke OTHOCUTENBHYIO 0110 ManbiX TOL] B rogoBoM OTIyCKE 3JIEKTPO-
SHEPTUH U TEIUIOBOH dHEpTuH. OTIYCKAaEMBIH ITOTOK JIEKTPOIHEPTHH M YaCOBOM
OTITyCK TeTJI0BOM 3Hepruu oT Mansix TOLI 3a 2020 r. mpuBeaeHs! B Ta0I. 3.

Tabnuya 3

OTnyckaeMblil HOTOK 3JIEKTPOIHEPIHMH U YACOBOM OTIYCK TeNJIOBOil IJHepruu
ot maasix TIL B 2020 r.
The released flow of electricity and the hourly release of thermal energy
from small thermal power plants in 2020

OtnyckaeMslif IOTOK YacoBoif oTmyck
31eKTpo3Heprun, MBT TEIUIOBO Hepruw, I'kan/u
HaumenoBanue
Oronurenb- | MexonuTenb-| OTonuTenb- | MeXonuTelb-
HBII NIepUOJ| | HBIM IEpHOJ | HBIM NepHoA | HbII nepuoy
Bapanosuuckas TOL] 12,0 3,1 85 21,2
benopycckast [POC 0,2 — 6,2 1,6
Boopyiickas TOII-1 3,6 1,2 17,0 7,5
Bopucosckas TOL] 50,0 48,1 54,0 17,8
Bbpecrckas TOL] 8,4 5,6 60,0 29,6
TINomensckas TOLI-1 12,0 3,1 85,0 21,2
Kiobunckas TOI] 18,0 17,4 61,0 14,4
JIunckas TOL] 25,0 1,1 65,0 18,2
Morunesckast TOLI-1 35,0 20,9 82,0 243
MorwuneBckas TOII-3 15,0 6,1 26,0 9,5
Opuranckas TOL 48,0 9,0 82,0 25,3
IMunckas TOL 12,0 34 57,0 20,8
Tonoukas TOL] 6,9 2,1 27,0 8,9
Bocrounast Munu-TOI] r. Burebck 1,8 1,8 100,0 23,4
Cesepnas muan-TI1] 1. I'poxHo 6,2 5,8 57,0 20,1
3anagHas Mmuau-TOL] r. [TuHCcK 1,0 — 46,0 2,1
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Okonuanue mabn. 3

1 2 3 4 5
MosnoaeuneHckas MuHHA-TI1] 1,7 1,3 26,0 14,2
Cnyuxast Munu-TOL] - - 18,0 4.4
Conuropckast MuHA-TOL] 0,1 0,3 25,0 6,6
OcumnoBuuckast MHHH-TIL] 0,6 0,1 19,0 3,8
Bunetickas munu-TOL] 0,6 - 19,0 42
Peunnikas muau-TOL] 0,6 0,4 15,0 3,5
Munu-TOL] bapanp 1,0 - 9,0 2,2
Jlynunenkas TOL[ 1,6 0,5 14,0 4.4
Ipyxanckas TOLL 2,0 0,5 9,0 2,2
Jle6enenckas muan-TOL] 0,3 0,3 0,2 0,2
[yunnckas muau-TIL] 0,1 - 0,1 0,01

W3 ananu3a naHHBIX, MPUBEACHHBIX B Ta0d. 3, CIEMyeT, YTO OTIYCKAaeMBbIi
MOTOK AJIEKTPOIHEPTUU B OTONMUTEIBHBIM U MEKOTONMUTEABHBIA EPUO] OTIINYA-
erca B 1,0-5,3 pasza, 4TO MPaKTHUYECKU AHAIOTHYHO CHUTYallMHd C KPYIHBIMU
TOLI. Ilpu stom Ha Bopucosckoit TOL, XKnobunckoit TOLl, CeBepHoit mMu-
Hu-TOL r. ['pogHO oTmyckaemblif MOTOK SJIEKTPOSHEPTHU 33 OTOMMTEIbHBIN
M MEXKOTOMUTENbHBIA MEPHOABI OCTAETCS MPAKTUYECKH HEeM3MEHHBIM. OTIycCK
TEIJIOBOM SHEPTrUU B OTOIMUTENbHBIA U MEXOTONMUTENIbHBIM MEPUOJ OTINYAET-
ca B 1,7-4,4 paza, kak u ana kpynsaeix TOLl, ciaemoBarenbHO, BBIBOJBI aHa-
JIOTUYHBI.

OtHocutensHas 1oyt Manbix TOL[ B rogoBOM OTIIyCKE JJIEKTPOIHEPTUHU
Y TEIUIOBOM 3HEPruu NpeacTaBieHa Ha puc. 5, 6.

Musnckas TOL] Bocrounas munn-TIL]

4.1 r. Burebek 0,86

Cesepnast MuHH-TOL]
r. 'ponHo 2,9
arajHast MUHU-TOL]

r. [Tunck 0,28
MononeuHeHckas
muHu-TOL 0,72
Crrynkas MMHI/I—TBLLF 0,01
0JIMTOPCKasi MUHU- 3H 0,08
Ocunosuuckas muau-121] 0,20

Bueiickas muau-TOL 0,16

Peunnkas muau-TOI 0,24
‘iMmm—TBH Bapans 0,29
\ﬂﬂyHuHeuKaﬂ T2I1 0,55
pyxanckas TOLL 0,65
OeneBckas muau-121] 0,13

lyunnckas munu-T3OL] 0,02

Morunesckas TOII-3
53 Opmanckas TOLL
15,1

Morunesckas TOII-1

13,9 7

Junckas TOL]
73

Knobunckas TOL]
8,6

T TOII-1 Bapanosuuckas TOLL 3,9
omesbekast TOL / Benopycckas I'POC 0,05
38 Bobpyii TOL-1
Bpecrckas TOL] o0pyiickas TOLI-
3,8 1,24
Bopucosckas TOLL
23,5

Puc. 5. OTHOCHTENIBHAS 10JISI MAJIBIX TETUIOJIEKTPOLICHTpaIeh
B T'OJIOBOM OTITyCKe 371eKTpo3Hepruu 3a 2020 r., %

Fig. 5. Relative share of small thermal power plants
in annual electricity output for 2020, %
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MakcUMambHBIA OTITYCK AJIEKTPO3HEprun (puc. 5) uMeeT MecTo Ha bopucos-
ckoit TOLI, Opmanckoit TOLI, Morumnesckoit TILI-1, XKmobuuckoit TOLI, Jnn-
ckoit TOL, Morunesckoit TOLI-3, [Munckoit TOL, bapanosuuckoit TOL, I'o-
menbckoi TOL-1, bpectckoit TOLI, CeBeproit muan-TIL] r. ['pomuo, Tlomorkoit
TOL, bobpytickas TOLI-1. Ha octanpabx Maisix TOLl cyMMapHBI OTIYCK dJICK-
TPO3HEPrHMH COCTaBIsAeT 4 % OTIyCKa 3JIEKTPO3HEPrMH BceMH ManbiMu TOL,
IIPU 3TOM JIOJIS OTITYCKa 3JIEKTPOIHEepTruH oT kKaxkaoi TOL ne npesrmaet 1 %.

MosoneuHeHcKas
CesepHast Munu-TOL] muHu-TOL 3,0

r. [poxo 6,0 3anagnas MuaR-TOL] Cayukas munu-T1L 2,0
wMHCK 4,0 Conuropekast munu-TILL 2,0

Bocrounas munn-TIL]
r. Burebck 9,0 Ocunosuuckas Muau-TOL] 2,0

Buueid -T 2
Tornonas TALL i uneiickas MuHu-TOL] 2,0
3,0 \~ ’/PC‘II/IIIKEUI muau-TOI 1,0
TTunckas TOL] ’/EMI/IHI/I-T:)H Bapauns 1,0
> Jlynuneukas TOL 1,0
Ipyxanckas TOL 1,0

6,0
Opuranckas TOL]
8,0 Iyuynnckas muau-TOL 0,1
/' \Heﬁe}l@BCKaﬂ muau-TOI] 0,1

Morwunesckast TOL1-3 Bapanosuuckas TOL] 8,0
Benopycckas I'POC 1,0
BooOpyiickas TOI-1 2,0

3,0
Morunesckas TOII-1

8,0 ’ Bopucosckas TOL]
Junckas TOL] 5,0
6.0 XKiobunckas TOL] Bpecrckas TOL 6,0

6.0 Tomensexas TALI-1 8,0

Puc. 6. OtHOCUTENBHAs OISl MAJIBIX TEIJIOAIEKTPOLIEHTpalIeH
B TOJJOBOM OTITyCKe TerutoBoi aHepruu B 2020 ., %

Fig. 6. The relative share of small thermal
power plants in the annual heat output in 2020, %

MakcuManbHBI OTITYCK TeruioBod 3Hepruu (puc. 6) dbukcupyercs Ha Bo-
croudoit munaH-TOL] r. Buredck, Opmanckoit TOL, Morunesckoit TOLI-1, 'o-
mensckoit TOIl-1, BapanoBuuckoit TOIl, Cesepnoid Munu-TIL r. I'pon-
Ho, [Tunckoii TOLI, Jlunckoit TOLI, XKnobuuckoit TOLI, Bpectckoit TOL] u bo-
pucosckoit TOLl. Ha ocranbhbeix Manbix TOLl cyMMapHBI OTHYCK TEIIOBOM
3Hepruu coctapiseT 24 % oTmycka TeIuIoBOM sHepruu BceMu ManbiMu TOLI,
TIPY 3TOM 01 OTITyCKa TEIUIOBOM 3Hepruu oT kaxkaoi TOL] e npebimaet 5 %.

CoriacHO TOJNYy4eHHBIM pe3ynbraTaM 1o MaieiM TOLL (Tabm. 2), koaddu-
LIMEHT HUCIOJb30BAHHUSA YCTAHOBJIEHHON 3JEKTpHUecKod MomHocTH 53 %, uTo
COOTBETCTBYET 4,7 ThIC. 4, a KO3 uireHT Ternodpukarmu 13 %, wm 1,1 Teic. 4 pa-
00TBI ¢ HOMHUHAJIBHON MOIITHOCTHIO. Pe3ynbpTaThl pacueTa MCIIOJIB30BaHUS YCTa-
HOBIICHHOW MOIIHOCTH IO OTACIBHBIM MajabiM TOL] moka3pIBalOT, 4TO, HECMOT-
ps Ha MX AOCTATOYHO OOJIBIIOE KOJIMYECTBO B 3Heprocucreme bemapycu, cym-
MapHas TeHepanus SJICKTPOIHEPTHMH HE3HAUYMTEIbHA, €€ OTHOCHUTENBHBIN BeEC
He mpeBbImaeT 5 %, Torna Kak yCTaHOBJIEHHAS AJIEKTpHYecKas MOIIHOCTE 7 %
cymmapHoit MomHocTH TOL sHeprocucteMsl cTpansl [1].

B nmporrozupyemom miepuoze mo 2035 1. ¢ yderoM HaONIOIArOIErocs 3HAYH-
TEJIBHOTO CHIDKEHHS MOTPEOHOCTH B Mape MPOMBIIUICHHBIX MapameTpoB (puc. 7),
H30BITOYHOCTH SHEPIOCHCTEMBI U Pa3BUTHSA JCKTPHUUECKUX TEXHOJIOTHH B MPO-
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MBIIIIJIEHHOM IIPOU3BOJICTBE, & TAK)KE KIIMMATUYECKUX U3MECHEHMM NalbHEHlIee
pasBUTHE HCTOYHUKOB, 0a3MPYIOMIMXCS HA OTIyCKE MOTPEOUTEINSM TEIIOBOM
SHEPIUU C MAPOBBIM TEIUIOHOCHTENEM, HEM30€)KHO M3MEHUTCS, YTO MOTpedyeT
ONTUMU3ALUHU 110 TOMY WJIN UHOMY KPUTEPUIO.

80
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~40
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210
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10

0.0
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Tonst

Puc. 7. OTIyck TemIoBoH 3HEPTUH C TAPOBBIM TEIUIOHOCUTENIEM KPYTTHBIX M MaJIbIX
TEILIOIEKTPOLICHTpasIe B TOM0BOH OTIIYCK TEILIOBOH YHEPrUU

Fig. 7. The release of thermal energy with a steam coolant of large and small
thermal power plants in the annual release of thermal energy

OpanM u3 (HaKTOPOB, ONPEAEIAIONINX JATFHEHITYIO 11e1ecO000pa3sHOCTh IKC-
tyaranuu ooopynoBanust TOL, siBiseTcs ero M3HOC, KOTOPHIN B psiie Clydyaes
nmoctur TnipenenbHON BenmmumHbL. Ha 1 suBapst 2019 1. M3HOC reHepupyromero
oOopynoBanust KpymHbIx TOLl sHeprocucTeMbl HaxOOWICSd Ha HOPMajIbHOM
ypoBHE u cocTaBisut ~40 %, uTo 00yciosieHo npoBoaumoi ¢ 2006 T. cucreM-
HoOW MozaepHm3auuei. Bmecte ¢ Tem no 2026 r. y 3HaUMTEeNbHON yacTu o0opy-
JIOBaHMA MCTEKAIOT HOPMATHBHBIE CPOKHU dKCIUTyaTanuu. s moaaep:kanus mo-
KazaTeJs 10 M3HOCY B Ipeesax, COOTBETCTBYIOIINX YHEPreTHYecKoi Oe3omnac-
HOCTH, TpH pa3paboTKe MATHICTHUX MPOrpaMM pPa3BUTUS HEOOXOAMMO
IIPOBECTH PaHXMPOBAaHUE OOBEKTOB HA IPEAMET UX 3aMEHbI, PEKOHCTPYKLUH,
000CHOBaHHBIX CPOKOB MPOAJICHMS IKCIUTyaTaluu JIMOO BBIBOIA u3 Hee. [lpu
3TOM CHEIYyeT MOAJNEPKHUBAaTh PE3EPBBI MOLIHOCTH B DHEPrOCHUCTEME, KOTOphIE
3HAYUTEJILHO BO3PACTYT MOCJE BBOJAA B HKCIUTyaTalMio OBYX O10koB benopyc-
ckoii ADC. [ns pamxupoBanust TOL[ TpeOyeTcst oneHKa TepMOIUHAMUYECKOM
3¢ dekTUBHOCTH KpyNHBIX U Manbix TOL mo Bennuune 3xcepreruyeckoro KI1/I.

Ouenka TepMoauHAMUYecKoi 3G PeKTUBHOCTH KPYMHBIX 1 MaJabIx TIL]

PamxupoBanne kpymHbIX W Manbix TOL| mo BenwmumHE 3KCEpPreTHYEeCKHMA
KIIJ] ot Gombliero Kk MEHbIIEMY 33 TOJAOBOM, OTOMHUTEIBHBIN U MEXKOTOMUTEIb-
HBIH IEpHOIBI TIPEICTaBICHO Ha puc. 8, 9.

MaxkcumanbHas TepMoguHaMuueckas 3()(QEeKTHBHOCT, WMeEeT MeCTO Ha
kpynHbIX TOL ¢ maporasoBeiMu 61okamu (9kceprernueckuii KITJ{ na 'ponnen-
ckori TOL-2 coctaBun 38 %, Munckoir TOII-3 — 36 %), a Takke Ha MaJbIX
TBIL] ¢ mapora3oesiMu Os0kamu (Ha Bopucosckoit TOL — 39,7 %, Moruiesckoii
TOII-3 — 32,5, Morunesckoi TOLI-1 — 32,2, Opmanckoit TOL — 31,9, JIuackoit
TOL — 28 %) u razonopuHeBbiMU arperatamu (Ha Illyunnckoit Muan-TOL —
34,6 %, Jlebenerckoit Muau-TOL] — 34,4, Ha XKnobunckoit TOL — 30,2 %).
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Hns mapotypOuHHBIX On0KOB 3kcepretudyeckuid KIIJ[ B 3aBucMMocTu oT
koHKpeTHON TOIl HaxoauTcs B mupokoMm auanasoHe ot 19,9 no 34,4 % s
kpynHbeiX TOL u ot 12,1 no 25,7 % g mansix TOLL.

VYka3aHHble Bbllle 3HaueHUs oskcepretuueckoro KIIJ cymectBeHHO OT-
nnyarTces u3-3a 3¢dekTuBHOCTH 000pymOBaHMA, ycTaHOBIeHHoro Ha TOLJ,
U CTPYKTYPHI TEIUIOBBIX HAarpy3ok. JlaipHeiilee MOBBHIICHUE TEPMOJUHAMUYE-
ckoit apdextuBHOCTH TOL] MOXKET OBITH JOCTUTHYTO ITyTEM 3aMEHBI OCHOBHOTO
000pYyZOBaHMs C Y4E€TOM H3MEHUBIIUXCS CTPYKTYpP TEIUIOBBIX HAarpy3o0K 30HBI
TEIUIOCHAOXKEHUSI ¥ ITyTeM OoJiee TITyOOKOTO MCTONBb30BaHHUS NEPBUYHBIX YHEP-
TOpPecypcoB 3a CUET NMPHUBIICUCHHSI K TeHEPAIUU TEIIIOBOH YHEPTUU HU3KOTEMITE-
paTypHBIX TemIoBbIX TOTOKOB (BOP) [7].

o

a b
T'onoBoit OTOonUTENBHBIN NEPUOJ MesxoTonuTeNbHbIH IepHOa

T'ponuenckas TOI-2 80 I'poanenckas TOLI-2

Musuckas TOII-3 360
r Munckas TILI-3 355 Munckas TOII-3

Mossipckas TOL] Mosbipekas TOL]

o
z
S

343 Mossipckas TOLL - 34,7

T'omensckas TOL-2
334 Tomenbckast TOLI-2

e
s
o

w
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o
w
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S

T'omensekas TOL-2

Mumckas TOL-4
Hosomonorkast TOL Hogomnonoukas TOL{

Hosomnonoukas TOL]

w
=
e

Munckas TALI-4 24 Munckas TOI-4 30,1

12
=
e

N
=
=

Morunesckas TOLL-2 BurreGekas TIL 30,0 Munckas TOLI-2 29,0

Bureb TO!
ureGekas TOL Morunesckas TOI1-2 254

209 Burebekas TOLT - 245

24,1

Bobpyiickas TOL-2
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S
=
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~
=
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Morunesckast TOLI-2

=
=
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20,6 Koanuckas TOLL . 135
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>
=
oo
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Caernoropekast TOL|

JKonuuckas TOL] 197 Kommcxan TOLL

Puc. 8. Dxceprerndeckuii koapduumeHT nojaesnoro neucTaus, %,
KPYIIHBIX TEIJI03IeKTpoLeHTpanel 3a nepuoy 2020 r.:
a — roJI0BOii; b — OTONMTEBHBIN; C — MEKOTOIMUTEIBHBIN

Fig. 8.Exergetic efficiency coefficient, %,
of large thermal power plants for the period 2020:
a — annual; b — heating; ¢ — inter-heating

g otonutenbHbix TOL TpaguMoHHBIN MEpexo] Ha Mapora3oBble TEXHO-
JIOTUY HE ONPAaBABIBACT OKUIAHUN. MUpOBas NpakTUKa Npejaract cieayomue
BapHaHTHI:

® PEKOHCTPYKLUIO MyTeM YCTaHOBKH TazomnopuiHeBbix JIBC Gonbmioit enu-
HAYHOW MormHOCcTH (Ha O6ase JIBC emuHmdHON MOMHOCTHIO A0 20 MBT, nMmero-
mux abcomotHEI Anekrpudeckuid KI1/1 6omee 48 %, ceromns co3marorcs oTo-
rmurensHbie TOL MorHOCTEIO 10 S00 MBT);
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® YCTaHOBKY Ha MpoMEITIUIeHHBIX TOIl Hanbonee 3(h(PEeKTUBHBIX ¢ TTO3UITHH
BBITCCHCHHA IPAMOTO CXKHUI'aHHS TOIINIMBA M 3KOHOMHHU IMPUPOAHOIO raiza ra-
30TYpPOUHHBIX BBICOKOTEMIIEPATYPHBIX HAJCTPOCK, COMPITracMbIX C MapOBBIMU

KOTJIaMH 110 cOpocHO# cxeme [1].

a b c
T'onoBoit OTONUTENBHBIN TIEPHOLT MexoronurenbHbIN epuoa
207 Bopuconckas TOL FEG—_—_——370 E——
Bopticosekas TOL| mmm— Bopucosckas TOLL 436
lyunHckas Munu-TOL] IE— 34,4 HKrobutickas TOL| m— g
IlyunHckas MuHU-TOL] m—— 34,6 JleGeneBckas — i) >
JleGeneckas 34 Munn-TL] > Morunesckast TOL]-1 E— 3§9
MuHu-TOL] ’ Opanckas TOL] S— 32,7 I 187
Morunesckas TOL-3 m— 325 Llyumncexas mitn-TILL %,
" Morunesckast TOL[-3 Imm———— 1)) JleGenenckas — 36
muHu-TOL] i

Morunesckas TOLI-1 m— 322
Opmanckas TOLL m— 31,9
JKnobuuckas TOLl m— 30,2
Jnackas TOLL me— 25,0
Tononkas TOL| memm—"25,7

Mornnesckas TOLI-1 pmmm—m 30,3

Jlunckas TOLL m— 29,7
Kiobunckas TOLI pmmm—m 26,7
Tlonouxas TOLL mmmm— 16,1

Morunesckas TOLL-3 IE———— 33,7
Opruanckas TOL] E—— )83

Cesepnast Muau-TOIL] — )5
r. 'pojno ’
Tlononkas TOLI mem— 73 %

Bapanopuuckas TOLI mmmm— 234

Tpyxanckas TOL m— 223
Bapanosuuckas TOL[ mmmm 23
Bpecrekas TOL, w221
Tlunckas TOLL mm— 718
Bobpyiickas TOL[-1 mmm— 21,2

Tomenbekas TOL]-1 W 21,0
Cepepuast Muan-TOL

r. 'poano 14

Jlynunenkas TOL] W 18,5

Munn-TOII Bapasb e 173
MounoaeusencKas
MuHE-TOL] W 16,4
Bocrounas Munu-TO
T. BnTc6cHK 160
BanajgHas MuHU-TOL] -5
r. Insck i
Ocunosuuckas MuHU-TOL] B {54

Bpecrekas TOL I 13)
Tomenbekas TOL(-1 I 2),7

Bobpyiickas TOL]-] M= 19,5

Bocrounas muan-TOI] [r—
r. Butebex 14

Tunckas TOLT . 18,6
Peunukas Munn-TOL] w17,
Jlunckas TOLI mem 17,7

MoutoieYHEHCKas [
MuHE-TD 172

Jlynuneukas TOLL w16,

Bapanosuuckas TOLl mem 24
bpecrckas TOL mm—— 2),4
IMuuckas TOLL m—" 21,1
Tomenbckas TOLL-1 mm— 21,0

BoGpyiickas TOLI-1 e 20,8
Cesepnast Munu-TIL]

r. I'poxuo —20,7
Mpyxanckas TOL] e 20,3
Jlyrnteuxast TOLl pun 18

MouoaeuHeHeKast ’
MuHn-TOL] Wl 16,6
Bocrounast Muan-TOL]

r. Brrebok T 103

Muuu-T3L bapans mmm 16,2
Ocunosuuckas

MuHu-TOL] 158

Peunukas munu-TOL[ w156
Banauas MuHu-TIL]

r. Misck ™= 154

Conuropekast Muan-TOL mmm 15,0

Conuropckast Muxu-TOL] W 16,
Ocwunosuyckas Munu-TOL] B 14,1
Cnynkas muan-TOL] B 135
Mpyxanckas TOLL mm 135

3anagnas Muan-TOL w136
r. Iunck ’
Buneiickas muau-TOI] M 11,2

Munu-TOL] bapans M 10,7
benopycckas I'POC m 1,7

Peunnkas Muau-TOLL B8 15,1
Conuropekast Muun-TOL] Wl 14,7
Buneiickas mutn-TOLL W 13,7 Buueiickas Mmunn-TOL] B8 14
Crnynkast Muan-TOL] Bl 135 Conytkas ur-TILL B 135

Benopycckas 'POC m 12,1

Puc. 9. Dxcepreruyeckuit koadduIeHT mone3Horo aeictaus, %,
MaJbIX TEIUIOANIEKTpoLeHTpaeit 3a nepuox 2020 r.:
a — TOZIOBO#1; b — OTONUTENBHBIN; C — MEKOTOIMUTEIBHBIH

Benopycckas 'POC m 123

Fig. 9. Exergetic efficiency coefficient, %,
of large thermal power plants for the period 2020:
a — annual; b — heating; ¢ — inter-heating

BBIBO/IbI

1. Pe3ynbTaThl HCCICIOBAaHMA TTOKA3bIBAIOT, UTO IEJIECOO0PA3HOCTD IKCILTY-
aTallMi HEKOTOPBIX KpyMHBIX ¥ Manbix TOL] ¢ Touku 3penus 3pdekTuBHOCTH UX
paboThI BBI3BIBACT ONPEAEICHHBIE COMHEHHS, TaK KaK KO3()(UIMEHT UCIIONb30-
BaHMS YCTAHOBJICHHOW 3JIEKTPUUCCKON MOIMHOCTH it KpymHbIXx TOIL] cocra-
Bui 38 %, mist Manbix — 53 % HOMUHAJIBHOW yCTAHOBJIEHHON 3JIEKTPUUYECKON
mouaoctd TOLl; koaddunment temnopukanuu — coorsercTBenHo 21 u 13 %

HOMHUHAJIbHOM YCTaHOBJICHHOM TETJIOBOM MOITHOCTH.
2. [IpoBeneHa oreHKa TepMOJUHAMUYECKON d3PPEKTUBHOCTH KPYITHBIX ¥ Ma-

nbix TOII, mpeacTaBieHO WX PaH)XUPOBaHHE. YCTAHOBJICHO, YTO JKCEpreThye-
CKHH KO3 HUITUEHT TOJIE3HOTO NEHCTBHUS B 3aBHCHMOCTH OT KOHKpeTHOW TOL]
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U Mepuojia roja HaxXOAWTCS B IIMPOKOM JAMANa3oHe: ausi KpymHbeix TOL[ —
13,5-39.,4 %; mist maneix — 10,7-43,6 %.

3. MakcumanbpHas TepMOAMHAMHUUYECKass dPPEKTUBHOCTh HMEET MECTO Ha

TOL] ¢ mapora3oBbIMH OJIOKaMH ¥ Ta30MOPIITHEBEIMH YCTAaHOBKAMH, IO3TOMY
JUTSL TalbHEUIETo MOBBIMICHUS 3(PQGEKTHBHOCTH pabOThl 3HEPTONCTOTHHKOB
HE0OXOJMMO: BHEAPATh Mapora3oBble W Ta30IOPIIHEBBIE YCTAHOBKH Ha Mapo-
TypounHbIXx TOLl; yTunm3upoBath HU3KOTEMIIEpaTypHble TerioBkie BOP kpymn-
HbIX U Majbix TOLI.
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Abstract. Improvement of the efficiency of modern power systems requires the development
of storage technologies, optimization of operation modes, and increased flexibility. Currently,
various technical solutions are used for electricity storage. The results of a literary review with
an analysis of existing energy storage systems are presented, their advantages and disadvantages
are considered. One of the promising solutions is the use of hydrogen as an energy storage me-
dium. The creation of corresponding energy complexes makes it possible to obtain hydrogen by
electrolysis of water, and then use it to cover peak loads. Various schemes with hydrogen-fired
gas turbines with a pressure up to 35 MPa and a temperature of 1500-1700 °C were considered.
The new scheme of power plant with hydrogen-fired gas turbines was synthesized, which includes
a power block, hydrogen generation blocks and hydrogen and oxygen preparation unit for burning.
An atmospheric electrolyzer was considered as a hydrogen and oxygen generator. For the pro-
posed scheme, parametric optimization was performed, where the storage efficiency factor has
been used as a criterion. The influence of inlet temperature in the combustion chamber, the compres-
sion rate of hydrogen and oxygen, as well as the specific energy costs of the electrolyzer were analyzed.
The results of the numerical experiment were approximated in the form of polynomial dependencies,
and can be used in further research on the economic efficiency of proposed power plant.
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TEXHUYECKHE PEIICHUS /Ul aKKyMYyJIHPOBAHHUS JJIEKTPHUYECKOH 3Hepruu. IIpeacTaBieHbl pesyiib-
TaThl JIMTEPATYpPHOrO 0030pa € aHAIU30M pa3IHYHBIX CIHOCOOOB AKKYMYJIMPOBAaHHS DHEPTUH,
paccMOTpeHB! MX IperMyIecTBa U HepocTaTki. OTHAM M3 IEPCHEKTUBHBIX HAIIPABICHUH SIBIISCT-
Csl UCIIOJIL30BAHUE BO3MOXKHOCTEH BOJOPOAHOI SHEPTETHKH, & MMEHHO CO3/IaHUE SHEPreTHYeCKUX
KOMIUIEKCOB, ITO3BOJIIONIMX ITOIYy4aTh BOJOPOJ METOIOM SJIEKTPONIN3a BOAKI U Jajiee MPUMEHSTh
€ro IS IOKPBITHS IIMKOBBIX HArPY30K. PACCMOTPEHBI Pa3JIMYHbIE CXEMBbI SHEPIeTHYECKUX OJIOKOB
C CXKHTaHHEM BOJOPOZA M MCIOJIF30BAaHHEM IAPOBBIX M Ta30BBIX TypOWH C IaBIEHHEM BOASHOTO
napa 10 35 MlIla u remneparypoii 1500-1700 °C. [dns npoBeaeHus HCCAEI0BAHUI CUHTE3UPOBa-
Ha CXEMa JHEPreTHYeCKOH YCTAaHOBKH IO BAPHAHTY DJIEKTPOIHEPTHs — BOJOPOJ — 3JIEKTPOIHEp-
THsl, BKJIIOYAOIIAs CHIIOBOH OJIOK, GJIOKM IeHepaluy BOAOPOJa U MOATOTOBKH BOJOPOJA U KHC-
Jopoza K cxuranuio. MyHKIMIO reHepaTopa BOAOPOA M KHCIOPOJA BBINOJHSII JJICKTPOIU3EP
atMocepHoro tuma. sl NPEIOKEHHONW CXEMBI BBINOJHEHA MapaMETpUYecKas ONTHMH3ALMS,
rJie B Ka4ecTBe KpUTepusl NpuMeHsuics KoddduunenT >3 pekTHBHOCTH mponecca akKyMyJIHpoBa-
HMS, @ B KaUeCTBE YIPABISEMbIX IIEPEMEHHBIX — TEMIIepaTypa apa 3a KaMepoil cropaHus, cre-
HEHb CXKATHUS B KOMIIPECCOPE BOJOPOAA U KUCIOPOJa, a TAKKE YACIbHBIC 3aTPaThl ICKTPOIHEP-
MU Ha IPHUBOJ 3JIeKTpoiu3epa. ITomydeHHbIe pe3ynbTaThl YUCICHHOIO SKCIIEPHMEHTA AMPOKCH-
MHpPOBaHbI B BH/I€ HOJMHOMUAJIBHBIX 3aBUCHMOCTEH U MOTYT OBITh HCIIOJIB30BAHbI B JabHEHIINX
HCCIIEI0BAHUAX YKOHOMUIECKOH 2 (HEKTUBHOCTH PAaCCMOTPEHHOM YHEPreTHIECKON yCTAaHOBKH.

KuroueBrbie cioBa: BOJAOpOA, Fa30Typ6I/IHHbIe YCTaHOBKH, CUCTEMBI aKKyMYJIMPOBAHHS SHEPIUU,

MIPOM3BOACTBO IEKTPOIHEPTUH, FHEPTrO3(PPEKTUBHOCTh

s uutupoBanus: CennuH, B. A. Bo3MOXHOCTh MCTIONB30BaHUS BOAOPOJA B Ia30TypOHMHHBIX
ycranoBkax / B. A. Cemuun, A. B. Cennun, A. A. MarsBun // Ouepeemuxa. H36. gvicui. yueo.
sasedenuil u snepe. ob6veounenuii CHI. 2023. T. 66, Ne 2. C. 158-168. https://doi.org/10.21122/
1029-7448-2023-66-2-158-168

Introduction

Improvement of the efficiency of modern power systems requires the deve-
lopment of storage technologies, optimization of operation modes, and increased
flexibility to reduce the imbalance between the demand and supply of electri-
city through the wide introduction of variable renewable energy sources [1-5].
Various studies [6—8] show that the rapidly increasing of renewable installed
capacities force the studies to improve the flexibility of power systems.

Figure 1 shows electricity production by all sources during the last decades.
The growth of renewables is clearly seen during the last 5-10 years.

For power systems with a high share of combined heat and power plants
and nuclear power plants the problem of power system flexibility planning
is also acute.

O. Babatunde et al. showed that both large and small-scale energy storage
systems attract interest in researching and further implementation [7].

Power plants that can quickly be started up when a power imbalance arises
usually provide flexible generation. It is evident that increasing the share of re-
newable energy sources on the grid is fast transforming the power system sector
and operational complexities of the power system network.

Various electricity storage systems can contribute achieving the following
goals [9-12]: to balance the energy production and consumption; to reduce
the total installed capacity of the power system; to increase the efficiency of
energy use.
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Fig. 1. Electricity production in world by source [9]

Today different types of storage systems are used. Figure 2 shows compares
different storage technologies in terms of charge/discharge period and storage
capacity [1].

Charge/discharge period, h

1 1 1 1
0 1 10 100 10° 10* 10° 10°
Storage capacity, kW-h

Fig. 2. Charge/discharge period and storage capacity of different electricity storage systems:
1 — fly wheels; 2 — batteries; 3 — compressed air energy storage; 4 — pumped hydro storage;
5 — hydrogen system; 6 — synthetic natural gas

Stationary Battery Energy Storage facility consists of a battery, a Power
Conversion System to convert alternating current to direct current, when neces-
sary, and the “balance of plant”, which is used to support and operate the system.
The existing storage systems based on batteries consist of cells that are integ-
rated into battery modules, which are installed in standard racks in a specialized
container to create an integrated battery system.

Behabtu et al. showed that the total installed electrochemical energy stora-
ge capacity is about 9.6 GW, and predominantly consists of Li-ion batteries
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(installed capacity of 8.5 GW) [13]. Very fast response rates (a fraction of a se-
cond) make Li-ion batteries good candidates for grid balancing services [14].

As described in [15], commercial application of Li-ion batteries electricity
is growing rapidly. Also, there is a tendency for the cost reduction. According to
the reviews of research storage systems based on Li-ion batteries are still limited
in capacity and cycle charging.

Compressed air energy storage (CAES) systems use compressed air for po-
wer generation. CAES can operate with additional fuel consumption to enhance
efficiency. Cost of electricity storage varies from 0.1 to 0.3 USD/(kW-h). It is
worth mentioning that only two plants are under operation now with electricity
to electricity efficiency of 42 and 54 %, respectively. According to [1, 15], there
are limited places that are feasible for CAES to be built. The future competitive-
ness of CAES is based on the implementation of adiabatic systems with an effi-
ciency of about 70 %.

Pumped hydro storage (PHS) is the most widespread power storage techno-
logy with an installed capacity of about 100 GW. The efficiency of PHS is in the
range of 70 to 80 % and depends on the availability of height between two sto-
rage basins. There are also environmental restrictions that impede the introduc-
tion of new PHS. PHS is a well-known technology and new research is head
to enhance the efficiency, to use underground storage like flooded mine shafts
or other cavities [15].

Chemical energy storage. As defined in [13], the technologies for a long
power discharge period are required. Chemical energy storage could be one of
the promising solutions. In such systems, the excess of electricity is used to pro-
duce intermediate medium, store it and then produce the electricity via different
technologies.

Hydrogen is one of these media and as clean fuel, it is a subject of interest
for many research institutions [16]. Hydrogen would be produced from water by
an electrolysis process powered by excess renewable or nuclear energy. The sys-
tem layer for a chemical energy storage system encompasses hydrogen pro-
duction, transmission and storage, and power production using hydrogen.
As described in [17], hydrogen can be directly used as a fuel in gas turbines
or converted to methane, synthesis gas, liquid fuels, or chemicals. During peri-
ods of undersupply, hydrogen could be drawn from storage and used as a fuel
to produce power through either a gas turbine or a stationary fuel cell [18, 19].

There are several ways to use hydrogen as fuel for gas turbines. The existing
natural gas-fired gas turbines can operate with a blend of hydrogen and natural
gas. Turbine combustion systems are limited in the amount of hydrogen they can
burn. The list of commercial initiatives of gas turbines manufactories to develop
a new modern combustion system firing 100 % hydrogen is described in [20].

The second direction is to use stoichiometric combustion of hydrogen
and oxygen mixture. Such combustion does not cause any NO, or CO, emissions
and could lead to 60 % efficiency achievement.

The possibility of using a hydrogen energy complex with nuclear steam tur-
bines to produce hydrogen via electrolyze during nighttime periods was consi-
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dered in [21]. In the daytime, the authors propose to burn hydrogen and use
it directly in the existing or additionally installed steam turbine to produce peak
power [22].

Theoretical evidence for the large-scale installations with a hydrogen-oxygen
gas-turbine unit is well-known. Various cycles (Fig. 3) for the hydrogen com-
bustion turbine system with high thermal efficiency were described in [23].

Figure 3a shows the cycle proposed by Toshiba Co in 1999, based on
the Rankine cycle, and consists of four turbine parts and two combustors
with Hy~O, combustion in a steam flow. The regeneration heat exchanger is
placed before low-pressure part. Analysis of the Toshiba cycle shows the paired
values of pressure and temperature (7. = 1700 °C, p = 7.3 MPa, and pp.x =
=343 MPa, T = 876 °C) allowing to obtain maximal overall thermal efficien-
cy of 58.3 %.

Figure 3b shows the cycle proposed by Westinghouse Electric Co (1998).
The concept is based on the Rankine cycle and consists of two H,—O, combus-
tors and three turbine parts. As compared with the Toshiba cycle, there is no
high-pressure turbine part and the Westinghouse cycle can be as a new Rankine
cycle with one reheating stage classified. Additional H,—O, combustor provides
the second reheat of steam. Analysis of this cycle also shows the paired values of
pressure and temperature (7. = 1700 °C, p = 25.0 MPa, and py. = 27.7 MPa,
T=517 °C) allowing to obtain maximal overall thermal efficiency at 60.6 %.

a b

Fig. 3. Cycle diagrams of hydrogen turbines: a — Toshiba; b — Westinghouse; ¢ — Graz;
d — modified Rankine cycle; I— combustion chamber; II — heat exchanger; III — generator set;
IV — condenser; V — pump; VI — high pressure turbine (HPT); VII — intermediate pressure
turbine (IPT); VIII — second stage HPT; IX — first stage HPT; X — compressor
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Figure 3c shows the Graz cycle originally proposed by prof. Hebert Jericha,
which combines Brayton and Rankine systems and consists of one combustor,
three turbine parts, heat recovery steam generator, condensing part, and com-
pressor [23]. The top cycle is the Brayton cycle with high parameters and the
bottom cycle is the Rankine cycle with low parameters. An increase in efficiency
for this cycle is achieved due to a significant decrease in compression work.
Analysis of the Graz cycle shows the paired values of pressure and temperature
(Thwax = 1700 °C, p = 5.0 MPa, and pn.x = 35 MPa, T = 650 °C) allowing to
obtain maximal overall thermal efficiency of 58.0 %.

Figure 3d shows the modified Rankine cycle. Contrary to other cycles,
H,—0, combustor is located above the first stage of HPT. Heat recovery steam
generator is located between the last turbine part and condenser. Analysis of this
cycle shows the paired values of pressure and temperature (7,.x = 1700 °C,
p = 25.0 MPa, and pn. = 27.7 MPa, T = 463 °C) allowing to obtain the maxi-
mal overall thermal efficiency of 64.7 %. It is worth mentioning that all these
cycles were proposed to increase the steam temperature at the turbine inlet up
to 1700 °C with corresponding pressure of 35 MPa which is technically unat-
tainable at present.

The studies also did not consider the units for the hydrogen and oxygen pro-
duction and preparation for combustion.

Materials and methods

This paper considers a part of the chemical energy storage system including
hydrogen production by electrolysis and power production using hydrogen.
The hydrogen and oxygen are produced through an atmospheric-type electroly-
zer. The power plant scheme is shown in Fig. 4 with two-stage hydrogen-fired
gas turbine.

Water under atmospheric pressure 21 is delivered to electrolyser I where split
into oxygen and hydrogen with the help of electricity 24. The produced hydro-
gen 1 and oxygen 2 are compressed II, III and taken 3, 4 to the combustion
chamber IV. For lowering temperature after combustor to 1500 °C the prelimi-
nary heated water 20 is injected in the combustion chamber.

7 ﬁv Vi 26
o5 b o bl
3 N 22 23

p-
Xl

8 [ 9

24 X

Fig. 4. Basic P&I diagram of plant cycle: I — electrolyser; II — oxygen compressor;
III - hydrogen compressor; IV — combustion chamber; V — HPT; VI - IPT;
VII, VIII, IX — heat-exchangers; X — atmospheric deaerator; XI — condenser;
XII - flow separation point; XIIT — generators; XIV — electric drive
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Steam flow 7 is expanded in the HPT V, then 18 parted 9 to the IPT 22
and regeneration heat exchangers 18. The steam leaving the turbine 10 has high
temperature and goes through heat recovery heat exchangers VIII, IX before ex-
hausted 12 to a condenser XI. The condensate 13 from the condenser is fed to
atmospheric deaerator X for closing the cycle. Heat recovery heat exchangers
VIII, IX is used for heating make-up water 14, 15 and water after deaerator 16,
17 that used for injection in the combustion chamber 20.

In the proposed cycle hydrogen combustion with surplus oxygen was as-
sumed. Water injection in combustion chamber helps to maintain stable hydro-
gen burning [24]. Thermodynamic model for proposed cycle has been created to
analyse the efficiency. For this purpose, the authors used Visual Basic Application
for Microsoft Excel. Further shortcut balance equations set for proposed cycle are
shown. Thermodynamically properties according to [25] are considered.

The following balance equations are used:

Gyl + Nyyny = Gihy + Gy

G, =G, +G,;

Gy, + Nony = Gy hy;

Gih + Nsny = Ghy;

Gishyy + Grhynyy + Gy = Gy

G +G,+G =G;;

Gy = Ny, + Gohg;

Gohgny; = Nos + Gyl

Glshsnvn - G18h19 = G16h20 - G16h17;
GohoMym — Golyy = Gihyy = Gighygs
G9h11n1x - G9h12 = G14h15 - G14h14;
Gishgny + Gishyy + Gyyhys = Gighyg — Gyl
G5 =Gy = Gyy;

Gyl — 0 =Gy3hy5;

Gyhy = Gighy + Gohg;

(Nyy + Ny )Ny = N,

(N5 +N)

Nxrv

=Ny,

where Gy, G, are hydrogen, oxygen flow rates; G;, Gs, Gy, G12, G5 are steam
flow rates; Gi3, G4, Gis, Go1 are water flow rates; ki, h,, h3, hy are hydrogen,
oxygen enthalpies; 47, kg, hio, 11, hi2, his, R17, 1o, Bop are steam enthalpies; /3, /4,
hys are water enthalpies; Ns, Ny are adiabatic power consumption of hydrogen
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and oxygen compressors; Ny, N,3 are adiabatic gas turbines power output; Ny is
electrolysis power consumption; &, is net gas turbine power output; N, is net
power consumption of compressors; 1 is loss index.

Based on the developed mathematical model, a numerical experiment was
carried out for the parametric optimization of the proposed cycle.

The storage efficiency factor (SEF) was chosen for cycle optimization and
can be defined as
NG

£100 %, 1
- M

1

SEF =

where N, is power consumption for electrolysis process; »; is power of gas tur-
bine.

Results

Through simulation studies in cycle parameters variations the change of sto-
rage efficiency factor has been observed. Parametric optimization was car-
ried out while turbine inlet temperature varied from 1000 to 1500 °C, pressure
ratio R, of oxygen and hydrogen compressors varied from 5 to 30, specific po-
wer consumption for electrolysis process varied from 3.6 to 4,1 kW-h/m”.

Figures 5, 6 show SEF as a function of the turbine inlet temperature and
compression ratio. These results indicate that SEF vary from 35 to 45 %.

The obtained data of the numerical calculation were approximated by the
second order polynomials regressions. The dependence of the SEF on the turbine
inlet temperature has almost a linear form (Fig. 5), which is determined by the
degree of the coefficient at x*. The coefficient of determination for the approxi-
mating polynomial approaches (1), which indicates almost complete coincidence
of the dependence and the approximating equation.

44
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Fig. 5. Storage efficiency factor as a function of the turbine inlet temperature
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Fig. 6. The relationship between the storage efficiency factor and the compression ratio

It is possible to increase the SEF value using high-pressure electrolysers,
as well as electrolysers using a vapor medium as a source for oxygen and hydro-
gen. The influence of the SEF from the power consumption on the electrolyzer
drive is shown in Fig. 7. The approximating dependence also has an almost li-
near form, which is determined by the small value of the coefficient at x’.

Figure 8 shows SEF as a function of turbine inlet temperature and compres-

sion ratio R,,.
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Fig. 7. The relationship between the storage efficiency factor and the power consumption
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Obviously, with an increase of compressors pressure ratio, SEF will increase,
while the effect will be decaying. In the case of gas turbine operation on hyd-
rogen, an increase in the SEF is also seen, but the extremum was reached
at 30 atm, and a further increase in pressure was not considered.

Increase of turbine inlet temperature also leads to SEF increase. The extre-
mum of the function in this case will correspond to the maximum temperature.

CONCLUSIONS

1. Currently, a lot of research efforts are focused on energy storage solutions
development, including both large- and small-scale systems. In this paper, a part
of the chemical energy storage system including hydrogen production by elec-
trolysis and power production using hydrogen was investigated.

2. Through simulation studies in cycle parameters variations, the change of
storage efficiency factor was observed. Parametric optimization was carried out
while turbine inlet temperature varies from 1000 to 1500 °C, the pressure ratio
of oxygen and hydrogen compressors varies from 5 to 30, specific power con-
sumption for electrolysis process varies from 3.6 to 4.1 kW-h/m’. The storage
efficiency factor was chosen for cycle optimization. These results indicate that
storage efficiency factor varies from 35 to 45 %.

3. The obtained results of the numerical experiment were approximated
in the form of polynomial regressions and can be used in further research of hyd-
rogen gas turbine cycles.
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Pedepar. B cBsi3u ¢ Hapacraiomield MHTepHallMOHAIM3aluell cTpaH — y4yacTHUl EBpasuiickoro
skoHoMHYeckoro corw3a (EADC) mpenmnonaraercst co3laHue OOLIET0 PbIHKA SHEPrOPECypcoB U
ANIEKTPOIHEPTETUIECKOTO phIHKA. JIisi obecredeHus: HaJleKHOTO (pyHKIMOHUPOBAHHS SHEPrOCH-
CTEM OTJENBHBIX TOCYIapCTB COI03a M MX OOLIEro YHEPropblHKa HEOOXOAMMO IOBBIILIATH JHEP-
ro3(GEKTUBHOCTD M CHIKATh M3JCPKKU Ha KKIOM dTalle NMPOU3BOJCTBA, MEpeaadH, pacipese-
JICHUsI U cOBITA DJIEKTPOIHEPIHH C HOMOIIBIO ONTHMH3AINN TIPOIECCOB B OTPACIH MOCPEICTBOM
BHeApeHUs U(POBBIX TexHOoorui. [lesb naHHOi paboThl — NPOAHANIN3UPOBATh JIEKTPOIHEPre-
THYECKHE KOMIUIEKCHI CTPaH-y4YaCTHHL], PACCMOTPETh TPYIII-TEXHOJIOTHU LU(POBU3ALMH JAHHOH
oTpaciy, chopMHUPOBATH AITOPUTM HX KIIACCH(UKALUK U Ha €ro OCHOBE CO3JaTh caMy Kiaccudu-
Kauuoo. B craThe naH 0030p B JUHAMHMKE OCHOBHBIX 3KOHOMHYECKHX IOKa3aTeseil CTpaH coro3a
Y OCHOBHBIX MOKA3aTeJIeH UX AIIEKTPOIHEPreTHUECKNX OTpaciel, HCCIe0BaHbl CTPYKTypa IIPOU3-
BOJZICTBA JJIEKTPOPHEPIHH, TOIUIMBHO-3HEPreTUUECKHIl OajlaHC, CpelHNe LEHBl Ha JJIEKTPOIHEPTHIO,
ofiiee MoOTpeOIeHHEe BJIEKTPOIHEPIUM IO CeKTopaM. IIpoaHalIM3HMpOBaH HMIIOPTHO-3KCHIOPTHBIH
HOTEHIMAN, a TAKXKEe YPOBEHB ITOTEPh IEKTPOIHEPTHH B ceTsix. [Iponssenena unTepnperanus nudpo-
BBIX TEXHOJIOTHMH 3JIEKTPO’HEPreTHYEeCKOro KOMIUIEKCAa B pa3pes3e CYyIIECTBYIOLIMX IPYIMI-TEXHO-
Joruii nMQpoBU3ALIMH, BBIICICHBI KOMIOHEHTBI B3aMMOCBA3H LI(POBBIX TEXHOJIOTHH, pa3paboTa-
Ha MX KJIacCU(UKaANUs IO CTAAUSIM IIPOU3BOJICTBA. BBIIBHHYTH PEKOMEHIAIMHU N0 JalbHEHIIeMy
HCHOJIb30BaHUIO KiIaccH(UKauu i GOPMUPOBAHUS UHAMKATHBHOW CHUCTEMBbI OLICHKH YPOBHS
u(POBHU3AIMH ITEKTPOIHEPTETHISCKOT0 KoMIUTeKca. ClieslaH BBIBOA O TOM, YTO IHU(POBU3ALUSL
ANIEKTPOIHEPTETUUECKOH CUCTEMBI C TEXHHYECKOHW CTOPOHBI IOBBIIAET AHEProOe30MacHOCTh
rOCyJapcTBa U KOHKYPEHTOCIOCOOHOCTh HEPrOCHCTEMBI HAa MHUPOBOM DBIHKE, @ C 9KOHOMHYE-
CKOH — CIIOCOOCTBYET CHIPKEHHMIO 3aTpaT Ha BCEX ATallaX TEXHOJIOTHYECKOTO IUKIIA.
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JIeHWe, MOTEPH, €IUHBI PHIHOK 3JIEKTPO’HEPTHH, CIWHBIA PBIHOK 3HEPropecypcoB, HU(PPOBH-
3alusl, TEXHOJIOTMUYECKUM LUK, UHTEPHET BEIIEH, MCKYCCTBEHHBI HHTEIUIEKT, CHCTEMa pacIpe-
JIETIEHHOTO peecTpa, BUPTyallbHas M JONONHEHHAs pPEalbHOCTh, MOJUIEPXKUBAIONME (QyHKIMN
U TEXHOJIOTHI
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Abstract. Due to the increasing internationalization of the member countries of the Eurasian Eco-
nomic Union (EAEU), it is planned to create a common energy market and an electric energy
market. To ensure the reliable functioning of the energy systems of individual states of the Union
and their common energy market, it is necessary to increase energy efficiency and reduce costs
at each stage of production, transmission, distribution and sale of electricity by optimizing pro-
cesses in the industry through the introduction of digital technologies. The purpose of this work
is to analyze the electric power complexes of the EAEU member states and to consider groups
of digitalization technologies of industries in the context of the electric power industry, to form an
algorithm for creating a classification of digitalization technologies of the electric power industry
and on the basis of the latter to create the classification itself. The article provides an overview
of the dynamics of the main economic indicators of the Union countries and the main indicators
of their electric power industries, examines the structure of electricity production, energy portfolio,
average electricity prices, total electricity consumption by sector. The import-export potential and
the level of electricity losses in the networks have been analyzed. The interpretation of digital
technologies of the electric power complex in the context of existing groups-digitalization tech-
nologies was made, the components of the interconnection of digital technologies were identified;
the classification of the above components by production stages has been developed. Recommen-
dations on the further use of the classification for the formation of an indicative system for
assessing the level of digitalization of the electric power complex are put forward. It is concluded
that digitalization of the electric power system on the technical side increases the energy security
of the state and the competitiveness of the energy system on the world market, and on the econo-
mic side it helps to reduce costs at all stages of the entire technological cycle.

Keywords: installed capacity, generation, production structure, consumption, losses, united
electricity market, united energy market, digitalization, technological cycle, Internet of things,
artificial intelligence, distributed registry system, virtual and augmented reality, supporting func-
tions and technologies
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BBenenune

WHTerpanmonHoe 00beIMHEHUE COCEHUX CTPaH MO3BOJISICT BBIUTH HA IJIO-
OalbHBIC PBIHKK COBITAa, 00ecHeunuTh OecrnepeOOWHOCTh MOCTaBOK TOBApPOB U
CHIKCHHE M3JIEP’KEK Ha BCeX dTamax npousBoacTeax. CorpyaaudectBo Pecy6-
muku Apmenus, Pecrryonmukun benmapycs, PecyOmmku Kazaxcran, Keipre3ckoit
Pecrryonmmku m Poccutickoit Deaepannu B pamkax EBpa3uiickoro sKoOHOMHYE-
ckoro coro3a (EADC) 00yClIOBIEHO TEppUTOPHAIBLHBIMA M HCTOPUYCCKUMHU
(hakTopaMu, a TaKKE CXOXKUM YPOBHEM COLMAITBHO-3KOHOMHYECKOTO pPa3BH-
Tus (Tadm. 1) [1-6].
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Tabnuya 1
OCHOBHbBIE CONHAILHO-DKOHOMUYECKHUE MOKA3aATeTH

The main socio-economic indicators

IToxa3arens Apmenus |benapycs|Kazaxcran | Ksipreizcran | Poccus
Ilmomank, ThIC. KM 30 208 2700 300 17125
YHCIIEHHOCTh HACEJICHHMS, MJIH Yell. 2,963 9,393 18,750 6,592 144,100

BasnoBoii BHyTpeHHUI NPOTYKT
Ha JyIIy HaceJIeHHs, JOII.

MHpekc uenoBeyeckoro pa3BUTHUs 0,776 0,823 0,825 0,697 0,824
Yposens 6e3paboTHubl, %o 14,8 3,9 49 2,9 3,9

4267,45 6411,23 | 9055,75 1173,61 |10126,72

Bo Bcex amanmmsmpyeMmBbIX TOCyJapcTBaX B MOCTCOBETCKOE BpeMsl M3MEHH-
JIUCHh OpPTaHM3ALMOHHAS M TEXHOJIOTHYECKasl COCTaBIISIOIINE 3JIEKTPOIHEPIeTH-
4ecKoil oTpaciu. BBuay oTCyTCTBUS OOLIMX CTaHAAPTOB U LIEHTPOB KOOpAMHA-
uH OblTH CPOPMHUPOBAHBI CBOM MOJCTH YIIPABICHUS AJIEKTPOIHEPTeTUYECKOM
otpacibio (Tabi. 2). DHeprocucteMsl cTpad — ydactHUll EADC, 3a uckioueHu-
eM KwIpreiscrana, Ha DaHHBIE MOMEHT SIBJISIOTCS HM30BITOUYHBIMHU. [lpm sTOM
B benapycu Benercst crpoutensctBo nepBoit ADC, a B Apmenuu k 2026 1. 0Xxu-
JaeTcsl BBIBOJ M3 dKCIUTyaTanmu BToporo Onoka ADC, yTto mpuBener kK aedu-
LIUTHOCTH 3HEPTOCUCTEMBI.

Tabnuya 2
OcHOBHBIE MOKA3aTeJH JJIeKTPOIHepreTnyeckoii orpacan (2021 r.)
Key indicators of the electric power industry (2021)

[Tokazarens Apwmenuns | benapycs |Kazaxcran| Keiprescran | Poccus | EASC
YcraHoBI€HHAs: MOLTHOCTh 3.4 10,1 22,9 3,9 252,03 | 2923
Bripabotka, mipa kBt-u 7,6 40,3 106,03 14,9 1096,5 | 1265,3
Iotpe6nenne, mapa kBT-u 6,6 37,9 105,2 14,9 1075,2 | 1239,8

OcHoBHAfl YaCTh

AHanm3 CTPYKTYpbl TIPOU3BOACTBA 3JIEKTPOIHEPrur (puc. 1) MoKas3bIBaeT cie-
nytornee. B ApMeHHH OHO JOCTATOYHO AWBEPCH(UITMPOBAHHO: HA TEIUIOAIIEKTPO-
craniusx (TOC), paboraromux Ha rasy, BeipabarsiBactcst 40,26 % 37EKTpOIHED-
riun, ADC — 36,36 %, runposnekrpocraniumsax (I'DC Bemme 25 MBT) — 11,69 %,
comreunbix (COB), Berpsiabix (BOC) snekrpocrannusax u ['DC mo 25 MBt —
11,69 %. B benapycu npakTH4eckH Bcs 3JIEKTpO3Heprus nmpoussoaurcs Ha TOC
(97,17 % na 01.01.2020), paboTaromux Ha ra3y. B saBape 2021 1. mepBsiii 6110k
benADC BrIBeIeH Ha HOMUHAIBHBIM YPOBEHb MOIIHOCTH, BEJETCS CTPOUTEb-
CTBO BTOporo sHeproOioka. B Kaszaxcrane mnpon3BOACTBO 3NEKTPOIHEPTHH
ocyectsisiercs: B ocHoBHOM Ha TOC (83,78 %), paboTraromux Ha yrie, a Takxe
Ha ['OC (11,59 %). B Kbipreizcrane BEICOKHM IMOTEHIIHATIOM OOJIAAAl0T BOIHBIC
PECYpPCHI, B CBS3H C 3THM OCHOBHOE MPOU3BOJCTBO 3JIEKTPOIHEPTHUH OCYIIECTB-
nsercs Ha ['OC (81,03 %), TOC npunamnexur okono 19 %. B Poccwuiickoit
ODenepanuy NpeBaTUpPYIOMAs JOJs MPOU3BOJACTBA 3JIEKTPOSHEPIUU MPHHAIJIC-
xut TOC (59,27 %), ADC (20,60 %) u I'DC (19,81 %), HaMMEHBIITHI TTPOIEHT
npousBozcTBa mpuxoautcs Ha COC (3,44 %) u BOC (0,13 %).
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Puc. 1. CTpykTypa NpOH3BOACTBA ICKTPOIHEPTUU

Fig. 1. The structure of electricity production

Ce0ecTonMOCTh 3JIEKTPOIHEPTUH OIPENENSIOT HCIOIb3yeMble TOTUTUBHO-
sHepreTuyeckue pecypesl (TOP) (puc. 2).

B Apmenun, benapycu m Poccum mpeoOnamaer monsi mpupoxHOTO rasa B
MPOM3BOACTBE 3NIEeKTpodHeprun. B Poccuu, nmeromeil 3HaunTeNbHBIE 3amachl
rasa, JaHHBIA (DaKTOp HE OKA3bIBAET CYLIECTBEHHOI'O BIUSIHMSA Ha (HOPMHPOBa-
HUE CTOMMOCTH 3JICKTPOISHEPIuHu; B CBOIO odepens s bemapycu u Apmenun,
3aBHCAIINX OT HMIIOPTHOTO POCCHICKOTO Ta3a, CTOMMOCTh 3TOTO pecypca urpa-
eT BaXHYyI0 posb. B ApMmeHnn He Bemercst 100br4a He()TH U ra3a, ecTb 3aJIeKH
KaMEHHOTO yriis (OHAKO 3TOT Pecypc SBIACTCS HU3KOKAUYECTBEHHBIM M MOYKET
HCTIONIB30BaThCsl TONBKO B MECTHBIX IENISAX) U MecTopoxkaenus Topda. B bena-
pycu nopsiaka 90 MecTopoxaeHUH HepTH, U3 HUX 2 He(TEera30KOHJCHCATHBIX,
65 skcrutyaTupyrorcs, 18 3aKkoHCepBUPOBAHBL, 7 B CTAAUH Pa3BEIKU, HO JTAHHBIC
MECTOPOKACHHUSI TOKPBIBAIOT TOJIKO MECTHBIE HYXIBl U HE MOTYT OBITH HC-
MI0JIb30BaHBI B IIPOMBILIUIEHHBIX MacIITa0ax.
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B Kazaxcrane HaOmogaeTcsi MEHbILAS 3aBUCUMOCTD OT Ta3a, ero 3aMeHUTe-
JeM BBICTyHaeT JoObIBacMblil B cTpaHe yronb. B Keipreiscrane nosns ncnonb3y-
€MOro IIPUPOAHOTO I'a3a HAUMEHbIIAsl, TAK KaK MMEIOTCS 3HAaUUTE/IbHbIE OanaH-
coBble 3amachl yrias (1,3 Miapa T) ¥ MIMPOKO NMPUMEHSAIOTCA BOJHBIE PECYPCHI.
B menom Keiprescran cnabo obecriedeH TOMIMBHO-IHEPTETHUSCKUMHU IOJIE3-
HBIMH MCKOTIAEMBIMH: 3arackl HeTHU COCTAaBIIOT 13 MiH T (exkeronHast JOObI-
ua (0,3 MIIH T), IPUPOIHOTO Ta3a 6,5 Mupa M° (106brua 0,4 MitH M).

Poccust 3anuMaeTr nepBoe MecTo B Mupe Io 3amacam rasa (32 % MHpOBBIX
3amacos, 30 % MHUPOBOH 100BIYM); BTOpOE — IO YpOBHIO 100bYM HedTH (10 %);
TpPEThe — 1O 3amacam yris (22 yroiapHBIX OacceitHa, 115 MecTopoKaeHuH, B TOM
yucie B EBpormerickoit yactu oxosno 15,6 %, B Cubupu 66,8 %, Ha JlanbHem
Boctoke 12,9 %, Ha VYpane 4,3 %). Takum 0o0pa3om, 3TO OCHOBHOU IKCIOP-
tep TOP mns crpan — ygactauir EASC.

CTOMMOCTH 3JIEKTPOIHEPTHH OMPEEIETCs] CTENEHbI0 3aBUCHMOCTH OT UM-
nopta TOP, Hammuuem cobctBeHHBIX TOP M ypoBHEM pa3BUTHSI BO30OHOBIIsIC-
Moii sHepreTuku (puc. 3).

11,64

8,24
6,68

4,6

2,0

Pecrry6rmuka Pecrry6inka PecmyGmuka Keipreisckas Poccuiickast
ApmeHus Bemapyce  Kasaxcran Pecmybnuka ®enepanust

Puc. 3. Cpenuue uens (Taprdbl) Ha HIEKTPOIHEPTHIO
10 BCEM KaTeropusM rnorpeduteneii, ueHt/(kB1-1)

Fig. 3. Average prices (tariffs) for electricity for all categories of consumers, cent/(kW-h)

[Ipoananu3upyeM ypoBEHb MOTPEOJICHUS HICKTPOIHEPIHU IO CEKTOpaMm
(puc. 4).

B ApmeHHH SKWIMIIHBIA CEKTOpP W TMPOMBIIIIEHHOCTh MOTpebisorT 33
u 27 % COOTBETCTBEHHO, KOMMEPYECKHE U FOCyNapCTBEHHBIE yeiyTu 4 %, cenb-
CKO€ U JIECHOE X0351HcTBO — 2 %.

B benapycu ocHoBHas 0 MOTpeOJICHUS NMPUHANIEKUT MPOMBIIIICHHO-
ctu — 43 %, 4TO CBA3aHO C PHEPrOEMKOCTHIO pa3BUTON oOpadaThIBaroLIei Ipo-
MBILICHHOCTU B cTpaHe; 27 % NpuxoasTcs Ha KOMMEpYEeCKHUe U TOCYJapCTBEH-
HbIE ycIIyTH, 21 % 3aHNMaeT KUIUITHBINA CEeKTOp.

B Kazaxcrane mpomsliimieHHOCTs NOTpebisier 61 % saekTposnepruu (3To
caMblil BBICOKHH MOKAa3aTeNlb CPEOH HUCCIEAYEMBIX CTPaH), SKWIUILHBINA CEKTOP —
22 %, xoMMepdecKkne U rocygapcTBeHnbie yeuyra — 11 %.

B KbipreizcraHe OCHOBHasi 4acTh MOTPEOSsseMON 3JEKTPOIHEPTUU TPH-
XOJIUTCS Ha XWIMILHBIA cekTop — 71 %, 18 % npuHaAIeKUT NPOMBILUICHHO-
ctd, 9 % — KOMMEpYECKUM M TOCYIapCTBEHHBIM yciayraM, 1 % mpuxomurcs Ha
CEJIbCKOE U JIECHOE XO03SICTBO.
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Fig. 4. Total (final) electricity consumption by sector, TJ
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B Poccun 45 % notpeGiieHus 37eKTPOIHEPTHY TPHUHAIICKUAT MTPOMBIIIJICH-
HOMY cekTopy, 21 % — xxunnimaoMy, 20 % — KOMMEpYeCKnM U TOCYIapCTBEH-
HBIM YCIIyTaM.

B nenom nmo EADC HabnromaeTcs pocT MOTpeOIIeHUs 3JICKTPOIHEPTHUH, UTO
00YCJIOBJIEHO YBEIMYCHHEM JOJM TPOMBIIIJICHHOCTH M YHCICHHOCTH Hace-
JICHHUSL.

Hannume MeXCHCTEMHBIX JHUHHMH 3JIEKTpOIEpeadyr MO3BOJSIET OCYIEeCTB-
JISITh MEXI'OCYJAPCTBEHHBIE NEPETOKH IEKTPOIHEPIHH U3 3HEPron30BbITOYHOTO
peruoHa B 3HEproAeUIMTHBINA, IPUYEM HE TOJIBKO MEXIY CTpaHaMH — ydacT-
autiamu EADC, HO U ux coceasMu. CTOUT OTMETUTh, YTO DKCIOPT U UMIIOPT
anexkrposneprun B Kazaxcrane, Keiprescrane m Poccum He mpessimaer 1 %,
B benmapycu ummnopt mocturaer 10 % ot obuield moTpediasieMoil 31eKTpoIHep-
ruu, a B ApMeHHU SKCropT coctarisger 10 % oT BeIpaOOTaHHOM 3JEKTPO3HEP-

ruu (puc. 5).
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Fig. 5. Analysis of the export and import potential

Ilepenada 3JIEKTPO’HEPTUU BO3MOJKHA JIMINb B YCIOBUSX CHHXPOHU3AINH
SHEPrOCUCTEM U TOBHIIICHHUS HAIEKHOCTH JIEKTPUIECKHX ceTel (puc. 6).
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Fig. 6. Electricity losses in the networks, %

B nienom nmomnoxuTenbHas TEHICHIW CHIKEHHS YPOBHS MOTEPh AJIEKTPOIHEP-
THA HaOIlIOZaeTcss BO BCEX HCCIEAyeMBIX TOCyJapcTBax, 3a HMCKiroueHneMm Ka-
3axcraHa (puc. 6). CaMblii HM3KHH YPOBEHBb TOTeph 3aduKcHpoBaH B bemapy-
cu (7,09 %). B Apmenun on cocraBun 7,46 %, Kazaxcrane — 9,65, Poccun —
9,42 %. Camblii BEICOKHH ypoBeHb NOTepb B ceTax — B Keipreiscrane (16,81 %).

B cBs3u ¢ Hapacraromiell HHTepHaMOHaTU3aue ctpan — yyactHul EASC
B 3JICKTPO3HEPreTUIecKoi cdepe, odycnorinenHoi npunsatuem B 2015 r. Kon-
menmuu  (OPMHUPOBAaHUS OOMIETO 3JIEKTPOIHEpPreTHUeckoro poiHKa (Cotro3a,
MperoaraeTcs co3qanne o0IIero peIHKa YHEPTOPECYPCOB M OOIIETO JIEKTPO-
SHEepPreTUYecKoro peIHKa. /laHHOE OOBEAMHEHHWE IO3BOJIUT IMOBBICUTH d(dek-
TUBHOCTH HCIIOJB30BAaHUS CYLIECTBYIOIINX TCHEPUPYIOIIUX MOIIHOCTEH MyTeM
ypaBHUBaHUS AeOUIUTHBIX W MPOQHUIMTHBIX YHEPTOCHCTEM, HAJAJUTh TOPTOB-
JIF0 DJIEKTPOIHEPTHUEH U dSHEPTOHOCHUTENIMU Kak BHyTpu EADC, Tak u ¢ cocens-
MH, a TaKKe MOBBICUTH KOHOMUYECKYIO 3(h()EKTUBHOCTH, HAICKHOCTh U 0€3-
OITACHOCTH 3JIEKTPOIHEPreTHYECKOro Komruiekca. s obecrieueHnst HaIeKHOTO
(YHKIIMOHUPOBAHUSI JHEPTOCHCTEM OTHENBHBIX CTpPaH-y4acTHUI[ M OOIIero
9HEPropbIHKa HEOOXOIUMO MOBHILATH YHEProdPPEeKTUBHOCTh W CHIDKATh H3-
JIEpKKM Ha Ka)XJIOM dTare MPOU3BOJACTBA, Meperadyr, pacipeaesieHuss U cobITa
3JIEKTPOIHEPTHH C TOMOIIBIO ONTHUMU3AINY IPOIIECCOB B OTpaciu [7].

KirrouoM k MHTErpanuu PHIHKOB 3JIEKTPOIHEPTHH cTpaH — ydacTHU EADC
SBIISIETCS IU(PPOBU3AIUSA IIEKTPOIHEpreTHdeckor orpaciu. Ee menh — MOBHI-
meHne 3PPEeKTUBHOCTH U 0€30MMaCHOCTH TOIUIMBHO-IHEPTETHUECKOTO KOMILIEK-
ca MOCPEACTBOM BHEAPEHUSI HU(PPOBBIX TEXHOJIOTHH B MPOLIECC MPOU3BOACTBA,
nepesaydy, pacipeaesieHust U cObITa AIEKTPOIHEPTHH, a TAKXKe aJanTals HOBBIX
OusHec-mporieccoB B otpaciu [8—10].

3agaun UQPOBH3ALUK: COKPAIICHWE 3aTPaT ¢ MOMOIIBI0 aBTOMATH3ALUH
TIOBTOPSIIOIINXCS PYTUHHBIX JCHCTBHIA; MOBBIMICHUE KauecTBa OOCITYKUBaHHUS;
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CHIDKEHHUE TpaBMAaTH3Ma Ha NMPENNPUATHAX H TPYA03aTpaT HAa BCEM LIHKIIE JKU3-
HEZESITeIbHOCTH OTpaCiii; IOBBIIMIEHHE THOKOCTH 3JIEKTPOIHEPTeTHYECKOTO
KOMITJIEKCa ITyTeM MHTErpalud BO30OHOBISEMBIX MCTOUHUKOB 3JIEKTPOIHEPTUH
C JAIbHEHUIINM yTIPOIIEHUEM PEryIUPOBaHUS CyTOYHOTO rpaduKa Harpy3KH.

Beimensior cneayromye rpynnsl QUQPOBBIX TEXHOIOTUH: HHTEPHET BELICH,
HCKYCCTBEHHBII HMHTENJIEKT, CHCTEMBI PACIPENEICHHOIO pPEecTpa, KBAHTOBBIE
TEXHOJIOTHH, HOBBIC NPOU3BOACTBCHHBIC TEXHOJIOTMH, POOOTOTEXHUKA U CEH-
COPHKa, TEXHOJIOTHS BUPTYAJIbHON M JOTIOJHEHHOH peanbHOCTH (pHC. 7).

WnTepHer Bewei mpeactaBisieT coboi CUCTeMY B3aUMOACUCTBHS OOBEKTOB
(obopynoBaHusi B U(GPOBOM M HATYPaIbHOM BBIPDAKEHWH U UYEJIOBEKA) C BO3-
MO>KHOCTBIO TIepeJadd AaHHBIX MO CeTH 0e3 HeoOXOAMMOCTH CBSI3M YENOBEK —
4yeNoBeK. B 3JeKTpo3HepreTHueckoM KOMIUIEKCEe JaHHas TEXHOJIOTHSI TT03BOJISIET
IIEPEUTH OT LICHTPAITU30BAHHON CUCTEMBI K PACIIPEIECIICHHOM.

HcKycCTBeHHBIN MHTEIUIEKT — 3TO HMMHUTAIMS YEJIOBEYECKOTO MBIIICHUS
(moBeneHMs) ¢ NaIbHEWIINM BBITOJHEHHEM KOHKPETHBIX MOCTABJICHHBIX 3aJ1ad.
Hcnone3yercs Ans ONTHMU3ALNN JHEPTOCETEH IyTeM YIPaBICHHS MOTOKaMH
ITOCTaBKH JJIEKTPOIHEPTUU BO BCEM LIHKIIE.

CucteMa pacnpeneneHHOro peecTpa, B OTJIMYUE OT MPUBBIYHOIO ILIEHTPANIHU-
30BaHHOTO XPaHEHH JAaHHBIX, [TO3BOJISIET MPUMEHATh HE3aBUCHUMBIE KOMIIBIOTE-
PBI AJIS 3aIMCH JAHHBIX, OOLIETO UX MUCIIOJIb30BAHUS M CHHXPOHHU3ALUHU CIOCIIOK B
COOTBETCTBYIOLINX 3JEKTPOHHBIX peecTpax. I[IpuMepom peanusaumu pacmpene-
JICHHOTO peecTpa siBisieTcst Onokueitd [11]. s ameKkTposHepreTHIeckoro KoM-
IJIEKCa MOXHO BBIAEIUTH CIEAYIOUINE TEXHOJOTMH B paMKax JAaHHOM TpyIIIBL:
IUQPOBBIE MIATEXKN; CEPTUPUKALUIO IHEPreTUYECKUX NMPOAYKTOB, BHEIPEHUE
BO300HOBIISIEMBIX HMCTOYHHUKOB JHEPTUH, Pa3BUTHE MHKpOCETeH, oOpa3zoBaHue
eIMHON TIATPOPMBI KIITHITHO-KOMMYHAIBHOTO X035HCTBa, ONTOBYIO TOPTOBIIIO
3JIEKTPOIHEPTUEH, HCIIOIB30BaHUE CMapT-KOHTPAKTOB [UISI B3aUMOJCHCTBHS
C IOTpeOHUTENEM, CUCTEMY BEKTOPHBIX H3MEPEHUI.

Cpeny KBaHTOBBIX TEXHOJOTHH BBIIEISIOT KBAHTOBBIE BBIUMCIICHUS U KBaH-
TOBBIC KOMMYHUKanuu. [locneanue odecneunBaroT 0osiee OBICTPYIO U Oe3omac-
HYIO Ilepeiady JaHHBIX, & KBAHTOBBIC BBIUMCIICHUS MO3BOJISIIOT YIIPOCTUTH NPH-
HATHE CTPATETUYECKU BAXKHBIX PELICHUH B OyIylleM, TAKMX KaK CTPOUTEIbCTBO
JONIOJHUTEINIbHBIX OJIOKOB CTaHIIMHU, (POPMUPOBAHNE CYyTOUHON HArpy3Ku U T. 1.

HoBrle mpon3BOACTBEHHBIE TEXHOJIOTHM — 3TO TNPOU3BOJCTBO 3JIEMEHTOB
obopyznoBanus 0e3 (U3NUECKOro MPHCYTCTBUS YeNIOBEKAa NPH HEMOCPEACTBECH-
HOM HX CO3[aHUM (MaIliHa CO3IaeT MAaIluHy). TaKue TEXHOJIOTHH 3HAYUTEIBHO
CHIYKAIOT yPOBEHb Opaka Ha MPOM3BOACTBE U TPYI03aTPATHL.

PoboToTexHrka 1 CEHCOpUKA — TpyINNa TEXHOJIOTHH MO MPOCKTUPOBAHUIO,
CTPOUTENBCTBY U 3KCILTyaTalul poOOTOB. B 3JeKTpOIHEPreTHUECKOM KOMITICK-
ce 3TO pOOOTH3MPOBAaHHAs IHArHOCTUKAa HHQPACTPYKTYpPBI, IO3BOJSIOMIAS
YIOPOCTHUTH IKCILTyaTalUIO U TEXHMYECKOE 00CTyKHBaHIE 000PYJOBAHHSL.

K texHODOrMsIM BUPTYaJIbHOW U JIONOJIHEHHOMN peagbHOCTH OoTHOCcATCS BIM-
TEXHOJIOTUU U VR-TeCTUPOBOUHBIC OA3bI.

Kpocc-otpacneBas skocucreMa — 3TO MEXaHU3M KOOpIMHALWU CyOBEKTOB
OTpaciv. BEIIEISIOT ClIeAyIOMUE TEXHOJIOTHH B 9KOCUCTEME: MOIEINPOBAHNE H
IIPOTHO3UPOBAHUE NAPAMETPOB SHEPrOOOBEKTOB C IMOMOILBIO IU(PPOBHIX JBOM-
HUKOB, pPAaclpeieIuTelbHy0 CUCTEMY HAKOIMUTENEH JHEPIHH, YIIPABICHHUE
CIIPOCOM M Harpy3Koi, 3aIllUTy JaHHBIX U 000pyNOBaHUS OT KHOEPYrpos3, aBTo-
MaTH3aLHUI0 U CTAaHAAPTH3ALUIO MPOLECCOB, MOBHILECHHE 3(PPEKTUBHOCTU MPO-
M3BOJCTBEHHOT'O IIEPCOHAA.
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VHTepHeT Bellen

AKTUBHbIA 3HEPrOKOMMNEKC (B TOM YUCNe BUPTYanbHas 3HEProcucTema)

MpoaBUHYTOE yrnpaBneHue TypeuHamu

WNHPpaCTpyKTypa MHTENNeKTyanbHOro yderta

BUAEOMOHUTOPUHT 1 BUAEOAHANUTUKA NPOEKTOB KanuTanbHoro
cTpouTenbcTBa

“YMHbIA" gom/ropon,

[IBYXCTOPOHHAS Nepefada aNeKkTPOIHePrun Kak NoTpebUTENto 13 ceTH,

Tak W OT Hero B CeTb

¢ MOHWUTOPUHI PaBoTbl NPOU3BOACTBEHHbIX aKTUBOB

McKyCCTBEHHbI MHTENNEKT

» CucTema NPOrHO3MpPOBaHUSA BbIPAGOTKN 31EKTPOIHEPT K,

OTHOCALL@ACS K BO30GHOBNAEMbBIM UCTOUHUKAM 21€KTPoaHeprnu (BU3)

AnropuTMmnyecKas TOProsna, ycTaHoBKa LeH

MNpeavkTBHOE 0GCNYXMBaHNE

“YMHoe"” ynpaeneHne gebutopckon 3ag0mKeHHOCTBIO

ABTOMaTHYecKkoe LeHoobpa3oBaHue AN HoBbIX NOTpebuteneit

Lindposele kaHanel KOMMYHUKaLMW C KITMEHTOM, HaNpUMepR, 4aT-60Tbl

AHanus n onTummsauma notpebnexHna

* MHbopmauvoHHoe MoaenupoBanue 3ganuii nnn building information
model (BIM-TexHonoruum)

« CIM-mopensb

« CermeHTauus v aHanna noseaeHua notpeburtenei ¢ Big Data

CucTeMbl pacnpeaeneHHoro peectpa

e Lindpposbie nnatexu

* CepTudurkauma aHepreTMYeckux NpoayKTos

« YacTuyHOe BNageHve reHepvpyowmnmm aktueamm (BU3)

* PasBuTue MnKpoceTen

» KoHBepreHTHble cepsucbl XKKX (eguHan nnatdoopma)

« OnToBas TOProBss /1eKTPO3Hepruen

* McnonbsoBaHue “yMHbIX" KOHTaKTOB A/1A B3aMMOAENCTBNA C
notpebutenem

* CuCTeMa BEKTOPHbIX M3MEPEHWIt (CMCTEMa MOHUTOPUHIA NePeXoaHbIX
PEXVMOB)

KBaHTOBbIE TEXHONOTKUM

* KBaHTOBblE KOMMYHMKaLUK
« KBaHTOBbIE BblYMCNEHNA

HoBble NPOU3BOACTBEHHbIE TEXHOIOTMA
» Mpon3BOACTBO 2NEMEHTOB 0GOPY/A0BaHVA (aAAUTUBHbIE

TEXHomnorum)

PoboToTexHWKa 1 ceHcopuka

« PoGoTM3MpOBaHHan AMarHocTrka MHOPacTPYKTypbI

TexHonorum BUPTYanbHOM 1 AOMNOMHEHHON peanbHOCTY

« BIM
+ VR-TecTupoBOYHbIe 6asbl

Kpocc-oTpacneeble LnppoBble pewweHns

+ MopenuposaHwe 1 NPOrHO3MPOBaHKe NapamMmeTpoB 9Heproo6bEKTOB C
nomMoLbio Undposoit Mogenu (LMPpPoBOK ABOMHUK)

« PacnpepenutenbHas cucTeMa HaKoMUTeNew sHepruv

+ YnpaBneHne cnpocoM U Harpyskon

+ 3alwmuTa AaHHbIX M 060pyAOBaHUA OT KM6epyrpo3s

+ ABTOMartusauus v cTaHgapTusaums npoueccos (RPA,
WHTENNEKTyasbHbli aCCUCTEHT)

+ MoBblleHMe 3pPEeKTUBHOCTU NPOU3BOLCTBEHHOMO NepcoHana

Puc. 7. atepnperanys DUGPOBBIX TEXHOIOTHH JIEKTPOIHEPTeTHIECKOTO
KOMIIJIEKCa B pa3pese TPyHI-TEeXHOIOT U

Fig. 7. Interpretation of digital technologies of the electric power complex
in the context of group-technologies
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Jis cozmanust kiaccuukanuy OUGPOBBIX TEXHOJIOTHHA 3JCKTPOIHEPTeTH-
YEeCKOro KoMIUIeKkca c(hOpMHUpPYEM TpyIIbl KOMIIOHCHTOB JAaHHBIX TEXHOJO-
ruit (puc. 8).

1 JaHHbIe

3auwnTa AaHHBIX W 3aLUTa

CIM-mMoaens LUndposoil ABOAHMK 0BOPYAOBAHIR OT KUGEPYIPO3

2 3¢ peKTUBHOCTb paboThl AKTUBOE

MOHWUTOPWHT
NPOW3BOACTEEHHBIX MNpegkTUEHOS Uwppoean mogene obwexTa
AKTUBOB W XpaHeHWs ofcnyxuaadue (undposoi ABOAHMK)
AaHHBIX

3 BaaumopeicTBWe C KNnMeHTaMu

Lindposble KaHanb
KOMMYHUKALLWA
C KNMEHTOM

AHANW3 KU oNTUMK3aUWA  Lupposble CmapT-
noTpebneHua nnateXu  KOHTPakTbl

4 N'M6Kan saHepreTMYecKan cucTema

PacnpepnenexHan BupTyansHan MHTerpauua YrnpaeneHuwe

crucTema aHeprocucTema asTomMoOWMNA B CApoCcoM K

HakonuTenei IneKTpoceTb Harpy3Kom
IHEepPrun

Puc. 8. KOMIIOHEHTBI B3aUMOCBSI31 LIU(POBBIX TEXHOIOTHI
B KOHTEKCTE JIEKTPOIHEPTeTHIECKOT0 KOMILIEKCa

Fig. 8. Components of the interconnection of digital technologies
in the context of the electric power complex

BriienumM ocHOBHBIE KOMITOHEHTHI IIH(PPOBU3AINH JICKTPOIHEPTETHUECKOTO
komrmiekca [12].

1. Hannble. UHTEpnperanus moiydyaeMoi MHGOPMALUK Ha KaXKIOM JTaIe
JOJDKHA OTBEYATH MPHHITUIIAM JTIOCTOBEPHOCTH, HAJEKHOCTH, BOBMOKHOCTH TI0-
CIIelyIOIIel nX anpoOayy 1 IPeIUKTHBHOTO aHAIN3A.

2. AKTHUBBI, WK QU3NIECKUE OOBEKTHI JIEKTPOIHEPTETHUECKOTO KOMILIEKCa,
KOTOpPBIE HEMOCPEICTBCHHO YYacTBYIOT B MPOHM3BOJICTBE M IEpEladd dJIEKTPO-
SHEPTHH.

3. B3aumopeiicTBre Ha MPOTSDKEHUH BCETO LIMKJIA TIPOU3BOACTBA, Tiepeiay,
pacrpeencHus U cObITa AJIEKTPOIHEPTHH.

4. T'uOKOCTh SHEPrOCUCTEMBI TTO3BOJISICT YIPOCTHTh MHTETPAINIO aKTHBOB, a
TaKkKe OTCJICKHUBAThH LIEHOOOpa30BaHUE KOHEYHOTO MPOIYKTA.

Takum 00pa3zoM, 0OBEIWHUB BCE BHIMIETIEPEUHCICHHOE, MOyYaeM TPYIITBI
KOMITOHEHTOB IU(POBBIX TEXHOJOT U, KOTOPbIE XapaKTePHBI IS DIIEKTPOdHEP-
TeTUYECKOro KOMILIeKca. PaccMOTpiM JaHHBIE KOMIIOHEHTHI B KOHTEKCTE LIUKJIA
KHU3HEJESTETBHOCTH YHEPTOCUCTEMBI, T. €. TIPOU3BOJICTBA, Mepejauu, pacipee-
JIEHUSI U COBITA DIEKTPOIHEPTUH (puc. 9).
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MponseogcTeo

+ CepTudukayma aHepronpogyKTos

BupTyansHan anekTpocTaHuWA

s [peouKTUBHEA aHaNUTHUKa

s MOHUTOPWHI NPOK3BOOCTEEHHBIX SKTUBOE C NOMOLLEID BULE0aHANUTUKK
1 BECNMNOTHBLIX NeTaTenksHblX annapaToe

s Luppoem3ayma AeATENEHOCTY NPOW3IBOACTBEHHOIO NepcoHana

Mepeaaya W pacnpegeneHue

« CIM

+ Llndpposblie NogcTaHL MM

* AKTUBHO-aAaNTUBHBLIE CETH

» MpeauKTUBHAA aHanuTUKa

* MOHWTOPWHI NPOWU3BOACTBEHHBIX aKTUBOB ¢ NOMOLLIO BUAEOAHANMTUKA K
BecnUNOTHLIX NeTaTenNbHLIX annapaTtos

« UuppoBrsayusa AeATEeNsHOCTY MPOW3IBOACTEEHHOIO NepcoHana

CobIT ¥ noTpebneHue

+ LlnbpoBblid NNaTexmn

» YnpaeneHwe cnpocom

+« "YMHBIE" O0OMa

= Vechicle to grid

« YaT-B60Thl ANA 0BCNYKUBAHWA KNMEHTOB

» MoebilleHne ahHeKTUBHOCTH 2NeKTPonoTpebneHna ¢ NoOMOoLLBK aHanuaa
OaHHbIX

Tpenguur

+« P2P-Toproens anekTpo3aHepryei

« ONTOBaA TOProBNA 3NeKTROSHERTMEN C MPUMEHEHWEM TEXHONOM MK
pacnpefeneHHoro peecTpa

« ANrOpUTMUYECKHIA TpeRaWuHr

MoaaepxuBaiowme GyHKLUKU

+ ABTOMATM3aLWA W POBOTW3aLWA NPOLEeCcCos

|

|

|

I « KnubepbesonacHocTe

|

|

I « AHanus adGekKTMBHOCTH NpoUeccoB
|

MopaepuHBaloL e TEXHONOIMK

|
I I
| |
| |
| KBaHTOBbLIE KOMMNbLIOTEDSI |
: + 3D-npuHTEpDI :
| + BecnunoTHble NetatensHbLle annaparbl |
I + Virtual Reality devices I
I I
| |
| |
I I
I I
| |
.

+ CUCTeMbl HAKOMNNEHWA 3HEPTMK

+ MHTennexkTyanbHble Nnpubopsl y4eTa
+ JnekTpomMobunmu

+ BIM

Puc. 9. Knaccuduxanust iudpoBbIX TEXHOIOTHIT AIEKTPOIHEPTeTHUECKOTO
KOMILIEKCA 110 CTaAUSIM IPOU3BOACTBA 3IEKTPOIHEPTUH

Fig. 9. Classification of digital technologies of the electric power complex
by stages of electricity production
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B rpymny «Ilpou3BoacTBO» BXOAAT CIEHYIOIIUE TEXHOJOTHUHU: CEPTHU(H-
Kalusi KOHEYHOI'O MPOAyKTa, T. €. OOCCIIeYeHHE €ro KauyecTBa; BUPTyaJIbHas
NIEKTPOCTAHIMS — paclpelesicHHas SHeprocucTeMa, a UMEHHO OObEeIUHEHHE
JEIeHTPATM30BaHHBIX TTOCTABIIUKOB-NIOTPEOUTENEH; NMPEAUKTUBHAS aHAINTH-
Ka — IPOTHO3UPOBAHME CIIPOCA Ha IEKTPOIHEPrHi0 Ha ocHoBe Big Data u ¢op-
MHUpOBaHUE I'paKOB HArpy3KH, a TAK)KEe aBTOMATU3UPOBAHHAS CUCTEMa MOHU-
TOPUHTAa M AMArHOCTHUKM AaKTHBOB; IM(PPOBU3AIMUSA JEATEIBHOCTH TPOU3BOJI-
CTBEHHOI'O IIEpCOHAIA.

TexHonoruu nepenauu u pacnpenenacHus sekrposneprun: CIM, umn Habop
CTaHAAPTOB, IPUHATBIX MEXIyHaApOAHOW 3IIEKTPOTEXHUYECKONH KOMMCCHEN
(M3K 61970, MOK 61968, MOK 62325) u HanmpaBlIeHHBIX Ha PETJIAMCHTAITHIO
B3aMMOJECHCTBUSL MEXIY 3JEMEHTaMHU 3JEKTPOIHEPreTHYECKOro KOMILICKCa;
uuppoBble MOACTAHINH, Oiarogaps KOTOPBIM MPOUCXOAUT CYILIECTBEHHOE CO-
KpallleHHEe 3aTpaT Ha HaJIaJKy U MOHTaX 0OOpYyIIOBaHUS, COKpAIlEHHE CTOUMO-
CTH NPOEKTHOH AOKYMEHTALlMH, COKpAaLIeHUE TPYI03aTpaT, CHIKCHUE HEI0OT-
ITyCKa 3JIEKTPOIHEPTHH; COKpAIlleHHEe 3aTpaT Ha COOCTBEHHBIE HYKIbI; CHHKE-
HUE 3€MEJbHOTO Hajora B CBSA3M C YMEHBIICHUEM TEPPUTOPHUH; AKTHUBHO-
aJlaNTUBHBIE CETH, OJlarofapsi KOTOPbIM aKTHBBI HEPrOCHCTEMBI CIIOCOOHBI
MOJ/ICP’KUBATh HETIPEPBIBHYIO CBSI3b C KOHEUHBIM MOTPEOUTENEM; MPEAUKTUB-
Hasl aHAJWTHUKA, HAIIPABJICHHAs! HA TEXHUYECKOe 00CIyKMBaHUE U PEMOHT CeTel
IIpY TIOMOUIM aBTOMAaTU3MPOBAaHHON CHCTEMBbl MOHMTOPHUHTA U JUArHOCTUKH;
MOHHUTOPHHT TPOM3BOACTBEHHBIX aKTUBOB OJlarojapsi BUICOAHATUTHKE; U(PO-
BH3aLMS JESITEIbHOCTH IPOU3BOICTBEHHOTO IIEPCOHAIA.

COBIT 1 moTpeOieHue BKIIOYAET CIEAYIOMINE TEXHOIOTUH: HU(POBBIE TUIa-
TEXH; YIPaBIEHUE CIIPOCOM, T. €. B ICLIEHTPATN30BAHHON CUCTEME MTOTPEOUTEND
caM BBIOHMpAET IMOCTABIUKA JICKTPOIHEPTHH; «yMHBIE» JoMa (ropoaa) ¢ coo-
CTBEHHBIMH MCTOYHHKAaMHU MPOM3BOJCTBA dEKTpo3Hepruy; vechicle to grid, nm
BO3MO’KHOCTD TMOJKIIIOYEHHE 3JIEKTPOMOOMIIA B CETh KaK I MOA3ApAIKU, TaK U
11l 0OpaTHOW OTHAuu IEKTPOIHEPTHH, T. €. YIIPABICHUE CIIPOCOM Ha 3JIEKTPO-
SHEPTHUIO; 4aT-00THI AJsl 00CITy )KUBaHUsI KIMEHTOB — B3aUMOJCHCTBUE C TIOTpe-
OuTeneM B peXHMe PeaJbHOTO BPEMEHH; MOBBIICHHE d(PPEKTHBHOCTH DIIEKTPO-
noTpeOJIeHHsI C TIOMOILBIO aHAIN3a AaHHBIX OJaronaps MCIOIb30BAHUIO MHTEN-
JIEKTyaJIbHON CHCTEMBI ydeTa.

IIpu onrToBOil MOAENNM TOPrOBIM 3JEKTPO3HEPrUEN Ha CTaiWU TpEeWIUHra
MOKHO BBIICIMTh TAKUE TEXHOJOTMH, Kak P2P-Topropis; omroBas TOproBis
3EKTPOIHEPTUEH C NMPUMEHEHHEM PpaCIpPEEIEHHOTO pPeecTpa, T. €. BO3MOXK-
HOCTb yNPaBJICHUS PUCKAMMU; aITOPUTMHUUECKUIN TPEHANHT.

B koHTekcTe uMpoBH3aLMU DIEKTPOIHEPIETHUECKOTO KOMIUIEKCA U €€
KJaccu(uKauyd HeOOXOAMMO BBIACIUTH MOJACPKUBAIOIINE (PYHKIUU U TEXHO-
norun. [omnepxuBaromue yHKIMA — 3TO OOecleYeHne KuOepOe30macHOCTH,
aBTOMAaTU3alysl 1 poOOTU3AIMS IPOLIECCOB U MOCIEAYIOUINH aHaU3 3 HEeKTHB-
HocTu. [loanep)kuBarolue TEXHOJIOTMH — KBAaHTOBbIE TEXHOIOTMH, 3D-npuHTe-
pBl, OeciuioTHeIE JeTarenbHble anmnapaTsl (BIIJIA), cuctema HaKoOIIEHUS 3JI€K-
TPOHEPIHH, MHTEJUIEKTyalbHble NMPUOOpHI yueTa, 3nekTpoMoOmin, BIM-tex-
HOJIOTUH.
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[udposuzanusi 371EKTPOIHEPTETUIECKOTO KOMIUIEKCA C TEXHHUYECKOH CTO-
POHBI MO3BOJIAET IOBBICUTH 3SHEProOE30MaCHOCTh CTPAaHBl U KOHKYPEHTOCIIO-
COOHOCTb PHEPrOCUCTEMBl Ha MHUPOBOM DBIHKE, @ ¢ JKOHOMUYECKOH — BEIeT K
CHIDKEHHIO 3aTpaT Ha BCEX 3Tanax TeXHOJIOTMUYECKOro IUKIa (FeHepaluy, rnepe-
Jagu ¥ pactpeneneHus). Takum oOpa3zoM, mu(poBU3amms CIIOCOOCTBYET JOCTH-
JKEHUIO LieTIel ycTounBOro pa3Butus crpad — yuactaun EADC [13-16].

Jns netanu3upoBaHHON OLIEHKH YpPOBHS LHU(MPOBU3ALMHU 3JIEKTPOIHEPTeTH-
YECKOH OTpaciM 1eJecoo0pa3Ho CcOo3JaHue MHIUKATOpa ¢ CyOMHAeKcaluei Io
CTagsIM TEXHOJIOTHUECKOTO LIMKJIA U YYETOM OLICHKU MOJACPKUBAOIINX (PyHK-
UM ¥ TEXHOJIOTHI.

BBIBO/IbI

1. AHanu3 3JEeKTPOIHEPTeTHUYECKUX KOMIUIEKCOB CTpaH — ydyacTHHIl EBpa-
3UHACKOT0 SKOHOMHMYECKOTO COI03a IOKAa3bIBAET, YTO CO3AAHUE OOLIETO PHIHKA
JHEPropecypcoB U OOLIETO AIEKTPOIHEPreTUIECKOr0 PhIHKA OyIeT cocoOCTBO-
BaTh TOBBIIICHUIO Y3PPEKTUBHOCTH UCIIOIB30BAHUS CYLICCTBYIONINX TeHEPUPY-
IOLIMX MOLIHOCTEH MOCPEACTBOM ypaBHHMBaHUS AC(HUIUTHBIX U MPOPHULIMTHBIX
SHEPrOCUCTEM, 4 TAKXKE HAIAKUBAHUIO OTHOLICHWH 10 TOPrOBIJIE JIEKTPOIHEP-
TUEN ¥ SHEPTOHOCUTEIISIMH.

2. CpenctBoM moBbILeHUS 3()(HEKTUBHOCTH 3NEKTPOIHEPIrEeTUIECKOTO KOM-
TUIEKCA M CMEXKHBIX OTpaciiedl HallMOHAJbHBIX 3KOHOMHUK SIBJILETCS LU(ppoBU3a-
. C TEXHHYECKOHW CTOPOHBI OHA YKPEIUIAET 3HEProOe30IacHOCTh CTPAHBI
U KOHKYPEHTOCIIOCOOHOCTH HHEPrOCHCTEMBl Ha MHPOBOM PBIHKE, C 3KOHOMHU-
YEeCKOM — CIIOCOOCTBYET CHMXKEHHMIO 3aTpaT Ha BCEX ATalaxX TEXHOJIOTHYeCKO-
TO UKIIA.

3. [Ipeiosken BapuaHT Kiaaccu(UKALMK TEXHOIOTHH HH(POBU3ALMY B KOH-
TEKCTE TEXHOJOTHYECKOTO LUKIIA, a TAKKE BBIIEJICHBI MOJICPKUBAIOIINE (YHK-
MY U TEXHOJOTHH. BBIIBUHYTEI PEKOMEHAANNH 110 JAJIBHEHIIEMY HCIOIb30Ba-
HUIO Kiaccupukauuu A (OpPMHPOBAaHUS WHAWKATUBHON CHUCTEMBI OLCHKH
YPOBHS HU(PPOBU3ALUH IIEKTPOIHEPIeTUIECKOTO KOMILIEKCA.
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CTumyaupoBaHue 3JIEKTPONOTPedJIeHust
PeruoHoB-ayTcaiiiepoB — He00Xo0AMMoe YCJIOBHE
CTPYKTYpPHOI#1 ycToiiuuBocTu Poccun
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Pedepar. B HacTosmee BpeMst MPOUCXOAUT MUPOBOE YBEINYEHHE YACIHEHOTO MOTPEOICHHS dIIeK-
TPOSHEPruM Ha aynry HaceseHus. OJIHAKO 3Ta TEHJCHIMST 00YyCIIOBICHA POCTOM JJIEKTPOIOTPEOD-
JIEHUs] B Pa3BUBAIOIINXCS CTPaHAaX, TOT/a KaK B Pa3BUTHIX HAOIIOJAETCs MPOIIECC €ro cTabunm3a-
OUM U JaXe COKpamleHHs. Takum 00pa3oM, MOXKHO TOBOPHTH O CHI)KEHHH IU(QepeHIHaun
T10 YJETBHOMY IOTPEOISHHIO IIEKTPOIHEPTHH MEX/y Pa3BUTHIMH U Pa3BHBAIONIMMHUCS CTPaHAMH.
B Poccun xe B 1990-2012 rr. NporcXoauiio yBEJIMYEHHUE PACXOXKACHUS PETMOHOB I10 JAHHOMY
MOKA3aTeNio, ¥ B UTOTE PA3/IUUus B 3IEKTPOBOOPYKEHHOCTH MEXIY PETMOHAMU-THAEPAMU U ayT-
caitnepamu gocturiam 20-kpaTHOro 3HaueHHs. B permonax tora Poccum ynenmsHoe moTpebieHne
JICKTPOIHEPTUH HIDKE, YeM B psifie pa3BHBAIOIMXcs cTpaH. Ho ecnu mocnexnue uayT mo mytu
€ro yBeIMYeHMs U, KaK CIEICTBHE, MOBBIILECHUS MPOH3BOAUTENLHOCTH TPYAA, TO B POCCHHUCKHX
pernoHax-ayTcaiinepax HaOmomaeTcst ero cHkeHue. Huskas 3HeproBoopyKeHHOCTh — OJHA U3
MIPUYUH HEJOCTATOYHOTO YPOBHS IPOM3BOAUTENHFHOCTH TPyAA. BrIsBIeHa 3aKOHOMEPHOCTH BO3-
pacTtaHusi peHTa0eIbHOCTH HPOAAHHBIX TOBAapOB, PaboT, YCIYT IO Mepe YBEIHYCHHS yACIBHOTO
MOTPEONEHNsT INMEKTPOSHEPTUH B POCCHHMCKUX PETMOHAX C HHU3KOM 3IEKTPOBOOPYKEHHOCTBHIO
U CHIDKEHHS — C BBICOKOH. [lokaszaHo, 94TO HeraTMBHAs TeHAEHUUS AndQepeHnnanuy 3IeKTpo-
notpebiennst pernoHoB Poccun cmenmnack B 2013-2018 rr. Ha cxoxxaenne. OG0CHOBaHO, YTO
B perroHax-ayTcaiiepax JIMMUTHPYIOMUM (DaKTOPOM pOCTa IEKTPONOTPEOICHHS SIBISIETCS He
OTCYTCTBHE SHEPreTHUECKMX MOIIHOCTEH, a HEeI0CTaTOYHOE Pa3BUTUE CEKTOpa IMOTPEOIeHUS
anexTposHeprun. [losTomy 1yt obecriedeHns: CTpyKTypHOH yCTOHYMBOCTH POCCHIICKOH S9KOHOMH-
KU cieayeT C(OKYCHpOBaTh yCWIIMS Ha CTHMYJIMPOBAaHMH HEOBITOBOTO 3JIEKTPOIOTPEOIICHHS
MyTEM Pa3BUTHUsI MepepadbaThIBAIOIINX OTpaciell 5KOHOMHKH, CO3JaHUs IPOMBIIITIEHHBIX U CElb-
CKOXO3SIMCTBEHHBIX MPEANPUATUN B pETHOHAX C HU3KOU 3JIEKTPOBOOPYKEHHOCTBIO.
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Stimulating Electricity Consumption in Outsider Regions
is a Necessary Condition for the Structural Stability of Russia

S. A. Nekrasov"

YCentral Economics and Mathematics Institute of the Russian Academy of Sciences
(Moscow, Russian Federation)

Abstract. Currently, there is a worldwide increase in electricity per capita consumption (EPC).
However, this trend is due to the growth of electricity consumption in developing countries, while
in developed countries there is a process of its stabilization and even reduction. Thus, it can be said
that there is a decrease in the differentiation in specific electricity consumption between developed
and developing countries. In Russia, in 1990-2012 there was an increase in regional divergence in
this indicator. As a result, the difference in the specific power capacity between the leading regions
and outsider ones reached a 20-fold value. In the regions of the south of Russia, the EPC is lower
than in a number of developing countries. But if the latter are on the road of increasing the EPC
and, as a result, increasing labor productivity, then in the Russian outsider regions there is a de-
crease in it. Low specific power capacity is one of the reasons for the insufficient level of labor
productivity. A pattern of increasing profitability of goods, works, and services sold has been
revealed as the specific consumption of electricity increases in Russian regions of low electric
specific power capacity and decreases in Russian regions of the high one. It is shown that
the negative trend of differentiation of power consumption in the regions of Russia changed
in 2013-2018 to convergence. It is substantiated that in the outsider regions, the limiting factor
in the growth of electricity consumption is not the lack of energy capacity, but the insufficient
development of the electricity consumption sector. Therefore, in order to ensure the structural
stability of the Russian economy, efforts should be focused on stimulating non-household electri-
city consumption by developing the processing industries of the economy, creating industrial
and agricultural enterprises in regions with low electric power. Therefore, in order to ensure
the structural stability of the Russian economy, efforts should be focused on stimulating non-
household electricity consumption by developing the processing industries of the economy, crea-
ting industrial and agricultural enterprises in regions of low electric specific power capacity.

Keywords: specific electricity consumption, theory of technocenoses, labor productivity, price
of electricity, profitability, structural economic resilience
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BBenenune

DHepreTHka B COBPEMEHHOM MHPE MIPAET BEAYLIYIO POJIb, SBIISSICH OCHOBOM
PasBUTHS BCEX MPOYMX OTpacield MaTepUalbHOTO MPOU3BOJICTBA U COIMAIBHOM
cdepsl, o0ecrieunBas YJKOHOMUYECKYIO 0€30MacCHOCTh TOCYAapCTBA U €r0 CyBe-
penuteT. B cuiy ee crparernyeckoii 3HAUMMOCTH SHEPIeTHKE YAEISIETCs MepBo-
ouepenHoe BHHMaHue [1]. CormacHo 6a3oBOMy HpOrHO3y MexIyHapoIHOTO
SHEPreTHYEeCKOro areHTCTBa, NoTpedieHue >nekTposHepruu k 2040 r. yBenu-
ynutcs Ha 60 % OT CeroAHALIHEro YPOBHS, YTO SBISETCS 3HAUYUTEIBHO Oolee
BBICOKUM TIOKAa3aTeJIeM 10 CPaBHEHHIO C IPYTUMHU BUAaMH dHepruu [2]. Y nemns-
Hoe moTpebneHue AnekTpodnepruu (YI1O, MBT-u/ron Ha denoBeka) O3BOJISET
UCCIIeIOBAaTh 3aKOHOMEPHOCTH M3MEHEHHS JIIEKTPONMOTPEeOIeHUsI CTpaH C yue-
TOM OCOOCHHOCTEM MX COLMAIBbHO-3KOHOMHYECKOTO, TEXHHKO-TEXHOJIOTHYe-
CKOT'0 Pa3BUTHUS M PA3BUTHUS CTPAHOBBIX 3HEprocucrem [3].
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MupoBoii pocT sHepronoTpediaeHnss 00YyCIOBIIEH BBHIPABHHUBAHUEM YACHTb-
HOTO DHEPronoTpeOIeHNs Ha TyIly HaceJeHHs MKy pPa3BHBAIOIINMUCS U pa3-
BUThIMU cTpaHamu [1]. Ecou B 1960-x rr. YIIO B Takux cTpaHax OTIUYAIOCH
6omnee gem B 20 paz, To k 2010-M rT. paznuamre COKpaTWIOCh IPUMEPHO 10 7 pa3.
TenaeHys BBIpaBHUBAHMS HAJEKHO MOATBEP)KICHA CTATUCTUYECKVMH TAHHBIMH
1 00BsICHsIETCSl O0JIee BRICOKUMHU TEMIIaMH WHIIYCTPUATM3AI[IHA B Pa3BUBAIOIIIEMCSI
MHpE 10 CPaBHEHHIO ¢ pa3BUTHIMH cTpaHamH [1]. OcobenHoctsio YIIO pa3BUTHIX
CTpaH B MOCIIEAHUE JIECATHIIETHS CTAJIO MIPEKPAIIEHNe €ro pocTa, a B PAIE CITyJacB
U CHW)XEHHe, 00ycIoBIeHHOe Ooniee d(PEKTUBHBIM HCIIOIB30BaHUEM SHEPTHUH B
couetannu ¢ 3Heprocoepexxernem [4, 5]. Tak, B 1990-2018 rr. YIID Ilseuun
yMeHsImIock 0osee yeM Ha 13 % (1o 13,2 MBru/ron Ha wen.); Kanansr — Ha 8 %
(mo 14,3 MBt-u/rox Ha 4en.); Benmukobputanuu — Ha 7 % (70 4,6 MBT14/ron
Ha 4gen.). B 2000-2018 rr. camkenne YIID cramo oTimuutenpHOU yepToir Hop-
Beruu (¢ 24,9 mo 23,7 MBtu/rox Ha gen.), CIIA (¢ 12,9 mo 12,2 MBtu/ron
Ha 4en.) u Actpamuu (¢ 9,8 mo 9,3 MBrw/ron na ven.); B8 2006-2018 rr. —
I'epmanun (¢ 6,6 no 6,4 MBT-u/ron Ha ven.), Utamuu (c 5,5 no 5 MBru/rox
Ha 4ell.) u @panmmm (¢ 7 10 6,6 MBT-w/ron Ha 4en.). Hemsmenno YIID B Humep-
JaHnax Ha ypoBHe 6,73 MBtw/ron Ha uen. Ha mporsbkeHnu 2006-2018 rr. [lpu
9TOM Ha ()OHE KauyecTBEHHO MHOHM JeMorpaduueckoil TUHAMUKU pa3BUBAIOIINX-
Csl CTpaH 1O CpaBHEHUIO ¢ pa3BUTHIMH pocT YIID Kuras 3a 1990-2018 rr. cocra-
BHI 842 % (10 4,43 MBTw/ron Ha uen.), Manonesuu — 486 % (1o 0,88 MBT-4/rox
Ha 4en.), Mumuun — 268 % (mo 0,92 MBrtu/ron Ha uwen.), Typiuwu — 252 %
(mo 3,06 MBt-u/ron Ha 4en.), Mekcuku — 85 % (7o 2,21 MBt-u/rox Ha 9en.),
Bpaszumuu — 72 % (g0 2,5 MBT1-4/ron Ha uen.).

Takum 00pazom, IJIsl Pa3BUTHIX CTPaH XapaKTepHbI cTAOWIM3aLus, a B Pse
CIIy4aeB M YMEHbIIIEHHE MOTPEOICHHS AIIEKTPOIHEPTHH KaXABIM XUTeNIeM (Tpr
COKpAILCHUU YHUCJICHHOCTH HAaCEJIeHHs), a A Pa3BUBAIOLIMXCS — POCT ITUX
nmokasatesieil. B pe3ynprare Bce OOJBbIIE YBEIUYUBAETCSA JOJS PA3BUBAIOIIUXCS
CTpaH B MHPOBOM JJIEKTPONOTPEOICHHN.

Lenb cTaThu — NpOaHAIN3UPOBATD AIIEKTPONOTPEOICHNE POCCHICKUX PETHO-
HOB W BBISIBUTH 3aKOHOMEPHOCTH WM3MEHEHHUSI €ro ITUHAMHUKH BO B3aHMOCBS3H
¢ obecrieyeHreM CTPYKTYPHOU YCTOMYUBOCTH 3KOHOMHUKH.

O0LEeKT M MeTObI HCCAEeT0BAHUS

Ananuz nompebnenust 31eKkmpoIHepeuu 8 poccutickux pecuonax ¢ 1990-2018 ze.
B Poccun B nenom norpebieHue snexTpodHepruu B 2016 T. IOCTUIIO YpOB-
Ha 1990 r. (1073,839 mupag kBtu) m x 2018 r. yBemwmumimoch Ha 3 %
(mo 1108,134 mupx kB1-u). Ecir B 1990 1. YIID cocrasnsuio 7,27 MBT-u/roz Ha
yen., To B 2018 r. — 7,54 MBT1-u/roa Ha yen. Bonee yem 3a 4eTBepTh BeKa poCT
VYIID ne npessicun 3,7 %, a ero AMHAMHAKA MPUOOpeTa XapaKTepHBIN IS pa3BU-
TBIX CTpaH acUMITOTHYECKUil xapakTtep. Bmecte ¢ Tem Goinee uem B 60 %
poccuiickux peruoHoB YIID yBemnuminocs. W30uparenpHoe paccMoTpeHHe
OUHAMHKH DJIEKTPONOTpeOIeHNs B OTIENBbHBIX PETHOHAX HCIIONB3YeTCs B Ka-
YecTBE apryMeHTa /ISl yBEJIIMYCHHS SHEPreTHIECKUX MoIHOCcTel. B pe3ynbraTe
3a pecartwierne (20082017 rr.), mpomieamiee mocie 3aBeplieHUs pedop-
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MBI 3JIEKTPOIHEPreTUKU, BBEACHO B 3Kciutyaranuio 39,8 I'BT HOBBIX sHepre-
THYECKUX MoImHocTel, B ToM gncie 30,6 I'Bt TOC. OgHako 3TO HE IPHBEIO
K TOBBIIICHUIO 3JICKTPONOTPEOIICHUsI B CTpaHe, YTO IOATBEPKAAETCS IOKa-
satenssmu 1990 um 2018 rr. Ilpm »TOM Oojee BBICOKMH POCT MOIIHOCTH
JIEKTPOCTAHIIMN 110 CPAaBHEHUIO C POCTOM HOTPEOJCHMS BEOET K CHIDKCHHIO
ko3 uieHTa HCIOIB30BaHUS YCTAHOBJICHHON MOIIHOCTH BCEH 3HEProcuc-
TEMBI, YBEIUYCHHUIO YIEIBHOTO Pacxoja TOIUIMBa Ha MPOU3BOJACTBO JIEKTPO-
SHEPTUH, U3IEPKEK Ha ee BEIpabOTKy [6]. [ToaToMy IpHm aHanm3e ocoOCHHOCTEH
PETHOHAIEHOTO BJIEKTPONOTpeOneHust TpeOyercsi He HM30MpaTelIbHbIH MOIXOX
B TPaHUIAX OJHOTO PETHMOHA, I'7leé OOOCHOBAaHHOCTh POCTa MOIIHOCTH JHEPro-
CHCTEMBI HE BbI3bIBA€T HUKAKMX COMHEHUH, @ CHCTEMHBIH.

B nepBoM npuOmmkeHHH MOXKHO BBIAICIHUTH TPU TPYIITBI pernoHos (Ha 2018 r.):
¢ BeicokuM YIID (6omee 8,5 MBT-u/ron Ha yen.); co cpeqaum YIID (ot 4
1o 8,5 MBt-u/ron Ha 4en.); ¢ Hu3kuM YIID (menee 4 MBT1-u/rox Ha 4en.) (puc. 1).
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V3mMeHeHue yAenbHOTo HOTPeOICHUs

Puc. 1. PacripesiesieHue peruoHOB 110 yeIbHOMY IOTPEOJICHHIO 3JIEKTPOIHEPTHHU:
1 — ¢ BBICOKHM YPOBHEM; 2 — cpeHUM; 3 — HU3KUM [7, §]

Fig. 1. Distribution of regions by specific electricity consumption:
1 — of a high level; 2 — of a medium level; 3 — of a low level [7, 8]

Jnst pernoHoB nepBoii rpynmnsl (puc. 1, obmacts 1) XxapakTepHO yBenHUYeHHUE
VIID. Ilo ucreuenun 28 ner ¢ TOYHOCTHIO A0 4 % 3TOT MOKa3aTeNlb OCTaJCA
HEM3MEHHBIM TOJIEKO B KpacHosipckom kpae (18,6 MBt1-u/rox Ha 4en.), Cepa-
noBckord u YensOunckoit o6Omactsax (11,2 u 10,8 MBtu/rog Ha wuyen).
B npenenax 11-17 % YIID Beipocno B Jlennnrpanckoit, Upkyrckoii, benropo-
ckoit, Jlumerkoit u Kemepockoit obmactsax, Pecryonmuke Kapenun u [lepmckom
kpae. OTmeTuM peruonsl, rae YIID yBennuunock B HanOombIleil cTeneHn: Xa-
kacwsi, Caxanuuckas u Kamysxckas obnactu (6onee yem Ha 90 %), Marananckas
u Amypckas obnactu (6osee yem Ha 60 %), ApxaHrensckast oonacts u Pecy6-
nuka Sdxytus (6onee ywem Ha 40 %), Tromenckas, Bonoronckas u MypmaHckas
obmactu (Oonmee yem Ha 20 %). OcHOBa BaJIOBOIO PETHOHAIBHOTO MPOAYKTA
(BPII) peruonos, B kotopsix poct YIIO mpebimaer 20 %, — noOb4a mojae3HbIX
MCKOIIAeMbIX U UX MEepBUYHAS NepepaboTKa (YepHas W LBETHAs METaJTyprus).
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Uckmouennem siBnsiercst Kamyskckast obnacts, rae ysenndenue YIID He cBsiza-
HO C Pa3BHTHEM CBHIPHEBOTO CEKTOpa IKOHOMHUKH, a 00YCIOBIEHO pean3alfei
HOBBIX HMHBECTUIIMOHHBIX IPOEKTOB, MPEUMYIIECTBEHHO B aBTOMOOMIIECTpOe-
Huu. Jlons aBTOompoMa B SKOHOMHKE naHHOTO peruoHa B 2006-2019 rr. yBenu-
gmnack ¢ 1 10 35 % u cocraBmger nopsiaka 300 mupx pyomneit [9].

Jns pernoHoB BTOpoi rpymnmsl (puc. 1, obmacte 2) XapakTepHa pa3HOHa-
MpaBJIcHHAs JUHAMUKA: KaK CHH)KEHHE 3TOro Tokasatelisi B Boirorpaackoii 06-
nmactu Ha 1/3, Tynsckoit u Kypranckoit obnactax Ha 20 %, Uysammn u bamku-
pun Ha 19 %, Tak u ero poct B 3abalikaibckoM Kpae Ha 69 %, Ha KamuaTke
Ha 51 %, B IIpumopse Ha 36 %. Kak u B perroHax nepBoil rpymnmsl, JuaepamMu
BO BTOPOH SIBIISTIOTCSI TEPPUTOPUH, SKOHOMHKA KOTOPBIX OPHEHTHPOBaHA Ha JI0-
OBIYy M TIEPBUYHYIO IepepabOTKy MOJE3HBIX HCKOMAEMbIX, a ayTcalaepaMu —
PETHOHBI C MPOMBIIIIEHHBIM M CENbCKOX035SHCTBEHHBIM TPOM3BOJACTBOM. Bo BTO-
poit rpymme cieayer otMeTuTh pocT YIID B Mockse ¢ 4,2 no 4,5 MBtu/ron
Ha ven. u Cankr-IlerepOypre ¢ 3,9 no 5,3 MBr-u/ron Ha yen. B ycioBusx Bo3pac-
TaHUS IO KOMMYHAJIbHO-OBITOBOTO MOTPEOICHNS B 3TUX TOpOJax, HECMOTPS Ha
MOSIBJICHUE TIPAKTUIECKH B KaXKJIOM JIOMOXO3SHCTBE HOBBIX THIIOB DJIEKTPOIPHOO-
POB (BCEBO3MOXKHOM IIM(POBOH TEXHUKH, CTUPAIBHBIX MAIIMH-aBTOMATOB U T. IL.),
YBEJMYEHUE JIOJH 3JIEKTPOIUIUT, POCT OKa3aJics BeChbMa HE3HAYMTENBHBIM, a ypo-
BeHb YIID ocraercs HIKe CpeaHEPOCCHICKOTO TIOKa3aTels.

Pa3BuThIM cTpaHaM mpucyina o01ias 3aKOHOMEPHOCTh — OoJiee HU3KUH ypo-
BeHb YIID B cTonuIle U KpymHBIX TOpOax 10 CPAaBHEHUIO CO CPEAHUM 3HAYCHH-
eM. B 2008 r. coOTHOMmEHHE MEXIy yAeIbHBIM moTpebnenuem Hpro-Hopka
u CIIA (7,8 u 12,0 MBtw/ron Ha 4en.) cocraBisuio 0,6; Toponto u Kana-
aet (11,8 u 17,0 MBT'u/rog Ha 4den.) — 0,69; Jlonnona u Benukobpuranuu (5,1
u 7,0 MBt-u/ron Ha 4en.) — 0,73; Tokwo m Smonmum (6,3 um 8,1 MBru/rog
Ha yen.) — 0,78 [10]; Mocksel u Poccuu (4,5 u 7,3 MBt1-u/ron Ha yen.) — 0,62.
B pesynbraTe BBIBOJa MPOMBIIUIEHHBIX MPEANPHUATHHA 3a Mpelenbl Meranoiu-
ca ¥ W3MEHEHUS PODUIIST ACATSIHEHOCTH TIPoM30H YIID MOCKBEI MpaKTHIECKH
HE M3MEHWIOCh 3a 28 neT U Haubojiee OMM3KO B 3TOM PSAY K COOTHOIICHHIO
CILIA/Hpio-Fopk, XapakTepHOMy JUIsl CTPaHbl, B 3HAYMTEIBHON CTEIEHH CaMo-
obecrieueHHOW MPUPOTHBIMU pecypcaMH, ¢ pa3BUTON MOOBIBArOIIel MPOMBIIII-
JeHHOCThI0. IIporHosupyercs, 4YTO 3JeKTpomnoTpedieHne xutens TopoHTO
B 20062030 rr. causutcs Ha 31 % ¢ 11,8 mo 8,14 MBr1u/ron Ha uen. [11]
U B uTOre OyJer BhImle TMokaszaTens Poccuiickoit deneparuu 1Mo COCTOSHUIO
Ha 2018 r. Ha 8 %, Mockssl Ha 81 %, Cankr-IleTepOypra Ha 53 %.

B tpertbeit rpymme (puc. 1, obmacts 3) YIIO B 1990-2018 rr. cHmkanocs,
pocT oTMeuaeTcs TOIbKO B pecryonukax Jlarecran (Ha 16 %) u TriBa (Ha 7 %).
HauGonpmee camkenue Y119 npousonuio B Yeuenckoi Pecriybnvke u Pecny6-
nmuke CeepHast Ocetust (Oonee yem Ha 47 %) (tadn. 1). B pecrnyonukax Kabap-
muHo-bankapus, Mapuii O, Kanmeikust u BanoBckoit obomactu YIID ymeHs-
mmiock O6onee yem Ha 1/3, B CtaBpomnonbe, TamboBckoit n OpioBckoit obmna-
cTsix — Oonee ueM Ha 20 %. Tarxoke YIIO cHusunocs B bpsuckoi, Ilensenckoit
u [lckoBckoit oomactsax. Huxke 3,3 MBru/ron Ha uen. B Kpeimy, Ansiree, Kapa-
yaeBo-Uepkecun, Murymerun. [IBeHaguaTh pernoHOB-ayTcalaepoB (Kpome



S. A. Nekrasov
Stimulating Electricity Consumption in Outsider Regions is a Necessary Condition... 191

peciyOnuk TriBa u Antaif) pacmonoxeHsl Ha tore Poccuu, yposens YIIO B Hux

He TipeBbImaeT 3,2 MBT-4/ronx Ha Jelr.
Tabnuya 1
YaeabHoe noTped/ieHue 3JIEKTPOIHEPTUH B perHOHAX
€ HU3KOii 3JIeKTPOBOOPY:KEeHHOCTHIO |7, 8]

Specific electricity consumption in regions of low specific electric power capacity [7, 8]

H3menenne yiensHOro moTpeoieH s
Y nenbHOE IOTpeOIeHUE 9JIEKTPO3HEPT MU, BEIYUCICHHOE
No JJIEKTPOIHEPTHHY, KaK COOTHOIICHUE ITOKA3aTels
/o Peruon MBrt-4/rox Ha uen. B KOHIIE MEPUO/IA K €r0 3HAYEHHIO
B HavaJie nepuoaa
1990 2013 2018 | 1990-2018 | 1990-2012 {2013-2018
1 Wurymerns HET JIaHHBIX 1,4 1,6 |Her maHHbIX [HeT maHHbIX| 1,11
2 |KabapauHo-
Bankapust 3,0 1,7 1,9 0,62 0,58 1,08
3 |Yeuns 3,6 1,8 1,9 0,53 0,49 1,07
4 |Kanmbikus 3,1 1,7 2,0 0,63 0,53 1,17
5 |Harecran 1,8 1,7 2,1 1,16 0,69 1,23
6 |Cesepnas Ocetusi-
Ananus 4,0 32 2,1 0,52 0,77 0,65
7 |ToiBa 2,4 2,3 2,5 1,07 0,97 1,08
8 |Aurait HET JaHHBIX 2,6 2,7 |HET DaHHBIX [HET JaHHBIX 1,05
9 |KapauaeBo-
Uepkeccust HET JaHHBIX 2,9 3,0 |HeT maHHBIX |[HET JAHHBIX 1,04
10 |Anpires HET JaHHBIX 29 3,2 |HeT JaHHBIX |[HET JAHHBIX 1,09
11 |[Kpbim 4.4 HET JaHHBIX | 3,2 0,73 HeT maHHbix| 1,10%
12 |Bpsiackas obnacts 3,9 3,3 32 0,83 0,85 0,97
13 |IIckoBckas 001acThb 3,5 3,0 33 0,95 0,91 1,11
14 |iBaHOBCKAas 001aCTh 5,2 3,3 34 0,67 0,65 1,04
15 |TamboBcKas 00J1acThb 4.5 32 3,5 0,77 0,70 1,09
16 |Tlen3enckas o61acThb 4,2 3,4 3,6 0,87 0,80 1,06
17 |CraBponosibe 5,3 3,6 3,8 0,72 0,71 1,04
18 |OpmnoBckas o61acTh 4.8 3,6 3,8 0,80 0,76 1,04
19 |Mapuwmii On 5,9 4,5 4,0 0,67 0,77 0,88
I[Ipumeyanue: * — u3menenue 3a 2015-2018 rr.

B pesynbraTe cOBMECTHOro aHaau3a AVWHAMUKH YHCIEHHOCTH HACEIEHHA
U 00BEMOB OJJIEKTPOIIOTPEONICHUS BBHISBICHA CIENyIOMas 3aKOHOMEPHOCTb.
[Ipoucxonut nepepacnpeneieHue HACEIEHUSI ¢ CEBEPHBIX TEPPUTOPHUM C BBICO-
kuM YIID (Mypmanckoli, Bonoroackoit, Apxanrensckold, Mpkyrckoii, Mara-
nmaHckoii, KemepoBckoi, Amypckoit obmacteid, [lepMckoro kpas, pecmyOiuk
Komu n Kapenus, UyKOoTKH ¥ T. 1.) B PETHOHBI CO 3HAYUTEIBHO 0OJiee HU3KHM
VIID — cromuunsle armomeparuu (MockBa, Cankt-IletepOypr, MockoBckas
u Jlenunrpanckas obinactu) u Ha ror crpansl (KyOaww, perumonsr CeBepo-
Kagkasckoro ¢enepanpHoro okpyra. [lostomy Hecmotpst Ha poct YIID B 607b-
IIMHCTBE PETHOHOB IO OTEIBHOCTH, B 1I€JIOM IO CTpaHe 3TOT IoKa3aTelb MpaK-
TUYECKH NTOCTOSHEH.

Bzaumocsnze VIIO u penmabenvHocmu IKOHOMUYECKOU 0esimeabHOCTU pe-
euona. CorynacHo bBoipIIOMy SHIMKIONEINYECKOMY CIIOBAapIO, AIEKTpUQUKa-
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LS — 3TO MIMPOKOE BHEAPEHHUE B MMPOU3BOJCTBO U OBIT SIEKTPHUYECKON SHEPTHH
IUIL TIOBBIMICHHUS IPOU3BOOUTEIBHOCTH Tpylda M 3()(EKTUBHOCTH IPOU3-
BoacTBa. Ilostomy VYIID sBimsercs OIHUM U3 ONPEISIAIONNX (HAKTOPOB
MIPOM3BOAUTEIHHOCTH TPyJa U YPOBHS COIMAJIHHO-DKOHOMHUYECKOTO Pa3BUTHS
peruona. PaccmoTpum B3ammocBsa3b YIID ¢ Takoil MHTerpanbHON XapakTepu-
CTHUKOW NEATENBHOCTH PErHOHAIBHBIX 3KOHOMHUK, KOMIUIEKCHO OTpakarolien
cTerneHb YPPEKTUBHOCTH MCIIONB30BAHUSI MATEPUANILHBIX, TPYIOBBIX, IEHEKHBIX
pECYpCOB M NPUPOAHBIX OOTATCTB, Kak peHTaOenbHOCTh. Ha puc. 2 mpencras-
JieHa B3auMOCBsI3b YIID U peHTaOeNnbHOCTH NPOJAHHBIX TOBApOB, PadOT, YCIYT,
MTO3BOJISIONIAs] KOHCTATHPOBATh:

e KpaliHe HU3KYIO, a B PsiJie CIy4aeB OTPUIATEIBHYIO PEHTA0EIBHOCTh MPO-
JIaKW TOBAapoOB, paboT, ycayr B pernoHax ¢ YIIO menee 3 MBT1-u/rox Ha 4edn.;

¢ BO3pacTaHre peHTadeIbHOCTH 10 Mepe yBemmaeHnus Y113 o 13,5 MBtu/rog
Ha YeI.;

o CHIDKCHHE PEHTa0ENbHOCTH MPOAaHHBIX TOBApOB, PadOT, yCIyr IpH BO3-
pactanun YIIO 6omnee 13,5 MBt1y/ron Ha 4en., 9To cTamo UMETh Ooiee BEIpa-
*KeHHbIN xapaktep B 2017 r. o cpaBHenuio ¢ 2015 r.
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Y aenpHOE IOTPEOICHUE IEKTPOIHEPTHU VY aenapHOE OTPEOICHUE IEKTPOIHEPTHH
B 2015 r., MBT14/rog Ha 4e. B 2017 r., MB1-4/rox Ha uen.

Puc. 2. B3anMOoCBsI3b yICIIEHOTO MOTPEOJICHHS DIICKTPOIHEPTUH
U pEHTa0EIbHOCTH MPOJAAHHBIX TOBAPOB, padoT, yeuyr [7, 8, 12]

Fig. 2. The relationship of specific electricity consumption
and profitability of goods, works, services sold [7, 8, 12]

Dnexmponompebnenue poccutickux pecuonos Kax mexuoyenosza. Ans ne-
TAJILHOTO MCCIICJOBAHMS TIOTYYCHHBIX 3aBUCHMOCTEH U BBISBICHHS 3aKOHOMEP-
HOCTEH TUHAMUKU UX U3MCHEHHS MPUMEHEHA METOIONIOTHS TEOPUN TEXHOIEHO-
30B [13, 14]. TexHOIEHO3 — ATO OMpEEICHHAS WCTOPUUYSCKH CIIONKHUBITIASCS,
B3aMMOCBSI3aHHAsl COBOKYIHOCTh CYOBEKTOB M OOBEKTOB COIUOKYJIBTYPHO-
TEXHUYECKOU c(hepbl, UIMEIOIINX OTHOIICHUE K MPOU3BOJCTBY U MOTPECOJICHHIO.
st TeXHOIIEHO3a CYIIECTBYET IMOHSTHUE PAa3BUTHA KaK HEOOXOIUMOTO, CyIIe-
CTBEHHOTO, HEOOPATHUMOT0, COACPKATEIBHOTO, IICJICHANPABICHHOTO H3MCHECHUS
(mBmXeHMS BO BpeMeHM). BHYTpUBUIOBOI U MEXKBUIOBOW OTOOPHI OMPEICIISIOT
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BEKTOpP Pa3BHUTHs TEXHOIICHO3a, 3a/laBas TUHAMHKY CTPYKTYPBI U 0OecrieunBas
ee ycroluuBocTh [15].
Ecnu Bce pernoHsl pacoiokuTh IO 00beMy TOTPEOICHUS DIIEKTPOIHEPTHH,

nonyuum H-pacnpenenerue A(x)= 4, / x®, e x — mopsIKOBBIT HOMEp perto-

Ha, B — XapaKTepUCTHYECKHH IapaMeTp TEeXHOLeHO3a. Poccuiickue pernoHsl
¢ nocroBepHOCThIO 0,8 SBISIFOTCS TEXHOLIEHO3aMH: CYMMapHO Ha JOJI0 MEPBBIX
mectu pernoHoB-imuaepoB (Tromenckol, Upkyrckoit, CBeputoBckoii, MoCKOB-
ckoii obnacreit, MockBbl U KpacHosipckoro kpast) mpuxoauiochk 32,5 % Bcero
3JIEKTPOTNIOTPEOSIEHUsI B CTpaHe; O0JIA IIECTH PErMOHOB C MUHHMAJIBHBIM IIO-
TpeOnennem (pecrryonuku Kanmeikusa, Amnrai, TeBa, KapauaeBo-Uepkec-
cust, UyKoTckuii aBTOHOMHBII OKpyT, EBpelickas aBToHOMHas o0jacTh) Bee-
ro 0,43 %. I'omoroe anekrpornoTpedieHue B TroMeHCKO# obnacTu U PecnyOnuke
Kanmpikun paznuuaercs B 182 paza. Kak aneMeHTHI 11000T0 TEXHOIIEHO3a, OHH
uMeroT ciabbie cBsi3u [16]. Pacnpenenenue pernoHOB 1o 00BEMY 3JIEKTPOIIO-
TpeOJIeHHsI C TOYKH 3PSHUSI TEOPHH TEXHOIIEHO30B HCCIIEAOBAIOCH HA MPOTSHKE-
Huu 20 et [16], HO ero 3aKOHOMEPHOCTH U3YUYEHBI HEJOCTATOUHO.

Jna ananuza YIIO pernoHoB Taxke npuMeHuMo H-pacnpeaenenue. [lo cytu
VIID sBngercs MylbTUIUIMKAaTUBHON CBEPTKON JIBYX HETrayCCOBBIX paclpesere-
HUI: YUCIIEHHOCTH HAacelleHUs B PErHoHe M 00beMa NOTpeOIeHHs 3JEKTPOIHEP-
ruu. [To abconmrotHOMY 3HadeHHto HanOombmee YIID B 2018 1. B PecniyOnmke Xa-
kacuu u Tromenckoit oomactu (30,9 u 26,6 MBT4/rox Ha 4el.), HAUMEHBIIICE —
B pecnyOnmmkax Wurymernn m KabGapauno-bankapuun (1,6 u 1,9 MBtu/rox
Ha 4yen.). CooTHOLIEHNEe MaKCUMaabHOrOo U MUHUManbHoro YIIO B Poccun co-
CTaBisieT 4yThb MeHblne 20-kpaTtHoil BenuumHbl. CTOJdb BbICOKas aud¢epeH-
[uanysi, mpeBblamas pasHuny YIIO pasBuThIX CTpaH, — CIEICTBUE TUCIPO-
MOpLUI pa3BUTHA POCCUNCKON 3KOHOMHKH, HAKOIUIEHHBIX B MPEABIAYIIHE IECS-
TUJIETHUS.

Pasnuunsa B oOwveme anmektpornorpebnenns PecmyOmuku Antait u Tromen-
ckoii obmactu, pecnyonuk Muarymerun u Tartapceran, IIckoBckoil 1 MOCKOBCKOM
obmacTeit 00yCIIOBIEHBI 0OBEKTUBHBEIMHU TPEANOCHIIKAMHA (TUTOIIAAbI0, YHCIICH-
HOCTBIO HaceJeHus U T. 11.). Ho npuumn mia 20-kpaTHOro pa3nudus B JIEKTPO-
noTpeblieHny Ha OyUly HAceJeHUsl rpakJaH OJHOTO T'OCYAapCTBa, MPOKUBAIO-
IIMX B Pa3HbIX PErMOHAX, TAKUX IPEANIOCHUIOK 3HauuTeabHO MeHbne. Coxpa-
LIEHUE Pa3pbiBa B MOTPEOJICHUH JIEKTPOIHEPTUH HA YEJIOBEKA — J0JITOCPOYHast
3aKOHOMEPHOCTh Pa3BUTHS MHPOBON IKOHOMHKH, TIOCKOJIbKY B pe3yJbTare Io-
BBIIIEHUSI OJIaTOCOCTOSIHUSI JKUTENEH pPa3BUBAIOLIMXCS CTPaH HCTOPHUYECKHE
NPUYMHBI UX YHEPreTHYeCKOH OEAHOCTH MEPEXOSIT Ha BTOPOCTEIECHHBIN IUIAH.
B mpenenax ogHOro rocymapcTa XUTENU peruoHoB ¢ YIIO, orimuarommmcs
B 20 pa3, He 00yIaaroT PaBHBIMH BO3MOXKHOCTSIMH IS PAa3BUTHS Pa3TUIHBIX
BUZOB SKOHOMHYECKOH AeaTelbHOCTH. M3 cTonb cymecTBeHHON nuddepeHuna-
nuu YIIO crnenyer, 4To B 9KOHOMHUYECKOM IIPOCTPAHCTBE, KOTOPOE Ha MPOTSAKE-
HHUM Oo0Jiee YeM COTHU JIET SIBJIIETCA €IMHBIM, B HACTOSIEE BPeMs 0ObEeINHEHBI
PETHOHBI C YPOBHEM JJIEKTPOBOOPYIKEHHOCTH, XapaKTEpHBIM I PAa3BUTHIX H
Pa3BHUBAIOLIUXCA CTPaH.
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Jduddepennmanus 37eMEHTOB TEXHOLIEHO3a omnpeenseTcs K03hGuurueHToM
B B dhopmyne H-pacripeneneHus U IMOKa3bIBaCT KAUSCTBEHHYIO TpaHCc(hopMaIuio,
MIPOM3ONIEIIYIO B POCCHiiCKOW dkoHOoMuKe. [locie ObicTporo pocra abCotOT-
HOM BeMWUYMHBI TU(EpEeHITHalM PETHOHOB IO 00BEMY 3JIEKTPOIOTPEOICHMS
B 1990-1995 rr. Temn mampbHEHIIETO PACXOXKIACHUS CHH3WICS, HO O0Ias TEH-
JIEHIUS OCTaJlach HEM3MEHHOU B mocienyromue 15 ner. KauecTBeHHBIE M3MeHe-
HUS HaNpaBJIEHHOCTHU mporecca npousonuy B 2012 r., Korjga Ha4aaoch CHUXKe-
Hue nquddepermanuu (puc. 3).
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Puc. 3. Tunamuxa koddurmenta f B H-pacnpeneaeHul perHoHOB
110 00BeMy diekTporoTpebnenns [7, 8]

Fig. 3. Dynamics of the coefficient B in the H-distribution of regions
by volume of electricity consumption [7, 8]

Iony4eHHblIe pe3yabTaThI U 00CYKAeHHE

HccnenoBanre 0COOEHHOCTEH PErMOHAIBHOTO AJICKTPOIIOTPEOICHUS ¢ UCIIOIb-
30BaHUEM HMHCTPYMEHTAPHS YVIIPABICHUS YCTOWYNBOCTHIO SKOHOMHUYECKIX CHCTEM
Ha OCHOBE TEOPUHU TEXHOIIEHO30B [17—19] 1MO3BONMIO BBIPA3UTh 3aKOHOMEPHOCTH,
OTpaKaroIIUe MPOUCXOMUBINKME B POCCHU MPOIECCH: HAKOIUIEHHE CTPYKTYPHBIX
JUCTIPOTIOPINI HAITMOHAJIBHON 3KOHOMHKH (B YaCTHOCTH, pocT auddepeHItnanin
perronoB B 1990-2012 rT.), Havamo KaveCTBEHHBIX W3MEHEHUH, MepeXoa K POCTy
CTPYKTYPHOH YCTOHYMBOCTH SKOHOMHUKH KaK CHCTeMBI Tiocie 2012 T.

B pasBuBaronuxcs cTpaHax JIMMUTHPYIOIIMKA (aKTop DJIEKTPOoroTpediie-
HHS — BO3MOXHOCTh IPOM3BOJICTBA 3JICKTPOSHEPTHH MIPHU CYILECTBYIOIIEM COCTOS-
HHMHM DHEProcucTeMbl. B pocculickux ke permoHax ¢ YIID menee 4 MBru/ron
Ha 4eJl. mpo0JieMa 3aKJII0YaeTCs He B YBEIMYEHHU MPOU3BOACTBA 3JICKTPOIHEP-
THH, HE B €€ Iepegade U3 COCCAHMX PErHOHOB, 4 B OTCYTCTBUU POCTA MOTPeOIIe-
HHS TpH TEKYyIIeM YPOBHE COIHAIBHO-DKOHOMHUYECKOro pa3BuTusa. Hmuskoe
3JICKTPOIIOTpeOIcHHE OOYCIIOBACHO CIIa00M pPa3BUTOCTBHIO ITPOMBIIICHHOCTH
1 CEIBbCKOTO X03sMcTBa. M eciu B pa3BUBAIOIIMXCS CTPaHax IO MEPE Pa3sBUTHS
3TUX CEKTOPOB PKOHOMHUKHA B 1990-2018 rr. VIID mOBBICHIOCE Ha AECITKH,
a B psijie CIy4aeB M Ha COTHH MPOILICHTOB, TO JIJII POCCUNMCKUX PETHOHOB-ayTCal-
JIEPOB XapaKTEPHA IIPOTHUBOIIOIOXKHAS TCHACHINS — CHIDKEHHE DJIEKTPOIIOTPED-
JIeHus Ha ayiny HaceneHus. Ckpomubiid pocT YIIO B Jlarectane u ThiBe 3a uer-
BEPTh BEKA — 3TO CTAPT ¢ HU3KOM 0a3bl, HECOIMOCTAaBUMBIN ¢ JUHAMUKON pa3Bu-
BAIOIIUXCS CTPaH, W OH JIMIIb IOATBEPIKIACT JaHHOE YTBEP)KICHHE. Y3KOe Me-
CTO — OBTO HE JHEProAchHIIMTHOCTHL PETHOHOB, HE TEXHWYECKHE OrpaHHUe-
HHUS YBEJIMUSHUA NPOM3BOACTBa 3eKkTpodHepruu [20]. CoOOTBETCTBEHHO, BEIBO
0 HEOOXOIMMOCTH HapalIMBaHHs SHEPTETHIESCKAX MOITHOCTEH M CTPOUTENHCTBA
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HOBBIX DJIEKTPOCTAHIIMM, KOTOPBLI MOKET OBITH ITOJYYEH IPH PACCMOTPEHUU
mpo0JieMbl Ha ME303KOHOMHUYECKOM, OTPACIECBOM YPOBHE 3JIEKTPOIHEPICTUKH
KaK OTJICTHHOM CHCTEMBI, SBIISIETCSI HEBEPHBIM.

CornacHo 3aKOHY HAaMMEHBIITNX, YCTOMYMUBOCTD IIEJIOTO 3aBUCHT OT HAUMEHb-
IIUX OTHOCHUTEIBHBIX COIPOTUBIIEHNI BCEX €TI0 YacTEW BO BCIKUK MoMeHT [20].
[Mo3tomy ycumust He0OX0aUMO CHOKYCHUPOBATh Ha Pa3BUTUM CEKTOpa MoTpedIie-
HUS DJIEKTPOIHEPTUH C IIETbI0 COKPAIEHUS PACXOKICHHUS POCCHUCKHX PETHo-
HOB 10 BenuunHe YIID Ha mepBoM 3Tame 10 CEMHKPATHOM BEIHMYMHBI — 3HaYe-
HUs1, COTIOCTAaBUMOTO C MATUKPATHOM paszuuieit B YIID pa3Buteix crpad. OgHa-
KO B HACTOAIIlEe BpeMs JIEUCTBYET MEXaHU3M, HalpaBJICHHBIM Ha JajbHeuIee
YBEIIMUYCHUE PETHOHANBHOU auddepeHianuy no o0beMy 3JIEKTPONoTpedie-
mus. Eciu B «TromenssHepro», «benropomdnepro», «Kys30accoHepro» morepu
Ha Iepefavy dJEeKTPOSHEePruu He IpeBbImaT 7 %, To B «MapHdIHEepro» OHU
cocraBisior 20,6 %, «Kocrtpomasuepro» — 22,4, «llckoBauepro» — 23,4, «by-
psaTaHepro» — 23,6, «anbsnepro» — 24,6, «larectansnepro» — 29,8, «Kanm-
sHepro» — 33,6 %. [lanHbii GakT He 0OBACHACTCS TOJIBKO KOMMEPUYECKUMH I10-
TEepsIMU, CHI>KEHUE KOTOPBIX B TOM MJIM MHOM CTENEHU MPOUCXOAUT BO BCEX pe-
THOHAX, a OTpa)kaeT OOINYI 3aKOHOMEPHOCTh. B pernoHax ¢ HanMEHBITUMH
YVICNBbHBIMU TOTEPSAMHU DJIEKTPOIHEPTHUU OIS MPOMBIIIIEHHOIO MOTPEOIeHMS
npesbimaer 70 %, B OTIWYHE OT PETMOHOB — aHTHIIMAEPOB 110 YAEIbHBIM CeTe-
BeIM IOTepsM. B Jlarecrane NpOMBIIUIEHHOCTh 3aHuMaer 8,5 % BPII,
B Kanmeikuu — 5,5 %. Honsa moteps B cersix 0,4-10 kB cocrasnser 60 % cym-
MapHBIX MMOTEPh AIIEKTPOIHEPTHH B CTpaHe. YUHUTHIBAs, UTO 3arpy3Ka DIIEKTPH-
yeckux cereit 0,4 kB OyneT yBeln4nMBaThCA B CBSI3M C ONEPEKAIOIIAM POCTOM
OBITOBOTO MOTPEOJICHUS ICKTPOIHEPTUH, JOJS MOTEPh B PACIPEIEITUTEIBHBIX
ceTsAX B Onmkaiiimme ropl Takoke Oyaer pactu [21].

Hecmotps Ha u3meHeHune nquHamuku ko3ddunuenta B B H-pacnpeaenecHun
PETHOHOB 1O 00BEMY AIEKTPOIIOTPEOICHYSI, B POCCUHCKON YIKOHOMUKE MPOJI0JI-
JKAIOT HapacTaTh CTPYKTypHBIE AehopManuu. [Ipy BEIOOpE JIOKaTU3allnd HOBBIX
MPOEKTOB, HAPAIAY C YPOBHEM Pa3BUTOCTH TPAHCHOPTHOH HHGPACTPYKTYPHI,
HAJIMYNEM PBIHKOB COBITA, CHIPbEBOI 0a3bl, HEMAJOBAKHBIM (DAKTOPOM HHBE-
CTHUITMOHHOW TIPUBJIECKATEIHFHOCTH SBIISIETCS COOTHONICHUE CTOMMOCTH DJIEKTPO-
SHEPIUH JUIsl TIPOMBIIIICHHBIX U CEIbCKOXO3SMCTBEHHBIX MOTpeOUTeNel ¢ aHa-
JIOTMYHBIMM TIOKA3aTelIIMH B COCEIHUX PErhoHax. B pe3ynbTaTe MosBiIsSCTCA
MOJIOKHUTENIbHAS 00paTHasl CBSA3b: 10 MEPE CHIXKEHUS MPOMBIIIICHHOTO MPOHU3-
BOJICTBAa PACcTyT MOTEPH DJIEKTPOIHEPTUM M, KaK CIICJICTBHE, IIEHBI Ha 3JICKTPO-
sHepruio. To ecTh CO3Jal0TCS YCIOBHS, IMPHU KOTOPHIX IIPOMBIIIJICHHOE U CEllb-
CKOXO03SIHCTBEHHOE TTPOM3BOJICTBO MIEPETEKAECT B COCEAHUE PETHOHBI C MEHBIITUM
YPOBHEM IIOTEPh M, COOTBETCTBEHHO, 0OOJiee HHU3KUMU H3JEPKKAMH JHEPro-
cHaO)XeHHS. A perHoHbI-ayTcaiifiepbl CTAHOBSATCS BCE MEHEE IPHUBJICKATCIbHBI-
MH JIJIs pa3BHTHs OHM3HECa M MPOJOJDKAIOT COKPAIIATh IMPOMBIILICHHOE ITPOM3-
BOJCTBO [6]. DaKTHYECKH IMPOUCXOJHUT Bce 00Jce MHTCHCUBHOE BBLITECHCHHUE
M3 PETHOHOB C HU3KOH JOJIEH IIPOMBIIIJIEHHOCTH JTIOOLIX (hOPM 3KOHOMUYECKOM
JesaTenbHOCTH. [IpudyrHa pocTa MHTEHCHMBHOCTH 3TOTO HETaTMBHOTO Ipollecca
3aKIIIOYAETCS B IOBBIIMICHHH CTOMMOCTH JJCKTPOSHEPTHH IS MPEIIPUATHHA
u Hacenenus B 2008-2017 rr., kotopoe onepenusio uusuo B 1,6 paza mis
npeanpusatui u B 1,3 paza s HaceneHus [22]. DTo MOBBICWIO CTENEHb BIIUS-
HUS Ha CONMALHO-3KOHOMHUYECKOE Pa3BUTHE PETHOHOB TOJIOKHUTEITHLHON 00pat-
HOM CBSI3U: POCT YAEIBHBIX MOTEPh B AIIEKTPOCETSIX, MOBBIIICHUE 1IEH Ha 3JIEKTPO-
SHEPTHI0, BBHITECHEHHE JIIOOBIX ()OPM IKOHOMHYECKOW JNESTENFHOCTH B COCEIHUE
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PETHOHBI ¢ MEHBIIAMH W3IEPKKaMH SHEPTOCHAOKEHUS, MUTpaIys HaCEJCHUS
B 9KOHOMHYECKH 00Jiee 0J1arornolyyHble PErHOHbI, CHIDKCHUE JIEKTPOIIOTPEOICHUSI
B peruoHax-ayTcaniepax, JaTbHEHIINA POCT yIENbHBIX MOTEPh AIIEKTPOIHEPTHH.
Takum 00pazom, o1 BIMSIHIEM 00BEKTUBHOTO (PaKTOpa — YBEITMUCHUS CTOMMOCTH
ANIEKTPOIHEPIHU MPOUCXOAUT UHTCHCU(PHKAIUS pPa3CICHHs PETHOHOB IO IBYM
TpyIaM: ¢ OTHOCHTENHHO OIIarONpUSATHBIMU YCIOBHSAMH IJISl Pa3BUTHS BCEBO3-
MOYKHBIX (DOpPM 3KOHOMHYECKOW MEATEIIFHOCTH WM CO CHIDKEHHEM CTPYKTYpPHOMH
YCTOWYHMBOCTH 3KOHOMHKU (PETUOHBI-ay TCANIEPHI).

TexTomorus TOBOPUT O TMEPCHEKTHBAX ABOJIOMUOHUPOBAHMS TaKOW CHCTEMBI:
«/lng momokuTeapHOro moabopa B MPHUPOJIE, T. €. I COXPAHEHUS WIIA Pa3BHTHS
JTAHHOTO KOMILIEKCA B JaHHOW cpeje, TpeOyercs, uToObl ObLIa OJIarompHsaTHA BCS
COBOKYITHOCTb YCJIOBHH CpeJIbl; AJIs1 OTPUIATEIBHOrO Moadopa, T. €. Ae30praHmu3a-
LMK JJAHHOTO KOMILIEKCa, JOCTATOYHO OJHOT0 HEOJAronpusTHOrO YCIIOBUS, HETIPH-
CITOCOOJIEHHOCTH XOTs ObI B OJJHOM OTHOIIEHHWH K OJHOM YacTh cpenl. Jis ociad-
JIEHUS, a 3aTeM M THOeI OpraHn3Ma HEeT HaJOOHOCTH B HAPYIICHUH BCEX MJIM MHO-
TUX YCIIOBUI: BOIIPOC PELLIAETCS OTCYTCTBUEM OIHOTO U3 HUX» [20].

PacxoxneHne 31eMeHTOB CUCTeMBI — HeoOpaTUMBIi Tiporiecc. «Pa3eneHHble
YacTH KOMILUIEKCa BIIOCIIEACTBHY MOTYT OBITh BHOBH OOBbETMHEHBI MEXKIY COOOI;
HO 3TO HUKOTZIa He OyIeT MPOCTHIM BOCCO3/IaHUEM IIPEXHETO KoMIutekca» [20].
[ToaTomy KpaliHe akTyajdpHO MOAJEpKMBaTh Hadasmuiics B 2012 r. mporuecc
CXOXKIICHUS POCCUHCKUX PETHOHOB MO 00BEMY DIIEKTPOIOTPEOICHHMS, TTOKa HE
HaYaJIuCh HEOOPATUMBIC TIOCICIICTBUSL PACXOXKICHHS YPOBHS COIMATBLHO-OKOHO-
MHYECKOT'O Pa3BUTHS PA3JIMYHBIX TEPPUTOPHUI. PerieHueM gaHHOW MpoOIeMBbI
SIBJIICTCS HE YBEIIMUEHHUE SHEPreTHUCCKUX MOITHOCTEH ISl pocTa IIPOU3BOJICTBA
3JIEKTPOIHEPTUH, HE MOBLIIICHHE DJIEKTPOINOTPEOIEHHS B S HEPrO00ECIeYeHHBIX
peruonax, ocooenno ¢ YIID Gonee 12 MBT1-u/rox Ha den. (Ui HUX XapaKTEPHO
CHIKEHHE PEHTAa0eIHLHOCTH MPOJAHHBIX TOBAPOB, PAOOT, YCIAYT MO MEPE pocTa
SHEProeMKOCTH ITPOM3BOJUMOM IIPOJYKIIMH), a4 TOBBINICHHE HHBECTUIIMOHHOU
MIPUBIIEKATEILHOCTH PETHOHOB ¢ HHU3KOM 3JICKTPOBOOPYKEHHOCTHIO, B YaCTHO-
CTH CO3JIJaHHWE YCJIOBHH JJIS IOBBINICHUS CIIpOca Ha dJIeKTposHepruto. ITpume-
POM Pa3BUTHS B TOM HaIIpaBJICHHU SIBIIIETCS SKOHOMHKA bemapycu, rioe B 1990 r.
VIID coctaBisio 3,89 MBT-u/rox Ha 4ven. CToiab CKPOMHBIM CTapTOBBIHA ypo-
BeHb OBII XapakTepeH TOJbKO it bpsHckoi u IIckoBckoii obmacrert (3,85 u
3,53 MBrT-y/rog Ha 4ein.), PacIOJ0KEHHBIX B COINOCTABUMBIX KIMMAaTHYECKUX
ycnoBusX. JIpyrue pernoHsl ¢ 00j1ee HU3KOM 3JIEKTPOBOOPYKeHHOCTRIO (Kabap-
nuno-bankapust, Ueuns, Kanmeikus, Jlarecrad u TeiBa) HaXOOSTCS B UHBIX KIIH-
MaTHUYECKUX YCIOBUSX M XapaKTEPU3YIOTCA CYIIECTBEHHO OTJWYAIOIICHCs, Me-
Hee MPOAOJKUTEILHON MCTOPHEH CTaHOBJICHHUS ITPOM3BOJIUTEIBHBIX CHII. KO-
HOMHUYECKAs IMOJIMTHKA, HAIpaBJIEHHAs HAa POCT MOTPEOJICHMS 3JIEKTPOIHEPTHH,
npuBena k pocry YIID B 2013-2018 rr. Ha 24,1 % u eme nHa 4,2 % B 2019 1.
B utore YIID B benapycu B 2013-2019 rr. yBenmumnocs Ha 29,3 % u coctaBu-
510 4,3 MBT-4/roz Ha yed.

B cooTBeTcTBHHU ¢ OOIIMM 3aKOHOM CIIpOCa W IMPEIJIOKEHUS, IS yBellnde-
HHS ITOTPEOJICHUST KaKOro-JIH00 pecypca clieayeT CHU3HUTh ero meHy. PocT siek-
TPONOTPeOJCHUS — JTO IOBBIIICHUE IOCTYIHOCTH BJICKTPOIHEPIHH. J|aHHBIH
MpoIecC JOJDKEH HMMETh IeJCHAINPABICHHBIA XapakTep. 3ajadedl dKOHOMHYE-
CKOM IMOJUTUKH SIBISETCS CTHMYIHpoBaHue pa3BUTHI M T-chepsl, MPOMBIIILICH-
HOT0, CEIbCKOXO3IMCTBEHHOIO0 ITPOM3BOJCTBA, MHTCHCH(HUKALUSA OHU3HEC-IIPO-
1IECCOB, a HE pacIIMpPeHUe TIEPEUHs] PETHOHOB C JOTUPYEMOM AJIEKTPOIHEPTHCH.
[TosTOMYy CHIDKEHHE IIEH Ha 3JIEKTPOIHEPIHIO CIEAYET IIPOU3BECTH HE AJIS BCEX
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moTpeduTeNeil, a B TE€X OTPacliaxX JKOHOMHUKH, TJ¢ AaHHAsS Mepa IPHUBEIET
K POCTY DJIEKTPOHOTPEONIEHNs, HEOOXOIUMOTO Il IOBBIMIEHUS IIPOU3BOIU-
TEILHOCTH TPYa. ITO BCE TPYIIILI HOTPEOUTENEH, 3 HCKIIOUEHUEM KUITUIIHO-
KOMMYHAaJIbHOT'O X03S1CTBA U HACEICHUSI.

l'ocynapcTBeHHOE peryNIUpOBaHUE IIEH Ha SHEPTOHOCHUTENH C IIeNIbI0 yCTpa-
HEHUs HAKOIUICHHBIX AWCOaTIaHCOB CONMAILHO-dYKOHOMHYECKOTO Pa3BUTHUS BO-
BCE HE MPOTUBOPEUYUT OCHOBAM PHIHOYHOW 3KOHOMHUKH. Hampumep, B Benuko-
OpHWTaHUM TPABUTEILCTBOM pa3padoTaHa cxeMa CyOCHAMPOBAHUS MEPOTPHATHI
IO TIOBBIMIEHUIO (H(PEKTUBHOCTH CHCTEM OTOIUICHHS YACTHBIX JOMOBIIAICHUI
M CHIDKEHHIO DHEPreTHUeCKUX moreph [23]. Oxumanue perieHus npo0IeMsl Ta-
KOro poja 0e3 rocyJapCTBEHHOI'O BMEIIATEIILCTBA B HAJEKIC Ha CaMOOPraHH-
3aIUI0 OTPACIU SABIISETCS HEKOHCTPYKTUBHEIM. «B HacTosimee Bpemsi OTpacib
B (DMHAHCOBOM OTHOIIIECHUH MPOIBETACT, U DHEPrOKOMIAHUSIM HHUYETO MEHATH HE
XOUETCS, TaK KaK CErOJHS B DJIEKTPOIHEPIeTUKY MEPEKAYHUBAIOTCS U3 PEATBHOIO
CEKTOpa dKOHOMMKHU COTHH MUJUIHAPOB PYOJIeH, U OTKA3bIBATHCS OT TAKUX JEHET
SHEPTrOKOMITAHUU HEe coriacHbl. OHM 71 TOr0 MPOJI0OOHPOBAIY IPHUHITHE COOT-
BETCTBYIOIIEH HOPMATHBHO-IIPABOBOI 0a3kbl B YCIIOBUSAX, KOI'Ia MOTPEOUTENN OKa-
3aJIMCH HE OPTaHM30BaHEI IS 3AIIMUTEI CBOMX HHTEPECOB, a TOCYAAapPCTBO KaK HOP-
MaTHUBHO-IIPABOBOM PETYJISITOP OTHOLIEHWH B 000POTE DIEKTPOIHEPTHUU U IIEHO-
BOH TOJINTHKE HE CMOTJIO OOECTIEUNTh OalaHC YKOHOMHUYECKUX HHTEPECOB, TEM
CaMBbIM 3aIlyCTHB DHEPTETHYECKUHA TOPMO3 PAa3BUTHS DKOHOMUKN [24].

PesynpTaTom pocTa mOTpeOIIeHHS 3ISKTPOIHEPTHH ITPOMBIIIICHHBIMH, CElb-
CKOXO3SIMCTBEHHBIMH M MHBIMH IIOTPEOUTENISIMU OyaeT CHHEprudyecKui 3P dexT,
3aKITFOYAIONIUNACS IS SKOHOMUKH B IOSBJICHHU HOBBIX TOYEK POCTa, CO3MAHUU
pabourx MeCT, MOBBIIIEHHU OIOKETHBIX HOXOIOB BCEX YPOBHEH, a IS dJIEK-
TPOIHEPTETUKH — B CHUKEHHUHU TIOTEPh B AIEKTPUIECKHUX CETSX.

B 3akimoueHue crnemyer BCOOMHUTB, YTO B CTPYKType cMmeThl wiana 'O2JIPO
Ha PAa3BUTHE JHEPTETHKH (CTPOUTEIICTBO DJICKTPOCTAHIIMH W DIIEKTPOCETEH )
npexycMarpuBaiiocb 7 % 0T 00IIed CyMMBI KamUTaJbHBIX 3aTpaTr, Ha TpPaHC-
nopt — 47 %, obpabarbiBatonyo uHAyCTpHIO — 29 %, moObiBaroIue oTpac-
i — 17 % [25]. Haunnas ¢ mepBbIX IaroB CTAHOBJIECHUS COBETCKOM DHEPTETHKH,
00beM (DMHAHCHUPOBAHUS PA3BUTHS CEKTOPA MOTPEOIEHHST KPATHO ITPEBOCXOIMII
3aTpaThl HA CTPOUTEIILCTBO IEKTPOCTAHIIMIA U 3JIEKTPOCETEBON UHPPACTPYKTY-
pol. CTUMYJUpOBaHHE Pa3BUTHUS CEKTOpa 3JICKTPONOTPEOJICHHUS B PErHOHAX
¢ VIID menee 4 MBT4/Toq Ha Yell. W MOBHIICHHE B HUX MPOW3BOAUTEILHOCTH
TpyHna SBISETCS 3a7adei, MMEIONIEH cTpaTermdeckoe 3HadeHHue I oOecrede-
HUSI CTPYKTYPHOM YCTOMYMBOCTH COIIMAJIbHO-3KOHOMHUYECKOTO pa3Butus Poc-
cuu. be3 ee pemeHus y rpakaaH perHOHOB C YPOBHEM DJIIEKTPOBOOPYKEHHOCTH
Pa3BUTHIX W PA3BHBAMOIIUXCA CTPaH €/Ba JIM CMOXET COXPAHSATHCS OIIyIIEHHE
MPUHAIICKHOCTH K €TMHOMY SKOHOMHYECKOMY ITPOCTPAHCTRY.

BBIBO/IbI

1. MupoBO# poCT HMOTPEOIEHUS DIEKTPOIHEPTHU — JOJTOCPOYHAs TEHJIEH-
LM, KOTOpas COXpaHUTCH elle MHorue aeciatuiaetnsa. OIHAKO B pPa3BUTHIX
M Pa3sBUBAOIIMXCS CTaHAX JUHAMMKA U3MEHEHHUS 3JICKTPOIIOTPEOICHHS pa3iin-
yaeTca. PaccMOTpeHHe YAENbHOrO IMOTPEONEHUsT 3JIEKTPOIHEPIUU Ha IYIIY
HACEJICHHS II03BOJISIET OTIACIUTH M3MEHEHHE 3JIEKTPOIOTPEOICHNUs, BEI3BAHHOE
W3MEHEHHEM KOJIMYECTBA HACCICHHUS U XO3AMCTBEHHOMN JeITEeIbHOCTH. B pa3Bu-
ThIX cTpaHax ¢ 2000-x rr. yuenpHOE MOTPeOJICHUE CKTPOIHEPTUN TIPHUOOPEIIO
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ACHMITOTHYECKUH XapaKTep, a B HEKOTOPBIX M3 HUX CTAJ0 CHIIKAThCS. B mtore
MHPOBOH POCT JJIEKTPONOTPEOIEHUS MPEUMYILECTBEHHO 00eCIeYnBaeTCs 3a
CYET PA3BUBAIOIINXCS CTPaH. Pe3yabTaToM sBisieTcs CHIbKeHue auddepenima-
LMY 110 yACIbHOMY MOTPEOJICHUIO DJICKTPOIHEPTHH Ha YTy HACEICHUS MEKIY
STHMHU JABYMS T'PYIIIIAMHU CTPaH.

2. B otnnuue ot oOmemupoBoi TeHumeHiuu, B Poccuu B 1990-2012 rT.
HENPEPHIBHO IOBHIIIANIOCH Pa3lIMUuie PETHOHOB IO YACIHHOMY IOTPEONICHHIO
JJISKTPOSHEPTUH Ha IyIly HacelleHHs. B ycioBmsx, korga audhepeHIranus
SJIEKTPOBOOPYKEHHOCTH PETHOHOB MpHOamKaeTca K 20-KpaTHOMY 3HAYCHUIO,
BO3HHUKAIOT PUCKU CHIKCHHUS CTPYKTYPHOHM YCTOMYMBOCTH CHUCTEMEI — €€ CIIO-
COOHOCTH OOecCIeYrBaTh CBOC (PYHKIIMOHHUPOBAHHWE B HM3MCHSIONIUXCS BO3ICH-
CTBHSIX BHEIIHEH CPEIbI.

3. IloBbllIeHNE CTPYKTYPHOHM YCTOMYMBOCTH BO3MOXKHO ITYTEM COKpPAICHUS
pa3peiBa B DJIEKTPOBOOPYKEHHOCTH PA3IMYHBIX PerdoHOB. OCOOEHHOCTRIO POC-
CHMCKHX PETrHOHOB-ayTCalJIEpOB SBIIACTCS OTCYTCTBHE pPOCTa YACILHOIO IIO-
TpeOIEHUs DIIEKTPOIHEPTHH (0COOECHHO Ha IOTe), TOrAa Kak B Pa3BUBAIOIIAXCS
CcTpaHax dTOT MOKa3aTellb yBeanuuBaercs. [Ipobiiema He uMeeT peueHus Ha OT-
paciIeBOM YPOBHE JJIEKTPOIHEPTETUKH, ITOCKOJIBKY OOYCJIOBJIEHA HE OTCYTCTBHU-
€M DHEPreTUYECKUX MOIIHOCTEH MM BO3MOJXKHOCTEH IIepenadu dSJIEKTPOIHEp-
THH W3 COCEIHHMX PETHOHOB, a HEIOCTATOYHBIM PAa3BHTHEM ITPOMBIIIJICHHOIO
1 CeIhCKOXO3SHCTBEHHOTO TPOM3BOJCTBA B PETHOHAX C YACIBHBIM TOTpediTe-
HHEM 3JIEKTpodHeprur MeHee 4 MBr-u/rox Ha yen. B ganHOM ciyuyae HE00XO-
JUMO Pa3BUTHE CEKTOpa MOTPEOJICHHS SHEPIHH — CO3[aHHUE HOBBIX ITPOMBIIILICH-
HBIX U CEILCKOXO3SMCTBEHHBIX IPEANPHUATHI, B IEPBYIO Ouepeab B PErHOHAX-
ayTcaplaepax. IOTH IpoIecch Hadaiauch, W Tocie 2012 r. mpousonuio kaye-
CTBEHHOE€ HW3MEHEHHE JUHAMHUKH YAEIBHOTO IOTPSONIEHUS SJIEKTPOIHEPIUU.
Poct muddepennuanum 00beMoB daekTponorpedienus B 1990-2012 rr. cme-
Hucs ee ymeHblneHreM B 2013-2018 rr. Ho TeMIbl CHMDKEHUS PacXOKICHUS
HEIOCTATOYHBI, IO3TOMY TpeOyeTcs rocyapCTBEHHAS MOAAEPKKA 10 CO3IaHHIO
ITPOMBINUICHHBIX U CEIbCKOXO3SIHICTBEHHBIX MPEIIPUATUI B PETUOHAX C HU3KUM
YPOBHEM DJIEKTPOIIOTPEOICHHUS.
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