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Abstract. In the papeimplementation in Ukraine of the ~ the method of guaranteed electricity origin, power flows

5Ds strategy is discusse@ihe Energy Community is one in the branches of the electrical circuit and power losses

of the approaches to imp|ementing the 5Ds Strategy' in them were determined. The results of Computer

Citizens want to use electricity produced from low-carbon Mmodelling in the Power Factory software complex are

energy sources. The paper focuses on the poss|b|||ty of commensurate with the results of CalCUlationS, which

applying a method for calculating individual components —confirms the adequacy of the method.

of electricity flows in the branches of an electric power Key words. origin of electricity, energy community,

grid caused by generation and consumption in the nodes. mathematical model, computer modelling, low-carbon

In particular, it is about estimating the portion of electricity energy sources, renewable sources of energy, matrix of

of a particular consumer that it receives from low-carbon LCES power distribution coefficients.

energy sources (LCES). The method is based on methods

and algorithms for calculating steady-state modes of power 1. |ntroduction

grids. The method is based on a mathematical model for L o o

determining the components of power flows in the Decarbonization,  digitalisation, ~ decentralization,
democratization, deregulation (5Ds) policies are an

branches of an electrical grid, which uses the coefficients t dlobal eff bat cli h
of current distribution in the branches of the circuit from 'MPortant part of global efforts to combat climate change

nodes with generation sources and nodal voltages. Since @nd reduce greenhouse gas emissions, energy safety and
LCES, including renewable sources of energy (RSE) ©€Nergy independency [1-3]. Decarbonization involves
plants and nuclear power plants in electric power systems '€ducing dependence on carbon-based energy sources
(EPS), use general power grids to transmit the electricity it (C0@l: 0il, gas) and transition to renewable energy sources
generates, determining their share of power in the flows (Wind, solar, hydropower, etc.) in all sectors of
allows taking into account the impact of different sources Preduction [4-6]. As noted in the IEA Net Zero by 2050

of generation on the parameters of the EPS mode. In this report [7], hydropower and nuclear power are the two
paper, the steady-state mode of a 14-node circuit with argest sources of low-carbon electricity that currently
different energy sources, including renewable energy provide an important basis for the energy transition. It is

sources, is calculated. In particular, by calculations using 2/SO important to pay attention to the European Green
Deal [8], a strategic plan of the European Union (EU)



focused on achieving climate neutrality by 2050. ol

the main goals and measures of the Green Deainisitel
neutrality, namely, reducing greenhouse gas enmssio
zero by 2050. In particular, it is about reducimgigsions

in all sectors of the economy, including energgnsport,
industry and agriculture. Special attention is alsvoted

to the energy transition, which aims to increase ghare

of renewable energy sources and improve energy
efficiency. This includes the development of solaimnd

and other types of green energy. Ukraine has sigmeld
ratified the Paris Agreement, but achieving thelgad
decarbonizing the electricity sector requires gigant
financial investments. Without substantial invegttsein

the modernization of the energy sector, includimhg t
development of renewable energy sources and reaucfi
dependence on fossil fuels, it is extremely dificto
realize the commitments. For the stable functiorohthe
carbon-free energy system of Ukraine, as note@®]infis
necessary to create powerful seasonal energy storag
systems with a total energy intensity of 6 to 15#the
annual volume of electricity supplied. Various inshents

are used around the world to stimulate investment i
renewable energy development. In particular, totntiee
goals of sustainable development, companies puechas
Guarantees of Origin (GO [10-15]) or enter into RPA
(Power Purchase Agreements [16, 17]). In this way,
producers seek to reduce their carbon footprint @ode

that the energy they consume comes from renewable
sources. This, in turn, allows manufacturers todpoe
products with green labeling and/or improve
company's image in the eyes of customers, investand
partners. It is also worth noting that PPA consaaften
allow companies to lock in energy prices for a Iqgegiod
of time, which can protect them from fluctuatiomsthe
energy market and provide long-term financial bigef
The task of determining the origin of electriciggpecially
when the source is located at a distance from the
manufacturer and generates to the general elégtgeid
rather than directly to the consumer (physical RP4)
complex, as it is necessary to know the costs of
transmission of electricity from renewable energy t
distribution system operators, and to determinetwhare

of the energy mix received by the consumer is pcedby
renewable energy sources.

the

Also, citizens are interesting in use electricityhich are
produced by renewable energy sources or low-carbon
energy sources. It is confirmed by increasing numidfe
created energy communities in all worlds. Energy
communities are associations of citizens, orgaitizator
businesses that jointly own and manage renewaldeggn
projects. An energy community can be created based
industrial parks, hospitals, schools and educationa
institutions, condominiums, public organizationt; E8-
20].

Members of such a community create a legal entty t
produce electricity, including from renewable sas,cand
can engage in distribution, supply, consumption,
aggregation, energy storage, provision of enerfigieficy
services or electric vehicle charging servicespimvide
other energy services to its members. Currently stiatus

of “green” energy communities is not clearly definie

the national legislation of Ukraine, which hindeteeir

development. That is why it is important to condale
the concept of creating energy communities in local
strategic and program documents. The Vinnytsia
community is one of the first to fully realize the
importance of the "green" transition and identifit
need to transform local documents in accordancé wit
global trends. Thus, in 2022, the Vinnitsya town in
Ukraine was the first to proclaim the "Green Coune
Vinnytsia", the basis for the implementation of alhiare
the principles and principles of the EU initiative
"European Green Deal", adopted in 2019. Achieving
climate neutrality lies at the heart of the Vinngt&reen
Course and is its central element. Decarbonizaifothe
energy system, the transition to renewable energicss
(RES), and support for energy efficiency are aaitic
important for achieving the climate goals. At treme
time, the war in Ukraine, systematic shelling of th
energy system form the need for decentralizatiothef
energy system, the transition to environmentalficieint
renewable energy sources. All this can be achidued
implementing a system of measures, including the
formation of energy communities, the activitieswdfich

will help accelerate and scale local initiativescdizens

to implement distributed renewable energy genematio
projects and create “green” jobs in Ukraine. Nowaga
develop specific solutions and a roadmap for
decarbonisation of region are obligatory for eneedgty.
The war in Ukraine, systematic shellings of thergpe
system create the need for decentralization oktlergy
system, transition to environmentally efficient earable
energy sources. All this can be achieved by implging

a system of measures, including the formation ergy
communities, the activities of which will help atzrate
and scale local initiatives of citizens to implemen
distributed renewable energy generation projectd an
create “green” jobs in the Vinnytsia region.

Thearticleaims is determining of the electricity amount
of consumer receives from low-carbon energy soutces
confirm its origin, allowing manufacturers to pradu
green-labelled products and citizens consume of RES
produced electricity.

2. Literature Review

Determining the origin of electricity, namely trawg the
flows of active and reactive power, is necessasynfthe
point of view of the producer and consumer (inahgdi
active power) to achieve a fair electricity markes, the
costs of operating, using and maintaining the syste
must be distributed properly. In particular, florading
was presented by Bialek as a loss allocation scheme
based on solving linear equations [21], and in Ifrby
Kirschen as an analytical tool that uses an itegati
approach based on graphs [22]. The availabilityid
circuits significantly complicates the algorithmsr f
calculating power flows, especially in grids withhagh
density of connections of different types of disset
energy sources, including wind and solar power tglan
whose operation mode depends on weather conditions.
This necessitates the improvement of existing naho
especially given that responsible producers waknhtoy
what share of electricity they receive from RSEr Fo
example, paper [23] describes a method for trackieg
power flow in the power grid and distributing theeuof



line capacity among the relevant sources or consume
using a diffusion-like process, taking into accouhe
structure of the grid and the connection points of
generation sources. The methods described above wer
used to create the Electricity Map [23]. The adagstof

the Electricity Map is its advanced analytical imfation,

in particular, it provides access to a range ofadan
electricity, carbon intensity of each type of povgdant,
electricity consumption and the share of electicit
generated from low-carbon energy sources for each
country. However, it is possible to obtain inforioaton
cross-border flows between countries. The task of
determining the origin of electricity in smallerade
systems, for example, within a single territorial
community, or, for example, an energy cooperative o
community, is relevant. In [24], a method for detaring

the origin of electricity is described, which issked on a

mathematical model for determining the componerits o
electricity flows in the branches of an electricatwork
circuit, which uses the coefficients of currenttidligition
in the branches of the circuit from nodes with gatien
sources and nodal voltages. The methodology prapiose
this article formed the basis of the studies descrifurther
in the article.

Algorithm for calculation of the portion of eledity
consumption of a given consumer that is from lowboa
energy sources

The main idea of the method for determining theiporof
power flows in power grids from a set of LCES tatam
load nodes, shown in [25], is to first determine talue of
the total power at the begin and end of each brafht¢he
circuit using the formulas:

& =38 M, fd 1
. )

where §Lb is a power matrix where the columns represent

the power of the begin and end of the power grid

&, . . :
branches. ¢ is the diagonal matrix of voltages in the

nodes, including the balancing node@/!Z matrix of
branch connections in nodes, including balancindesp

d diagonal matrix of currents in the branches of the

N
circuit (hereinafter, the sigr. means that the matrix or
vector is conjugate).
To determine the portion of power transferred frtme
LCES to a particular consumer, first determine thiies
of the begin and end power in the ith branch ofgbower

system from (1): )
§ni :\/é(L&dM Zi)\, 2)

Msi is a vector-column of the matrix of branch

where

connections in nodelsvI Z- 'l s the current in the i-th
branch.
The peculiarity of the method is the use of a matr

coefficients of power distribution of nodes overeth

branches of the power gri(ﬁ‘. The vector-row Bis
determined by the formula [26]:

[§‘i :(@dl\/lzi)&i&;l’ A3)

where vector-row Iﬁ' consists of coefficients that
represent the share of the total power of the b+mch
that is caused by the power flowing through it freath
node.
Taking into account (3), the capacities in the btanch
will be determined as:

& =8§

In general, we can write that
=58
§=88 ©)

where & is a matrix of coefficients of power distribution
of nodes over the branches of the power grid, wisch

(4)

formed from n row?(i , N is number of branches in the
power grid. In accordance with the mathematical ehod
for determining the origin of electricity, the alifbm
described in [27, 28] was developed.

3. Resultsand Discussion

In order to study the possibility of applying thettmod of
determining the origin of consumer electricity from
renewable energy sources and demonstrating its
effectiveness for circuit grids of different volesy[29-
32], consider a 14-node IEEE grid with 15 MW
photovoltaic power plants installed at 6 and 8 mpde
shown in Fig. 1. The balancing node is node 1. The
control calculation of the steady-state mode foe th
maximum generation of the PV plant was performed by
the PowerFactory 15.1 program. Based on the resftilts
the steady-state calculation, the voltages of thaen are
determined. We assume that the first node is paiveye
low-carbon energy sources, in our case by a nuclear
power plant, and the 2nd node is powered by a sourc
with a high carbon footprint. We calculate the powe
flows through the branches of the circuit, takingoi
account their origin, for the considered grid schem

In order to reduce the size of the matrices obthie a
result of the calculation, we present only the \acti
component of the required capacities. Using theaesbf

the calculated node voltages, we calculate the powe
distribution coefficient matrix (3):

2 3 4 5 6 7 8 9 10 11 12 13 14
1 0822 076 0657 0593 .0453 .0492 . 0477 . 0486. 0483. 047.450 0462 0478
2 -003 0583 0147 0099 .008 .0119 .0115. 0116. 0112 . 01.80W00092 0107
3 -006 0108 03 0202 .017 .0234 .0226 .0228. 0219. 0196 917018 0209
4 -0081 0044 0188 .0272 .0203 .0148 . 0143. 0152. 0161. 2180201 0197 0173
5 0172 0268 0368 .0424 .0325 .0287 . 0278. 0289. 0296. 10310324 0322 0306
6 0.081 028 0497 - 0272-.0137 .0373 . 0361 . 0328. 0252. 0066. 701D.067 0159
7 0.03 0417 -0147 - 0099- .0086- .0119- . 0115 . 0116. 0112 . 0% .89D0-0092 - 0107
8 -0.008 -0029 - 005 0027 -.0872-.0074 . 007+ . 0136. 0261. 0550836 -0777 - 042
9 0004 0011 0017 -.0002-.0017-.0763 . 827 -0.174 - 0149 - 0086 - .0028- .0042- . 0 4
D=/10 Q003 0017 0032 .0028-.0109-.0159 . 0152. 0696. 0662 6603-0149 -02 0118
11 -0004 -0011 - 0016~ .0002 .0017-.0232 . 0221. 0171. 0146. 0084 0028 0041 0
12 0 0 0 0 0 0 -00957 0 0 0 0 0 -0.023
13 0004 -0017 - 003 .0016 .0077-.0044 .0042. 008L 0779. 2440068 0055 - 002
14 -0005 -0018 - 003 .0016 .0077-.0045 . 0043. 0082. 0222 4440.069 0055 0023
15 0005 0018 003 -.0016-.0077 .0045 . 0043 . 0082. 022255@® -Q069 -0055 061§
16 -0003 -0011- 0018 .001 .0047-.0027 . 0026 . 005. 0034 0008106 0181 0073
17 0 Q002 0003 - 0002-.0009 .0005 . 0005 001 . 0006 . 0001246 0153 -0007
18 0 0 0 0 0001 0 0 - 0001 0 0 -.0005 .0014 . 0Q(
19 0 0 0 0 Q001 0 0 -0001 0 0 0002 .0003 0
20 0 0 0 0 0 0 0 0 0 0 0002 0

Multiplying the matrix of power distribution coeéfients
of nodes by the vector-column of load and genenmaitio
nodes, we obtain the matrix of power distributi@mnoss
the branches of the power grid, including from LCES



Load Load Load
12 13 14
Load Load Load
6 11 10 9
Load 4
PV1
8
PVv2
1 5 4
Load Load
2 3
Load Load
HPP
Fig.1. Electrical grid scheme
1 —1205 7:35 3155 351—6208— 7112180 2754 10532 1120 1234 13762 ;43 consumption at node 9, it can be determined téd 5.
2 0S4 5495 707 076-.037-.249 0 .384 .113.039. 061. 139 . MW was received from PV (of which 0.66 MW from PV
3 111 1023 1433 153 -.075-.505 0 .778 .229. 079. 123. 281. 1, 498 MW from PV 2), 0.19 MW flowed from the
4 149 412 897 206 -089 -325 0 527 171 075 .145 .315 .3Q Second node from the thermal power plant (TPPbtﬂEn
5 -315 2538 1758 322 -.143-.631 0 .1003 . 314. 128. 233. 513.354 .
6 -148 265 2383 - 206 051 -.802 0 1125 .263. 027-. 08 . 11. 9, and the rest was received from the NPP. For
7 -054 3925 -707- 076 .037 .249 0-.384-.113.039. 06%¢. 13918 comparison, consider the load coverage at node 5.
8 02 -31 -28 027 312 163 0-.437-.242.193.505 .1032. . -
o 002 031 035 - 005 015 1405 O- 624 168 038 02r . 08 Agcordlng to the calcula_ltlons, the flow from TPme
S=/10 -Q17 276 244 - 018 .049 .337 O 1904 .50%. 121. 083 . 26i. 5is 2.97 MW, the rest is covered by the balanciade.
1L a0z -03 -032 008 -85 4% 0 614 165 03 .02 .08 .2§ Based on the fact that node 9 consumes 29.5 MW, and
12 0 0 0o 0o 0 1915 0 0 o o0 o 0 0 .
13 Q12 -187 -169 016 -.041 .098 0-.264 . 696. 159. 045. 085 . node 5 - 7.6 MW, the percenta:ge of power receiveth f
14 Q12 -188 -17 016 - 041 .099 0-.265-.205. 157 . 045. 085 . LCES to the total load power is as follows: for adsl -
15 -012 188 17 - 016 041 -.099 0 .265 .205 .93 -045 -085 034 40%. for node 9 - 99%. 20% of which is from PV
16 007 -115-104 01 - 025 .061 O-.162-.034.003. 067 . 251. ¢ ! A 7 L X )
17 -001 022 02 -002 .005-.012 0 .03l .006-. 001. 38 . 205. 1/ Further, haVIng the matrix of power distributionr@ss
18 -006 095 086 - 008 .021 -.05 0 .134 .028-.002. 161 . 891. the branches of the power grid, it is also posstole
19 -Q07 115 104 - 01 .02 -061 0 162 034 - 003- .067-.251 .56 - -
% —a01 02 02 - 0G2 005 - .01 O .03 .006 . 06, 229. 204, 3 determlne the matrix of power losses caused, among
other things, by the flow from LCES. The total smeti
The values of the elements in the columns of theixia ~ POWer losses calculated by the matrix method amaunt

show the distribution of power by branches of tblesne
from LCES, which makes it possible to determine by
calculation what share of “clean” electricity wamesumed
by a particular consumer. Thus, using the exampleaal

12.3 MW, while the results of the steady-state Wakion
using the Power Factory complex are 12.37 MW, which
confirms the adequacy of the proposed method.



Conclusions

Determining the amount of electricity received by a
consumer from LCES is necessary to confirm itsioyig
which will allow manufacturers to produce produeiish
green labelling. Energy large consumption manufastu
(for example, metallurgy sector) will be paid aduigl tax
from 2025, because they produce a lot of,CThis tax
will be added when they will sale production in EU
market. Proposed method will help motivate entegwi
consume energy, which produce by LCES.

The article presents a method for calculating iithlia
components of electricity flows in the branches af
electric grid circuit caused by generation and comstion

in the nodes. The method determines the share of

electricity consumption of a particular electricdgnsumer
that is provided by energy sources with a low carbo
footprint connected to the power grid. The metreHdadsed

on a mathematical model for determining the power
distribution coefficients of low-carbon energy smes in
the branches of the power grid. The described ndetiam
serve as a tool to confirm the guarantees of thginoof

the consumed energy.

Since LCES use general power grids to transmit the
generated electricity, determining their share aiver in
power flows to consumers allows taking into accotinet
impact of LCES on the parameters of the power ayste
mode and can be used in the operational plannintpeof
electricity balance. The results of calculationsttod 14-
node IEEE circuit by the matrix method were conédn
by the results of computer modelling in the Powactbry
software complex.
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