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Abstract

The integration of electricity grids with technologies for small-scale distributed generation based on natural gas consumption is one of the most important
innovative directions for improving the reliability and energy efficiency of power systems. Synchronous operation of large energy consumers and distributed
generation systems is a new element of the electricity system. This element is an industrial microgrid, which has a unique ability to control the operating modes
of the electrical energy system compared to conventional industrial electricity consumers. The aim of this study is to develop a theory and methodology for the
use of microgrids in industrial areas under the market-based conditions of electricity and natural gas purchase. An analysis of trends in the use of small-scale
distributed generation shows that the operation of distributed generation based on renewable energy sources is not economically feasible in all countries. In some
countries, such as Russia, for example, the use of distributed energy sources powered by natural gas is the most important. The study of pricing principles for the
purchase of energy in the wholesale and retail electricity markets and for the purchase of natural gas from regional suppliers and on commodity exchanges shows
that managing the volatility of energy demand schedules can have a significant impact on the prices of electricity and natural gas used by industrial companies and
large consumers of energy resources. As part of a unified power system, industrial enterprises and small distributed generation systems simultaneously consume
electricity from the Unified Energy System, generate electricity through a distributed generation system into the internal network of the enterprise and external
network the power system, and consume natural gas through the enterprise consumption system and the distributed generation system. Synchronised operation
of an industrial enterprise and a small system of distributed generation system in the unified control system of a microgrid enables the enterprise to reduce the
combined costs of purchasing energy resources and increase the efficiency and reliability of power supply to equipment. The article presents a system of factors
influencing the demand of microgrids for electricity and natural gas consumption and develops a model for the integrated control of industrial microgrids under
their integration with the technology for managing the demand of industrial enterprises for electricity and natural gas consumption. The control algorithm
developed for a microgrid takes into account the cross effects of changes in its energy and gas demand, energy market price factors, internal constraints for
industrial load management, external external of the Unified Energy System and the Unified Gas Supply System, and the ability to meet the energy demand of
external consumers of the microgrid. The paper is of scientific and practical importance and can be used in the process of developing, implementing and managing
microgrids at industrial enterprises in Russia and around the world.
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AHHOTaLuMs

WHrerpauus 3/1eKTpUYECKUX CeTel ¢ TEXHOJIOTMSIMU MaJIOW Pacrpe/ielIeHHOM reHepalyy, OCHOBAaHHON Ha MOTPEOJIEHUU NPUPOIHOTO rasa, SBISETCsS OAHMM
13 KJIOYEBBIX HHHOBALIMOHHBIX HAIIPABJICHHUH MOBBILICHHUS HAAKHOCTU U SHEprosddexruBHocTy sHeprocucreM. CUHXpOHHAs paboTa KPYIHbIX MoTpeduTenei
9HEPIHHU U CUCTEM PACIIPE/IeNICHHOM reHepaly 00pa3yeT HOBBIN JIEMEHT IEKTPO3HEPTreTUYECKOM CUCTEMBI. DTOT 3JIEMEHT IPECTABISAET COOON NPOMBIIIIEH-
HYyI0 MUKPOCETb, KOTOpasi 10 CPABHEHUIO C OOBIYHBIMU IIPOMBIIUICHHBIMU TTOTPEOUTEIISIMU 3JIEKTPOIHEPIUM 00JIa1aeT YHUKAIBHONW CHOCOOHOCTBIO yIPABIATH
peXUMaMH PabOThI AIEKTPOIHEPTETUUECKOH CHCTeMBbl. L{esblo HACTOSIIEr0 MCCICOBAHMS SBIACTCS Pa3paboTKa TEOPHH M METOLOJIIOTHH MCIIOIb30BAHHUS MHU-
KpoceTeil B IPOMBIIUICHHbBIX 30HAX B PHIHOYHBIX YCIOBHSX MPUOOPETEHNUS SIEKTPOIHEPIUN U IPUPOHOTO ra3a. AHAIN3 TCHACHIMH B 00JIACTH MCIIOIb30BAHMS
MaJIOH pacrpeeeHHON reHepaly IOKa3bIBaeT, YTO MCIOJIb30BAHUE PacpeIeJICHHON SHEPreTUKH, OCHOBAHHON Ha BO30OHOBIISIEMBIX MCTOYHUKAX YHEPIUH,
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TIPOMBILINEHHbIE CUCTEMbI PACTIENENEHHOI TEHEPALINN KaK MHCTDYMEHT e 3HEPro3DAEKTUBHOCTLIO B NDOMBIINEHHbIX PErUOHaX
TWXE AR EER T AN D AR T RS
9KOHOMHUECKH 11e/1eCO00pa3HO He BO Bcex cTpaHax. Hampumep, B Poccuu Haubornee akTyalbHO HCIOIL30BAHUE PACIPEIECNIEHHBIX HCTOUHUKOB SHEPTHH, pa-
OOTarOIMKX Ha MPUPOJHOM Tase. VI3ydeHune NpUHIKMIIOB IEHOOOPa30BaHHs TIPH 3aKyIKe 3JIEKTPOIHEPINH HAa ONTOBOM M PO3HHYHOM PBIHKAX BJIEKTPOIHEPIUH,
a TaKKe MPH 3aKyIKe MPHPOIHOTO Ta3a Y PErHOHAIBHBIX TOCTABIMKOB M Ha TOBAPHBIX OMPIKaxX MOKAa3bIBACT, YTO yHPABICHHE BOJIATHIBHOCTBIO IPauKOB CIipoca
Ha DHEPrHIO MOKET CYIIECTBEHHO TOBIHUATH HA IIEHbI HA 3JIEKTPOIHEPTHIO U MPUPOJHBIH a3, HCHOIb3yeMbIE NPOMBIIUIEHHBIMU NPEANPUATHAMU U KPYITHBIMU
HOTPEOUTENAMH 3HEepropecypcos. IIpOMBIIIIEHHbIC MPEANPUATUS U CHCTEMbl MAJIOW paclpeie]eHHON IeHepaliH, ASHCTBYIOIINE B COCTaBE SAMHOTO JHEp-
TeTUYECKOT0 KOMIUIEKCA, OCYIIECTBIAIOT OJHOBPEMEHHOE MOTPEOIeHHE AICKTPOIHEPruy U3 EIMHOI 3HepreTHueckoil cucTeMsl, BRIPAOOTKY 3JIEKTPOIHEPIUM
CHCTEMOH pacrpe/IeNIeHHON reHepaliii BO BHYTPEHHIOKO CETh NPENPUATHS M BHEITHIOK CETh SHEPIOCHCTEMBI, a TAK/KE OJIHOBPEMEHHOE MOTpeOIeHHEe TPUPOI-
HOTO ra3a CHCTEMOI ra30mnoTpeOieHNs NPOMBIILICHHBIM TPENPHUATHEM M CHCTEMON pacrpeseleHHol reHepari. CHHXPOHU3AIHs PabOThl MPOMBIILICHHOTO
HPEANPHATUS M CUCTEMBI MaJION pacrnpeie/IeHHON IeHepaliny B PaMKax eIMHON CHCTEMBI yIPaBIEHHUs aKTUBHBIM HEPIeTHYECKHM KOMIIJIEKCOM TT03BOJISIET CHU-
3UTh KOMIUICKCHBIE 3aTPaThl HA 3aKyIKy SHEPropecypcoB MPEANPHUATHS, MOBBICUTH S3(Q(QEKTHBHOCTh U HAaJIKHOCTh SHEProcHaOKeHus obopynoBanus. B crarbe
THpeJICTaBIeHa chcTeMa (paKTOPOB, BIHMAIOIIMX HA CIIPOC HAa MOTPEOICHNE BIEKTPOIHEPIHH M PUPOJHOTO ra3a aKTUBHBIX SHEPreTHYECKHX KOMILIEKCOB, U Pa3-
paboTaHa MOJIEIb KOMIUIEKCHOTO yIPABICHUs aKTHBHBIMH SHEPreTHYECKHMMU KOMIUIEKCAMH B YCIOBHSX MX MHTEIPALlMU C TEXHOJIOTHEH YIPaBJICHHS CIIPOCOM
Ha 1oTpeOIeHre 3IEKTPOSHEPIHH M TIPUPOIHOTO ra3a MPOMBIIUICHHBIM NpeIpuaTHeM. Pa3paboTaHHbIN alropuT™ YIpaBJICHHUS aKTHBHBIM SHEPreTHYECKHM
KOMIIJIEKCOM T103BOJISIET yUECTh B3aUMHOE BIIMSIHME M3MEHEHHsI CIIPOCa Ha 3IeKTPOIHEPTHIO U TPUPO/IHBI I'a3 B COCTaBE AKTHBHOI'O SHEPTETHYECKOIO KOMILIEKCa,
IICHOBBIE (DAKTOPBI PHIHKA NIEKTPOIHEPTUM M TIPUPOIHOTO Ta3a, BHYTPEHHNE TPEOOBAHHs OrPAHNUCHNUS PETyTHPOBAHUS HATPY3KU MIPOMBIIIICHHBIX MPEANPHUS-
THIi, BHEIIIHHE CUCTEMHBIC OrpaHnueHnst ExuHol sHepretueckoit cucteMsl n EQNMHO# cicTeMbl ra30CcHaA0KEHHS, BOSMOKHOCTD YJIOBICTBOPEHHMS CIIPOCa Ha I0-
TpeOeHre MEKTPOSHEPTHU BHEITHUX MOTPEOUTETI aKTHBHOTO SHEPreTHYECKOT0 KOMILIEKCa. Pe3yibTaThl MiccIeI0BaHNs MOTYT OBITh HCIIOJIB30BaHbI B MPOLIECCE
pa3pabOTKH, BHEPEHNUS U yIPABICHHS aKTHBHBIX SHEPreTHUECKUX KOMILIEKCOB Ha MPOMBILNIICHHBIX TPEPHATHAX Poccuu 1 cTpaH Mupa.
KitroueBble €/10Ba: MPOMBIIIIEHHOE SMEKTPOCHA0KEHNE, CTOMMOCTD JIEKTPOIHEPT UM, IIPOMBIILIEHHBIH SHEPrOMEHE/KMEHT, SHEPronoTpedenue, norpedie-
HME NPUPOIHOTO Ia3a, PIHOK 31E€KTPOIHEPTHH.
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Introduction

Since the dawn of industrialisation, the global fuel and energy
sector has undergone significant changes, creating a number
of specific industries, such as electricity, oil, gas, and coal.
The energy systems of most countries have become the most
important infrastructure and backbone sectors of the economy,
the efficiency of which determines the quality and cost of the
products manufactured in a country. In today’s conditions, the
fuel and energy sectors determine the vector of strategic industrial

Online www.jsdrm.ru

and territorial development of the countries of the world. The
global fuel and energy sector is characterised by ever-increasing
demand for the consumption of energy resources. Over the past 50
years, the average annual increase in the world’s consumption of
fuel and energy resources has amounted to 2.1%. The economic
development of any territorial entity is inseparable from an
increase in the consumption of energy resources to ensure the
functioning of growing industries and territorial agglomerations,
as well as the growing needs of the population.
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The main fuels and energy resources consumed in the world
are oil, natural gas, coal, and nuclear energy, the use of which
is converted into electricity and thermal energy. Electricity
is generated by hydroelectric and renewable power plants,
which are primarily based on the conversion of solar, wind and
hydroelectric energy.

Figure 1 shows the world consumption profiles for different
fuel and energy resources in the period 1965-2020. The
consumption of fuel and energy resources is increasing in all
cases, but at different rates. For example, the growth of natural
gas consumption is characterised by the same rates for all 56
years, while the rate of an increase in consumption of oil, coal,
and nuclear energy varies significantly.

Irregularities in the consumption patterns of different fuels and
energy resources are mainly related to economic, technological
and environmental characteristics. The decline in the rate of
oil consumption since the early 1970s is due to rising prices on
world oil markets. The decrease in the growth rate of nuclear
energy consumption is due to environmental restrictions and the
suspension of the construction of many nuclear power plants
following the accident at the Fokushima-1 nuclear power plant
in Japan in 2011. The increase in coal consumption since 2007
is due to the growth of Asia-Pacific economies with their access

Fig. 1. World consumption profiles for different fuel
and energy resources for the period 1965-2020
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to coal reserves. The growth in electricity generation based on
renewable energy technologies (RES) is due to the intensification
of their development after the beginning of the 2000s.

The difference in the structure of consumption of fuel and
energy resources is not only in the level of development of the
world fuel and energy sector. The structure of the energy mix
is highly differentiated in the territorial and national contexts.
Figure 2 shows the structure of fuel and energy consumplion for
electricity generation in the countries of the world in 2020. While
natural gas accounts for 38% of electricity generation in North
America, it accounts for 18% in South America. In the Middle
East, 28% of electricity is generated from oil, and in Europe,
APAC, and the CIS, the share is no more than 2%.

Taking into account the constantly increasing cost of primary
energy resources on world markets, the depletion of primary fuel
and energy resources in most countries, the intensive growth
of energy demand and the significant environmental impact of
the energy industry, most countries are currently developing the
concepts of ‘energy transition’, or ‘energy turnaround’ (German:
Energiewende). The concept of energy transition is based on
the gradual replacement of fossil fuels with renewable energy
sources.

Figure 3 shows graphs of the installed capacity of RES power
plants in 2011-2020. The growth rate of installed solar capacity
in the last decade of the period was 29% per year, while wind
generation averaged 14% per year. According to 2020 results,
the share of electricity consumption based on RES was 98.4%

Fig. 2. Structure of consumption of fuels and energy resources
for electricity generation in the regions of the world in 2020
(1 is natural gas, 2 is oil, 3 is coal, 4 is nuclear,

5 is hydro, and 6 is RES)
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average cost of a kilowatt-hour of electricity supplied in Russia is
on average 8 cents, which is 2 times lower than in France, Spain,
and Hungary and more than 3 times lower than in Great Britain,
Germany, Denmark, etc.

The low cost of electricity in Russia makes the global trend
towards intensive deployment of renewable energy sources
relatively less relevant for Russia. In 2020, the share of electricity
generation from RES (excluding large hydroelectric power
plants) was 41% in the UK, 28% in Finland, 19% in Brazil,
12% in Japan, but only 0.32% in Russia. The low share of RES
electricity generation in Russia is related to the uncompetitive
prices of RES electricity generation compared to conventional
electricity sources using relatively cheap natural gas.

Now the trend in Russia is the growing demand for electricity
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Source: Electricity information 2020 IEA. Report of International En- transmission facilities are distributed among the industrial sites

ergy Agency. http://data.iea.org.

in Norway, 84.1% in Brazil, 80% in New Zealand, 68.4% in
Sweden, 67.7% in Canada, etc. These statistics include both
large hydro plants and distributed generation. The fact that
the share of renewable energy generation is high in many
countries and is increasing year on year once again confirms
the prospects for the development of distributed energy and
RES around the world.

Figure 4 shows statistics on the volume of production and
import (export) of different types of energy resources in 2020
for the top 10 largest countries. As can be seen from the graph,
Russia is the third largest producer of energy resources in the
world, after China and the United States. Russia’s share in
the global energy mix is 10% of the global energy resources
consumed. In 2020, 47.6% of the energy produced was
exported. Russia is the world’s second largest oil producer
after the United States. In 2020, 45.7% of oil produced
was exported. In terms of natural gas production, Russia is
second only to the United States, and well ahead of most of
the world’s economies that produce natural gas, accounting
for 17.6% of the world market. The share of Russian exports
of produced natural gas is 34.2% in 2020. Russia is the third
largest exporter of liquefied natural gas (LNG), a market that is
actively developing. Russia ranks sixth in the coal production
market, with 45.9% of coal production exported. In 2020,
Russia was the world’s fourth largest electricity producer.

The share of natural gas consumption in the structure
of fossil fuels used in Russia in 2020 was 75.5%. In most
countries of the world, this figure is significantly lower,
averaging 33.4%. The domestic production of natural gas
in Russia determines the pricing policy for natural gas on
the domestic market, the cost of which is one of the lowest
in the world. It averages $ 100 per thousand cubic metres,
which is more than 10 times lower than in Sweden, Spain, the
Netherlands, Italy, France, etc., and more than 5 times lower
than the average world price.

The cost of natural gas supplied to the Russian domestic
market and the high share of natural gas consumption in the
structure of electricity generation determine the prices of the
supplied electricity sold to the country’s domestic market. The

Online www.jsdrm.ru

for which the power grids were built, and despite the fact that
the distributed capacities are not fully utilised, their distribution

Fig. 4. Production and import (export) volumes of energy resources
for the top 10 largest countries in 2020
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in favour of other electricity consumers is
impossible.

According to modern Russian and world
legislation in the field of technological
connection to power grids, with the exception of
certain cases, the consumers of electricity pay
all the costs of performing works to increase
the permissible power for the consumer. Thus,
if it is necessary to increase the permitted
power consumption, the enterprise has to pay
all the costs of increasing the power of supply
transformers, strengthening cables, building
cells, etc. In some cases, the cost of increasing
the connected capacity of an industrial
enterprise can be in excess of $§ 1 million
for I MW of additional allowable power.

Figure 5 shows the number of submitted
and satisfied applications for technological
connections to power grids with a maximum
power of up to and over 670 kVA in Russia
in 2012-2018. The number of applications

Dzyuba A.P,, Semikolenov A.V.
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Fig. 5. Number of submitted and accepted applications for technological connections
to power grids with a maximum power of up to and above 670 kVA
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submitted by consumers for technological
connection to power grid facilities of power grid organizations
significantly exceeds the number of concluded contracts for
technological connection to power grid facilities. The same trend
is observed in many countries of the world.

The growing demands for electricity consumption and for the
construction of new industrial facilities or increasing the capacity
of existing technological links determine the need to find modern
solutions to improve the efficiency of power supply to industrial
enterprises. We believe that these circumstances determine the
priority of the development of Russian small-scale distributed
power generation based on natural gas.

The installation of small distributed generation systems
(SDG) has a number of economic advantages.

e Payment for the cost of electricity transmission services
and sales surcharges from regional electricity suppliers are
excluded.

e Payment for the cost of electricity as part of electricity
purchasing cost is excluded.

e Costs for technological connection and increase of
operational connection capacity are excluded.

e [osses during the electricity and heat transportn are
minimised [Abdulkareem et al., 2021].

e The probability of overpaying for electricity and heat due
to errors in the consumed energy resources is significantly
reduced.

e Small distributed generation systems have the following
technological advantages.

e [t is possible to regulate the load of distributed generation
according to the characteristics of a company’s
performance.

e The reliability of the energy supply increases.

e The quality of the electricity consumed increases.

e [tispossibleto control the reactive power balance [Liuetal.,
2019].

According to the estimates of the EnergyNet Infrastructure

Center, Russia, realising the potential of distributed energy will
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allow the Russian economy to receive economic benefits of up
to 150 billion rubles ($ 2.5 billion) in 2020-2028, taking into
account the deduction of investment costs [Lin et al., 2021].
One of the modern ways of using and developing the distributed
generation (DG) systems is operate them as microgrids.

1. Analysis of research studies
on the use of distributed energy

Modern foreign scientific research into the use of distributed
generation technologies is largely devoted to simulating the
operation of DG systems with a centralised power supply system
and increasing the sustainability of consumer power supply.
Studies [Beltran, 2020; Matos et al., 2021] investigate increasing
the stability of parallel operation of distributed generation systems
with centralised power supply systems. Studies [Martinez et al.,
2021; Sandhya, Chatterjee, 2021] focus on reducing failures and
improving the quality of power supply for distributed generation
systems. Studies [Anuradha et al., 2021; Baghbanzadeh, 2021]
focus on reducing losses during operation and distribution of
electricity generated by DG systems.

Many modern studies in the field of application of distributed
generationsystemsdeal withtheproblemsofintegrationwithmodern
digital control and management systems. The intelligent control
of distributed generation systems is studied in [Howlader et al.,
2015; Kakran, Chanana, 2018; Li, Chen, 2022]; the execution
of digital behavior simulation of DG systems is carried out in
[Belmahdi, El Bouardi, 2020; Valencia et al., 2021]; and the
researches [Rahiminejad et al., 2016; Menke et al., 2019] focus
on the improvement of digital monitoring and planning the
operating modes of DG systems.

Since the development of electricity markets in most countries
of the world has reached a high level, a significant part of the
global studies in the field of distributed generation focuses on
the integration of distributed energy with energy market pricing
mechanisms. Examples of such works are studies [Craig et al.,
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2018; Abdulkareem et al., 2021] dedicated to improving the
quality of planning and analysis of energy markets in the context
of integration of the energy system with distributed generation
sources. Studies [Yu et al., 2018; Liu et al., 2019] address the
issue of economic modelling of options for the operation of DG
systems in energy markets. Studies [Kumar et al., 2018; Lin et al.,
2021] have contributed to the simulation of the distributed
generation operation, taking into account the signals and
characteristics of the energy market.

Much scientific research is devoted to the use of RES-
based distributed generation [Garlet et al., 2019; Samper et al.,
2021; Zhang et al., 2021] and industrial energy storage systems
[Yanine etal.,2019]. Articles [Howladeretal.,2016; Nakadaetal.,
2016; Wang et al., 2018] focus on the integration of distributed
energy with modern control and management technologies.
The problem of improving the reliability of power supply to
consumers, taking into account the operation of distributed
generation systems based on demand response is studied in
[Poudineh, Jamasb, 2014; Nejad et al., 2019].

Many Russian scientists have also devoted their work to the
use of distributed energy systems. The problem of improving the
reliability of power supply systems is studied in [Nepomnyashchiy,
Ilyushin, 2013; Rytsova, 2018; Khudyakov et al., 2020].
Distributed energy systems in technologically isolated areas of
the country are studied in [Chulyukova, 2019; Nurmukhametov,
2020; Sichevsky, Dolgopol, 2020]. The studies [Kuchin et al.,
2010; Ragutkin, 2013; Abramovich, Sychev, 2016; Eljrushi et al.,
2019; Pogodin, 2019; Tepchikov, Stashko, 2019; Lukyanov 2020]
focus on improving the quality of electrical energy. Russian
scientists devote their research to the issues of reducing power
losses in distributed generation systems [Ilyushin et al., 2019;
Myshkina, 2019]. The effectiveness of electricity cogeneration in
distributed energy supply systems and highliting the advantages
compared to generation of a single type have been evaluated in
[Pivnyuk, 2008; Safonov et al., 2016; Dormidonov, 2019]. The
problem of increasing the efficiency of distributed energy sources
based on cogeneration technologies has been studied in [Lachkov,
Fedyaev, 2015; Makarova et al., 2018; Nalbandian, Zholnerchik,
2018].

Despite the wide range of research areas in the field of distributed
generation, not so many modern scientific studies pay attention to
the use of microgrids and develop methodological approaches to
the integrated control of electricity and natural gas purchase costs in
the control of microgrids at Russian industrial enterprises [Dzyuba,
Semikolenov, 2021a; 2021b; Dzyuba et al., 2022].

An industrial microgrid is an electric power generation
facility with an installed generating capacity up to 25 MW, which
has direct electrical connections with power receivers of an
industrial electricity (power) consumer and only one electrical
connection to the Unified Energy System and simultaneously
regulates and controls power generation and consumption within
a single balance flow. The control process takes into account the
possibilities of pricing parameters for the purchase of electricity
(power) and natural gas in the current conditions of the energy
market and the existing technological restrictions on the permitted
power consumption by the power receivers. All components of
the industrial microgrid are synchronously controlled on the basis
of intelligent functionally integrated devices.

Online www.jsdrm.ru
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2. Development of methodological foundations
for microgrids of the electricity market

Distributed generation systems using natural gas are
generally installed near the production sites of large industrial
enterprises or directly on the territory of such enterprises.
Usually, the electrical load of such enterprises is the main one for
DG systems. When designing the power and operating conditions
of a generation system, the characteristics of the electricity and
power consumption of the base enterprises are taken into account.

It is advisable to locate distributed generation systems close
to the sites of electricity consumers for the following reasons.

e Marketing of both electricity and heat energy is possible.

e The systems are located close to distribution gas pipelines.

e The generated electrical and thermal energy is transmitted
directly to the consumer with low losses.

e [t is possible to synchronise the operating modes of the
plants when producing and consuming both electric and
thermal energy.

e No need to pay for the transmission through regional
electricity networks.

e No need to sell the generated electricity according to the
rules for the subjects of the wholesale electricity (capacity)
market.

e No need to control a power plant with the dispatching
participation of regional and unified energy systems.

e The environmental impact when generating electricity and
heat is reduced.

e [t is possible to regulate the demand for electricity and
natural gas consumption from the Unified Energy System
and the Unified Gas Supply System (for enterprises
operating in Russia) [Dzyuba, 2020; Dzyuba, Solovyeva,
2021a].

A distributed generation system has a direct electrical
connection to the power receivers of an energy consumer, which
provides a unified operating system for the consumer and the DG
system. The power receivers of both the energy consumer and the
DG system also have a parallel connection to the Unified Energy
System, which determines the possibilities and limitations for
controlling the microgrid system.

Figure 6 shows the structure of a microgrid based on a typical
industrial enterprise. The industrial enterprise has consumers of
electricity and natural gas that use energy resources for both basic
production needs and for auxiliary needs of the enterprise.

The distributed generation plant also has a generator that
produces electricity and a gas turbine that produces high-pressure
steam to run the generator. The gas turbine is connected to the
gas supply system of an industrial enterprise and consumes
natural gas to run the generator and generate electrical energy
for the electrical network of an industrial enterprise. A system
of electricity and gas supply to an industrial enterprise has
technological connections with the Unified Energy System and
the Unified Gas Supply System.

The operation modes of electricity and gas-consuming
facilities of an industrial enterprise should be synchronised with
each other not only directly, i.e. the generation of electricity
by a generator, the consumption of electricity by an industrial
enterprise, and gas consumption by a distributed generation
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Fig. 6. Industrial microgrid structure
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Fig. 7. Structure of a methodical approach to control microgrids
of an industrial enterprise

of the equipment

Maintaining the reliability | _

Fulfilling production
schedule

Ensuring the quality
of technological processes

Reducing the specific
costs for electricity
production

Natural gas purchase

Reducing the cost
of complex consumption
of electricity and natural gas
by an enterprise operating
with an industrial microgrid

Electricity purchase

Reducing the specific
costs electricity
consumption

- s - X —
Natural gas Natural gas “Electricity” “Electrical “Transmission
on the regional on the commodity com oner)x/t power” service”
market exchange P component component
S b S —\
Schedule
Electricity production ./ control of electricity Electricity

schedule control

total consumption
by the industrial microgrid

Natural gas
consumption schedule

Energy market factors

Cost factors

External
operation factors -

Internal
technology factors™ —

Internal -
organization factors

SDG factors

Demand respose
control factors

Demand-shift
cross-impact factors

Schedule control of total
natural gas consum-
ption by the indust-
rial microgrid

Schedule control consumption

of energy- schedule control
consuming
equipment

of the industrial Natural gas
enterprise consumption

schedule control

Enterprise electricity
consumption scheduling

SDG electricity generation scheduling

Model
structure

Scheduling gas consumption
by the enterprise and SDG

of controlling
the industrial
microgrid

Price forecast for electricity
and gas market

o
“|
~

O

modes scheduling

Analysis of the cross impact of electri-

Equipment operating ‘

city and gas consumption schedules

Source: [Dzyuba, Semikolenov, 2021b].

106

YMEHT YNpaBneHA 3Heproa(eKTMBHOCTbIO B MPOMbIWNEHHbIX PErMOHaX

4500
4000
3500
3000
2500
2000
1500
1000

Dzyuba A.P,, Semikolenov A.V.
[lsi06a A.IM., Cemwkonetos A.B.

system and the natural gas consumers of the enterprise, but also
comprehensively, i.e. the system of generation and consumption
of electricity should be synchronised with the consumption of
natural gas.

The management of an industrial microgrid is further
complicated by the fact that the power and gas supply systems of
the industrial microgrid should be synchronised with the Unified
Energy System and the Unified Gas Supply System, with which
the industrial enterprise and the microgrid as a whole operate in
parallel within a single technological, regulatory, and economic
environmental control.

Figure 7 shows the proposed methodological approach to the
control of industrial microgrids operating in industrial enterprises.
The target function of implementing the methodological approach
is to reduce the cost of complex consumption of electricity
and natural gas by the industrial microgrid. The limits of the
microgrid control are maintaining the reliability of the equipment
of an industrial enterprise and the distributed generation system,
meeting the production schedule of the industrial enterprise and
ensuring the quality of technological processes in the industrial
enterprise and the DG system. In order to achieve the target
function, it is necessary to achieve the conditions of synchronous
simultaneous reduction of specific costs both for the electricity
production by the DG system and for electricity consumption.

When controlling the cost of purchasing natural gas, it is
necessary to take into account the cost of purchasing both on
the regional market and on the commodity exchange. When
purchasing electricity, it is necessary to take into account the
purchase on both the wholesale and retail electricity markets
for all main components: the cost of electricity and the cost of
electricity transmission services.

Fig. 8. Hourly graphs of the standard day electricity demand
for different types of consumers
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The control of the electricity and gas purchase cost parts
for an industrial microgrid is based on the total simultaneous
control of the electricity production schedule of the distributed
generation system. Electricity is supplied to the internal network
of an industrial enterprise according to the schedule of electricity
consumption of an industrial enterprise from the Unified Energy
System and the schedule of natural gas consumption by a DG
system and gas-consuming equipment of an industrial enterprise.
This results in the control of the schedule of total electricity and
natural gas consumption by the industrial microgrid. The proposed
methodological approach to control the industrial microgrid of an
industrial enterprise can be adapted to the infrastructure of energy
markets in various countries of the world, where the circulation
of electricity and natural gas is carried out within competitive
pricing models.

3. Industrial microgrid control integrated
with the demand management technology

The shape of the electricity demand curve for an industrial
enterprise operating in any country in the world is uneven due to
the peculiarities of the operation of the main and auxiliary power
consuming equipment [Matos et al., 2021]. Figure 8 shows
examples of hourly graphs of standard day electricity demand
for different types of consumers. Depending on the specifics
of an industrial enterprise, the shapes of the
electricity demand curves are individual,
which is expressed in the nature of the daily
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Fig. 9. Electricity consumption schedules and operating
schedules of industrial enterprise equipment
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Source: [Dzyuba, Semikolenov, 2021b].

Operational factors are factors influencing changes in the
schedules of power consumption of industrial enterprises when
controlling operating modes of equipment within the production
of specified product groups.

Meteorological factors are factors influencing changes in the
electricity consumption schedules of industrial enterprises caused
by the influence of changes in environmental indicators, such as
air temperature, illumination level, precipitation intensity, etc.

Fig. 10. Structure of the influence of different factors on the uneven demand
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Socio-economic factors are factors influencing the change
in the electricity consumption schedules of industrial enterprises
associated with the influence of the schedules of the enterprise,
its work in shifts, and the sequence of weekends and working
days.

Production and regime factors have a direct effect, while
meteorological and socio-economic factors have an indirect
effect on the working hours of production and auxiliary
equipment in industrial enterprises. The structure of the
influence of various factors on the uneven demand for electricity
consumption at an industrial enterprise is shown schematically
in Figure 10.

The existing instruments of the wholesale and retail
electricity markets in Russia and in most countries of the world
provide, firstly, for the formation of the final cost of electricity
based on the cost of its individual components, and secondly, for
the formation of each component of the cost for the industrial
consumer individually. The peculiarities of the uneven schedule
of electricity demand for a particular consumer should be taken
into account.

The cost of electric energy purchased by Russian industrial
enterprises consists of the cost of electricity, the cost of electric
power, and the cost of electricity transmission services [Dzyuba,
Solovyeva, 2020a; 2020b].

The “Electricity’ component of the cost reflects the payment
per unit of electricity generated by the power plants of the
electricity system. The ‘Electric power’ component of the cost
reflects the payment by the consumer for the possibility of
uneven consumption of electricity from the power system and
an increase in the schedule of electricity consumption to the
maximum permitted values. The ‘electricity transmission service’
component of the cost reflects the cost to the electricity system of
transmitting and distributing the electricity generated, taking into
account irregular demand.

The electricity cost is calculated according to the formula:

SKCZZ[VV[XP’], (1)
where W, is hourly electricity consumption of an industrial
enterprise during the study period (kWh), P, is the price for the
purchase of the electricity component formed for an industrial
enterprise (rubles/ kWh).

Figure 11 shows an example of hourly prices for electricity
supply in Tyumen Oblast in November 202 1. Taking into account
that the prices of sold electricity are characterised by unevenness
that repeats the form of volatility of the demand for electricity
consumption, the cost of electricity sold on the wholesale and
retail electricity markets increases during the day, and, on the
contrary, decreases at night. The difference between the day and
night prices can reach 55% on some days. Considering that the
share of the electricity component in the structure of the total
cost of purchasing electric energy by industrial enterprises can
reach 40%, the difference between night and daytime peak prices
can have a significant impact on the amount of an industrial
enterprise’s costs.

Therefore, by managing the daily fluctuations in an electricity
in an industrial company’s electricity demand schedule, it is
possible to achieve a reduction in the cost of purchased electricity:

S, .=/ (W,). o)
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Fig. 11. Hourly prices for electricity supply in the Tyumen Oblast
in November 2021
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Source: compiled by the authors.

Such management of the electricity demand schedule is
called price-responsive demand for electricity consumption,
which is the management of the uneven schedule of hourly
demand for an enterprise, consuming electricity from the Unified
Energy System, depending on the price signals of the energy
market environment according to the minimum cost criteria for
purchasing electricity.

Price-dependent electricity consumption by industrial
enterprises is a tool for managing the demand for electricity
consumption, which is an initiative form of economic interaction
between the electric power industry entities and electricity
consumers aimed at jointly levelling the volatility of demand
schedules for electricity consumption on the scale of the Unified
Energy System [Baev et al., 2018].

The implementation of price-responsive electricity
consumption mechanisms makes it possible not only to reduce
the electricity purchase costs for each individual industrial
enterprise, but also to cut down the expenditure of the Unified
Energy System for uneven demand in the energy system of the
country as a whole.

The electric power cost component is calculated according
to the formula:

S =T x P 3)

whereﬂ Tepjj; is thgi power value accepted for calculating
enterprise obligations for purchasing electric power per month
m (kW per month), P, is the price for power that is valid for
enterprise obligation payment for purchasing electric power per
month m (rubles/kW per month).

For each billing month, P, is formed based on the market
pricing while T~ is formed based on the personal power
demand schedule of the industrial enterprise:

Tep,c,m =W.. > T;Jeak,region,SO ) (4)
where W, is the average hourly electricity consumption of an
industrial enterprise for a calendar month m(kW), Tpea recion_so 18
the peak hour of the regional electric power system on working
days during the periods of planned peak hours determined by JSC
‘System Operator’.

Figure 12 shows an example of the value ... formation for
an industrial enterprise.

The value used to calculate the indicator .. per day is taken
as the number of hours in which the peak hour of the regional
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Fig. 12. An example of the value .., formation
for an industrial enterprise (kW)
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Source: compiled by the authors.

electric power system was formed. The electricity consumption
of an industrial enterprise per peak hour of the regional electricity
system can be quite different. The consumption in this hour can
be either very large or very small, which significantly affects the
purchase cost in the electricity cost component.

In this way, it is also possible to reduce the cost of purchased
electricity by managing the daily fluctuations in an industrial
company’s electricity consumption pattern:
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Table 1 shows peak hours of electricity systems in some
regions of Russia for November 2021.

Despite the fact that the number of peak hours of the electricity
systems in different regions is quite different, the number of peak
hours in each region does not differ significantly, which allows
their prediction with a sufficiently high degree of accuracy.

The electricity transmission cost component is calculated
according to the formula below:

See = (Tuee X 2 W)+ (T X W), (6)
where T . is the cost rate of technological consumption (losses)
within the two-part tariff for electricity transmission (rubles/kWh),
Tewe e is the cost rate to maintain electricity networks within the
two-part tariff for electricity transmission (rubles’/kWh), > W, . is
monthly electricity consumption of an industrial enterprise (kWh),
Wi w is the average maximum hourly electricity consumption of an
industrial enterprise during the planned peak hours of the power
system in working days for a calendar month m(kW).

Teee is the most significant of the two summands of
formula (3), and cost management for the Te - value considerably
reduces the cost of purchasing electricity in its transmission
service component. Depending on the level of the rated voltage,
according to which the cost of the transmission service is
calculated (LV, MV2, MV1, or HV), the transmission service cost

S, =fW). ®)) component can reach 50-60% in the tariff structure.
Table 1
Number of peak hours of electric power systems in some Russian regions for November 2021
Data Kemerovo | Krasnoyarsk Ny\irzghor:%d Novosibirsk Perm Republic of Sverdlovsk Komi_ Oryol
oblast oblast oblast oblast oblast Bashkortostan oblast Republic oblast
01.11.2021 15 15 11 11 N 17 B 17 N 17 N 18 N 19
02.11.2021 15 B 14 11 B 15 17 17 17 19 19
03.11.2021 15 I 14 11 [ 7 17 17 17 18 11
04.11.2022
05.11.2022
06.11.2023
07.11.2023
08.11.2021 15 15
09.11.2021 B 15 B 15
10.11.2021 B 15 G
11.11.2021 B 15 B 14
12.11.2021 B 15 B 15
13.11.2021
14.11.2021
15.11.2021 15 14
16.11.2021 B 14 15
17.11.2021 R 15 I 14
18.11.2021 15 I 14
19.11.2021 i 15 I 14
20.11.2021
21.11.2021
22.11.2021 15 15
23.11.2021 15 15
24.11.2021 B 15 B 15
25.11.2021 B 15 B 14
26.11.2021 B 15 B 14
27.11.2021
28.11.2021
29.11.2021 15 14 10 | 8 17 | 8 17 18 11
30.11.2021 15 I 14 11 o7 N 16 17 17 18 11

Source: compiled by the authors.
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Fig. 13. An example of forming the value W, ,,
for an industrial enterprise
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Source: [Dzyuba, Semikolenov, 2021a].

Figure 13 gives an example of forming the value W, . for an
industrial enterprise. It shows that, regardless of external factors,
the value ... depends only on the value of internal demand for
the power consumption of an industrial enterprise, which the
enterprise can manage.

Therefore, by managing the daily irregularity of the demand
schedule for electricity consumption of an industrial enterprise,
it is also possible to reduce the cost of electricity transmission:

=IO, )

Table 2 shows the periods of planned peak load hours of a
power grid in the areas of the first and second price zones for the
first half of 2022.

The periods of planned peak hours are approved before the
beginning of the calendar year and are known to the industrial
enterprises, enabling them to manage their demand schedules
according to the cost-minimising indicators of the electricity
transmission service.

Thus, all components of the cost of electricity purchased by
an industrial enterprise on the retail and wholesale electricity
market depend on the value of three components, namely the
cost of electricity, electric power and electricity transmission
services, the value of which is directly related to the nature of the
enterprise’s demand schedule:

S.=5,,+8,.5 . =fW), (®)
where S is the cost of electricity purchased by an industrial
enterprlse (in roubles).

A distributed generation system, operating as part of an
industrial enterprise, generates electrical energy in the internal
network of the industrial enterprise, thereby substituting the

Dzyuba A.P,, Semikolenov A.V.
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Fig. 14. Diagram of distributed power generation in the network
of an industrial enterprise
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Source: compiled by the authors.

enterprise’s consumption of electricity from the Unified Energy
System with the electricity generated in the enterprise’s network.
Managing the schedule of electricity generation into the network
of an industrial enterprise makes it possible to control the demand
schedule of the enterprise for consuming electricity from the
Unified Energy System, and thus to manage all cost components
of purchasing electricity, namely, the cost of electricity, electric
power and transmission service (Figure 14).

Figure 15 shows the influence of external and internal
factors on the operation of a distributed generation system in an
industrial enterprise. Internal factors include electricity demand
characteristics of the enterprise and the operating mode of the
DG system. External factors include system constraints and the
functional capabilities of the enterprise’s power grid, including
those for feeding electricity into the grid. Indirect factors affecting
the operation of a DG system include price factors.

Table 2
Periods of planned peak load hours of a power grid within the territories of the first and second price zones for the first half of 2022

From 8th to 13th

From 8th to 15th  From 8th to 15th  From 8th to 16th

First pricing zone E(r)?llrr; dinio 2l and from 17th E(r)(l)lrrr; dinio 2l and from 18th and from 20th and from 20th
to 21th hours to 21th hours to 21th hours to 21th hours
I . From 5th to 8th From 5th to 8th From 5th to 8th From 5th to 8th From 5th to 8th From 5th to 11th
Jone p g and from 11th to  and from 12th and from 13th and from 13th and from 13th and from 13th
17th hours to 17th hours to 17th hours to 17th hours to 17th hours to 17th hours

Source: [Dzyuba, Semikolenov, 2021a].
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As an internal factor, the electricity demand characteristics
of an industrial enterprise influence the operation of a distributed
generation system, resulting in the peculiarities of the internal
unevenness of the enterprise’s electricity demand and determining
the limitations and capabilities of the DG system to generate
electricity into the industrial enterprise’s network and control the
production schedule.

External factors such as system constraints and functional
capabilities of the enterprise power grid manifest themselves
in possible cross-flow limitations, fuel limitations, fuel supply
limitations, etc.

The main indirect factors influencing the operation of
a distributed generation system are price factors, which are
expressed in the prices for the production of electricity by the DG
system, the alternative costs of purchasing electricity from the
power grid. It is necessary to take into account the dependence on
the time period and the nature of the irregular demand schedule,
fuel prices, prices for repairing the DG system, etc.

Based on the study of the characteristics of the pricing of
electricity supply to enterprises, the perculiarities of DG system
operation, and the external and internal factors affecting their
work, the authors have developed a model for the control of
industrial microgrids, integrated with the technology for the
control of electricity demand (Figure 16).

As part of the model implementation, the
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s B L R i
of optimising the generation costs and modelling different
generation schedules according to the criteria of minimising the
production costs of a DG system for an industrial enterprise are
analysed.

Based on the results of the analysis of the two main areas,
modeling the scenarios for the consumption of electricity by
an enterprise and the generation of electricity by a distributed
generation system within the framework of an industrial
microgrid system are performed.

The modelling takes into account the existing constraints,
such as the need to fulfil the production plan of the enterprise
and to ensure the system reliability of the enterprise and the
technological stability of the equipment of the enterprise and the
DG system.

The results obtained are the basis for adjusting the planned
hourly schedules for the operation of production and auxiliary
equipment at the industrial enterprise, planning hourly schedules
for electricity generation by the distributed generation system,
and synchronising the planned parameters of the enterprise and
the DG system according to economic parameters, consumption
schedules of electricity generation, technological parameters and
operating conditions. Electricity consumption not covered by the
generation of the distributed generation system is consumed from

Fig. 15. Factors affecting the power consumption of an industrial microgrid
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The obtained value of the planned cost
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Source: compiled by the authors.
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the Unified Energy System under the conditions of electricity
supply from the wholesale or retail electricity markets, which is
taken into account when modelling the operation of the industrial
microgrid.

Thus, the management of industrial microgrids under their
integration with the technology for the control of electricity
demand includes the analysis of factors and the internal and
external parameters of the enterprise and DG system operation
within a unified industrial microgrid system with simultaneous
electricity consumption by an industrial enterprise from the
Unified Energy System under the conditions of the wholesale and
retail electricity market. The functioning of the model includes

Fig. 16. Industrial microgrid control model

integrated with electricity demand response technology

Dzyuba A.P,, Semikolenov A.V.
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planning the operation of the industrial enterprise and distributed
generation, forecasting the demand for electricity consumption
and electricity market parameters, and modelling various
scenarios for the operation of individual elements of the system
and the industrial microgrid as a whole are carried out.

Despite the fact that the study and development of the industrial
microgrid management model integrated with the technology for
controlling electricity demand uses the pricing principles of the
Russian wholesale electricity market, it is possible to apply the
proposed methodological framework to consumers worldwide.
In order to implement the developed management model, it is
necessary to adapt it taking into account the peculiarities of the

energy market functioning and the principles of
pricing of electricity, depending on the volatility
of the demand for electricity consumption of

industrial enterprises.
. Contractual Plans . Schedule
:;i;;:;l;ﬁ gas for repairs Production St;l:eg!.‘l,le for power
consumption and equipment plan . equipment
plan values shutdowns material supply operation
I I ] ! ! ! 4. Implementation of the research

Planned operation schedule for DG system

Schedule for productive equipment operation

results in an industrial enterprise

] ]

Forecast for price parameters
of electricity generated by DG system

Schedule for planned hourly electricity
consumption by separate entities and industrial
enterprise as a whole

The proposed management model received
practical approval on the basis of a machine

] Y ! ! ] [
- . L Electricity Electric .
Electricity Electric power Transmission component power Transmission
component cost component cost service cost cost component service cost
cost
! Y ! ! ]

building plant operating in the Sverdlovsk region
of Russia. The industrial enterprise purchased

i and installed a small distributed generation

Analysis of possible optimization based
on price-responsive demand schedules
of energy-consuming equipment

Analysis of possible optimization based
on price-responsive demand schedules
of energy-consuming equipment

system powered by natural gas with an installed
capacity of 2000 kW. Previously, the enterprise

1 Y

Modeling schedules of electricity generation by DG
system according to the cost minimization criteria
for electricity generation

Modeling schedules of power and productive
equipment operation according to the cost minimization
criteria for electricity purchase

did not use a small distributed generation
system as an industrial microgrid and provided
electricity generation for its own consumption in

! !

Modeling operation scenarios for industrial microgrid

! order to increase the reliability of the enterprise’s
energy supply.

1

Modeling hourly schedules

The obtained results of testing the developed
model controlling the industrial microgrid in the

Modeling schedules
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ensuring system

Constraints:
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conditions of integration with the technology
of electricity demand management on the

ey s o ompeners | [l | basis of the industrial enterprise confirmed
e industrial -~ e o stability the effectiveness of the developed solutions
and transmission service cost (Table 3)
i i The effect of using the small distributed
_| Cost minimization for electricity consuming by industrial enterprise |.. generation system as part of the industrial
i T microgrid was to reduce the cost of electricity

Synchronization of economic

parameters, schedules
of electricity generation
and consumption, technological
parameters, and operating

consumption by 19%, i.e. 5,100,000 roubles
per month ($ 80,000), which is approximately
1.275 rubles/kWh in terms of the cost of each

Adjusting hourly schedules
of electricity generation
by the DG system into
the enterprise network

Adjusting planned hourly
schedules of production
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of industrial enterprise
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R P kilowatt-hour purchased. Thus, for an industrial
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N Schedule Hourly demand General hourly |, enterprlse with an electric power consumptlon
of electricity schedule demand schedule

of 9 MW, the installation of a small distributed
generation system  within the industrial
microgrid with a capacity of 3 MW enables
to reduce energy consumption costs by 19%.
This saves more than 60 million roubles per
year and covers the cost of purchasing a small-
scale distributed generation system, as well as
construction and installation work to develop
power grid infrastructure and automation
systems. The results of the practical approval

output of the enterprise of the enterprise
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Source: compiled by the authors.
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Table 3
Results of the practical validation of the industrial microgrid control model
in conditions of integration with electricity demand management technology

Units Before working | After working
Parameter ST in industrial in industrial | Difference
microgrid microgrid

Total enterprise electricity consumption

2 Enterprise electricity consumption from power system

3 Enterprise electricity consumption from small-scale distributed
generation system

4 Electricity generation from small-scale distributed generation
system

5 Enterprise electricity consumption from power system

6 Electricity transmission services to regional power system
operators

7 Price of purchasing the electricity component
from the power system

g Price of purchasing the electric power component
from the power system

9  Price of services for electricity transmission to the power system

10 Price of purchasing the electricity component
from small-scale distributed generation system

1 Price of purchasing the electric power component
from small-scale distributed generation system

Price of electricity transmission services from small-scale
12 . .
distributed generation system

13 Total cost of purchasing the electricity component
by the enterprise

14 Total cost of purchasing the electric power component
by the enterprise
15  Total cost of transmission service for the enterprise
16  Total cost of purchasing electric energy by the enterprise
17  Total cost of purchasing electric energy by the enterprise
18  Total cost of purchasing electric energy by the enterprise
Source: compiled by the authors.

demonstrate the economic efficiency of using the developed
model of industrial microgrid management both in Russia and
in other countries of the world.

Conclusion

The research carried out enables us to draw the following
conclusions.

1. Despite the development trends in the fuel and energy
industry aimed at the gradual replacement of expensive
hydrocarbon raw materials by cheaper and cleaner renewable
energy sources, in a number of countries, such as Russia, due
to the relatively low cost of electricity generation by traditional
sources of electricity, the large-scale introduction of RES
technologies is not economically justified. Therefore, the vector
of power industry development in the countries with a relatively
low power generation costs will be different from the global one,
and this will continue for the next 20—30 years.

2. Despite the relatively low cost of electricity generation
in Russia, there is a significant shortfall in the capacity of the
distribution grid infrastructure. The capacity of the distribution
grid infrastructure cannot meet the growing electricity

Online www.jsdrm.ru

4000 4000
MWh 4000 2500 -1 500
MWh 0 1500 1500
MWh 0 1500 1500
MWh 9 6 -3
MWh 10 7 -3
rubles/ MWh 2100 2100 0
rubles/ MWh 800000 800000 0
rubles/ MWh 1100000 1100000 0
rubles/ MWh 1500 1500 0
rubles/ MWh 500000 500000 0
rubles/ MWh 0 0 0
rubles 8400000 7500000 -900000
rubles 7200000 6300000 -900000
rubles 11000000 7700000 -3300000
rubles 26600000 21500000 -5100000
rubles/ KWh 6.65 5.375 -1.275
% 100% 81% -19%

consumption of industrial enterprises in the country. In such
conditions, the most effective solution is the use of small-scale
distributed generation systems powered by natural gas, which
makes it possible to meet the demand for electricity and offers
many technological and economic advantages.

3. One of the modern directions in the development and use
of small distributed generation systems is the use of industrial
microgrids. Such microgrids are integrated facilities for the
production and consumption of electricity, operating within
a unified control system, synchronising the parameters of
production and consumption of electrical energy, and allowing
industrial enterprises to reduce the costs of final energy
consumption.

4. The methodological approach developed by the authors to
control industrial microgrids operating on the basis of industrial
enterprises takes into account all components of the cost of
purchasing energy resources of industrial enterprises, includes the
management of production process schedules for the operation
of equipment, schedules for the generation of electricity by a
small distributed generation system. It also takes into account
the impact of multiple factors acting on the uneven demand for
electricity consumption. The methodological approach provides
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for planning the modes and parameters of synchronous operation
of each element of the system under centralised management of
the industrial microgrid.

5. The results of the study of price parameters for the purchase
of electric energy for industrial enterprises in Russia showed
that all components of the cost of electric energy, namely: the
component of electric energy, the component of electric capacity,
the component of electricity transmission services, are directly
related to the type of the volatility of demand for electricity
consumption of each industrial enterprise. Price-dependent
management of power consumption schedules on industrial
enterprises in terms of minimising the cost of electricity can
significantly reduce the cost of purchasing electricity from the
Unified Energy System.

Dzyuba A.P,, Semikolenov A.V.
[lsi06a A.IM., Cemwkonetos A.B.

6. The developed model for managing industrial microgrids
integrated with electricity demand management technology
is based on the analysis of internal and external operating
parameters of an industrial enterprise and a distributed generation
system, as well as factors within a unified industrial microgrid
system, subject to simultaneous consumption of electricity by
an industrial enterprise from the Unified Energy System in the
conditions of the wholesale and retail electricity market. The
model allows the industrial microgrid system to reduce the
complex costs of purchasing electric power.

7. The practical significance of the developments is confirmed
by the results of their practical approval at industrial enterprises,
which showed a potential saving in the cost of electricity
consumption for the enterprise by 20%.
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