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Abstract. The article deals with the development of a method and
algorithm for calculation of individual compo-nents of electricity
flows in the branches of an electric power grid circuit caused by gen-
eration and con-sumption in its nodes. In particular, it is about esti-
mating the share of renewable energy sources (RES) in the electric-
ity consumption of a given consumer. The method is based on  “**Institute of Re-newable Energy, NAS of
methods and algorithms for the calculation of steady-state modes ~ Ukraine, Kyiv, Ukraine.

of power grids, integrating a mathematical model for determining ~ **Vinnytsia National Tech-nical University,
the components of current flows in the branches of the power sys-  Vinnvtsia, Ukraine.

tem circuit. The model employs distribution coefficients of currents in the circuit branches from RES nodes and
node voltages to form a matrix of cur-rent distribution coefficients for RES across the power grid branches. Since
RES in electric power systems (EPS) use general power grids to transmit the electricity they generate, accurate
determination of their power share within overall flows enables the impact of RES on the EPS mode parameters
to be considered. The peculiarity of the algorithm for estimating the share of RES in the electricity consumption of
a given consumer is its consideration of physical processes in the power system. The input data for the calculation
are the power system parameters, the node loads (specified by capacity or schedules), as well as arrays of RES
generation and centralized power supply nodes and consumers with a controlled value of the Guar-anteed Origin
of electricity from RES. The voltages during the formation of the matrix of power distribu-tion coefficients at nodes
along the branches of the power grid are determined by the calculation results of the power grid steady-state
modes or by experimental measurement data. The method's efficacy and the accuracy of estimating the RES share
in the power consumption of a given consumer are verified and demonstrated through a practical example. De-
termination of the share of the consumer's electricity con-sumption, which origin from renewable sources can be
guaranteed, creates an enabling environment that would foster producers and consumers to increase the use of
renewable energy sources and promotes the development of the green energy market. Ref. 18. Fig.3.
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Memod rpyHmyemsca Ha Memoodax ma an20pUMmMax po3pa XyHKy
YCmMasneHuUx pexumis enekmpuyHuUx mepexc. B ocHosy memody nok-
71a0eHo MamemMamuyHy Mmooesb 018 8BU3SHAYEHHA CK1ad08uX nepemi-
KaHb enekmpoeHepeii y 8imKax cxemu enekmpuvHoi mepeci, 8 AKil
BUKOPUCMOBYIOMbCA KoeiuieHmu po3nodiny cmpymie y eimkax
cxemu 6i0 8y3nie 3 BAE ma 8y3n0si Hanpyau. B pe3yabmami gpopmyemscs mampuuys KoegpiyieHmis po3noodiny
nomyxHocmi BAE y simkax enekmpu4Hoi mepexci. Ockinoku BAE 8 enekmpoeHepeemuyHux cucmemax (EEC) ons
rnepedayi 2eHepOBAHOI HUMU efleKMpoeHepzil BUKOPUCMO8YHOMb eneKmpPUYHi Mepexi 302as16H020 MPU3HAYEHHH,
Mo 8U3HAYEHHSA iX YaCMKU nomyxHoCcmi 8 nepemokax 00360/5€ spaxosysamu enaus BAE Ha napamempu pe-
Humy EEC. Ocobnausicmio an2opummy OUiHIOBAHHA YOCMKU e/1eKMpPOoCoXUBAHHA 300aH020 CroXus8aya, AKa
3a6e3neyyemscsa 3 BAE, € 8paxysaHHA (i3UYHUX pouecie y enekmpu4Hili mepexti. BxiOoHUmu oaHumu 014 pos-
PAXyHKY € napamempu enekmpu4Hoi mepexci, HA8AHMAXeHHS 8y3s1i8, 300aHUX MOMYyXHIcmMio abo epagikamu,
a0 MAKoX Mmacusu 8y3ig ceHepysaHHA BAE i yeHmMpanizo8aHo20 #UBAEHHA MaA CrIOXUBAYI8 3 KOHMPOAbOBAHUM
3HAYeHHAM 2apPaHMOBAHO20 MOX00M(EeHHS enekmpoeHepeaii 8i0 BAE. Hanpyau nid Yac hopmysaHHa mampuui Ko-
eghiyieHmis po3nodiny nomymcHocmi 8y31i8 o 8iMKax eaeKMpPUYHOI Mepexti BU3HAYArMbCA 30 pe3yabmamamu
PO3PAXYHKY YyCmaseHUx pexumie enekmpu4Hoi mepexti abo 3a ekcriepumMeHmanbHUMU OaHUMU 8UMIPHOBAHHS.
Ha npuknadi nepesipeHa npaye3damHicms po3pobseHo20 memody ma adeKk8amHicme pe3ysbmamis ouiHt-
BOHHA YACMKU e/eKMPOCIOHUBAHHA 3000H020 CIIOXKUBAYA, AKA 3a6e3nevyemosca 3 8i0HOBAOBAHUX Oxtepen
eHepeii. BusHaYeHHs 4acmKu eseKkmpoeHepaii croxusadyis, Ky 80HU 2apaHMosaHo ompumyoms 8id BAE, ¢op-
MYE YMO8U 0718 CMUMYIIOBAHHSA 2eHEPY8aAAbHUX KOMIAHIU i crioxcusayis 36inswysamu 8UKOPUCMAHHA 8i0HO8-
/1H08A/IbHOI eHepaii ma cripusmu po3sumKy PUHKY «3eseHoi» eHepeemuku. bi6. 18. Puc. 3.
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BukopucTaHi CKOpo4YeHHsA
List of Abbreviations and Symbols
EPS — electric power system

GO — Guarantees of Origin

Introduction and task statement. Renewable energy
sources, in particular wind and photovoltaic power plants
(WPP and PVPP), typically use general purpose power grids
to transmit the generated electricity to consumers. There-
fore, it is important to know how they affect the technical
and economic parameters of power grids. This applies to
voltage levels, load and capacity of power lines (PL) and
transformers, short-circuit currents and their conformance
with switching device values [1-4]. In addition, the develop-
ment and increase of the share of renewable energy in
power supply systems give rise to a number of issues not
directly related to the impact on grid parameters. First and
foremost, using renewable energy helps to reduce emis-
sions of harmful substances such as carbon dioxide and
other pollutants that adversely affect human health and
the environment. It is necessary to know the real origin of
electricity from renewable energy sources in order to ob-
jectively assess the impact of renewable energy generation
on the technical and economic parameters of power grids
and the process of decarbonization, i. e. the replacement of
traditional fossil fuel sources in the electricity balance. This
problem is currently referred to in the energy community
as "Guaranteeing the Origin of Electricity" [5, 6]. Guaran-
tees of Origin (GO) for renewable energy allow generation
companies and consumers to increase the use of renewa-
ble energy and promote the development of the green

PL - power line
PVPP — photovoltaic power plants
RES — renewable energy sources

WPP —wind power plant

energy market. Guarantees of origin of electricity from re-
newable energy sources make it possible to: stimulate re-
newable energy producers to expand their capacities and
invest in new technologies; increase consumer responsibil-
ity and awareness of their contribution to the reduction of
greenhouse gas emissions and climate change; and im-
prove energy security by creating conditions for the decen-
tralization of energy supply and the formation of local elec-
tric power systems based on renewable energy sources.

Since it is not yet feasible or practical to fully replace elec-
tricity consumption with renewable energy, differentiating
between the degrees of "greenness" is essential for both
renewable energy producers and industrial consumers
seeking to reduce CO2 emissions [7]. This is especially appli-
cable to power systems where nuclear and thermal power
plants, as well as renewable energy sources, are involved in
balancing the mode of the electric power system (EPS).

In addition to the environmental aspect, this is mainly due
to the need for auditable reporting [8], as shareholders ex-
pect companies to disclose the amount of CO2 emitted [9].
As a result, manufacturers are increasingly demanding au-
ditable environmental products in order to position them-
selves favorably among competitors by having a smaller
carbon footprint, and to meet their customers' desire for
carbon-friendly products [10]. The latter is also reflected in
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the growing demand for green energy from residential con-
sumers.

The peculiarities of the physical processes of electricity
transmission make it impossible to separate the flow of
"green" energy from RES to the consumer without certain
assumptions [11]. Therefore, in order to ensure that a given
consumer receives green energy, a number of European
countries use an artificial approach to separating the phys-
ical processes from the commercial ones, which consists of
using "Certificates of Origin" to label each unit of renewa-
ble energy. Interested parties can trade these certificates
separately from the physical energy. Once the electricity is
consumed, the certificates are cancelled [12].

In the engineering practices of different countries, a num-
ber of methods are used to calculate power flows from
each individual generator or entity of the power associa-
tion, both with unambiguously specified information and
with probabilistic and statistical estimation of losses (re-
gression analysis) [13-15]. All available methods for the dis-
tribution of transmission losses can be divided into groups
of methods based on proportional distribution [13], specific
increases in power losses [14] and share distribution [15],
depending on the assumptions and approximations made.

Existing approaches to organizing the work of national elec-
tronic registers of Guarantees of Origin do not take into ac-
count the topology of the grid and the place of electricity
generation. The registers are organized on the principles of
separating physical processes from commercial ones.
Therefore, it is relevant to supplement the existing struc-
ture of the organization of the Guarantees of Origin by tak-
ing into account physical processes in the electricity trans-
mission and distribution systems, which requires the
development of an appropriate mathematical apparatus.
The goal of the article is to develop a method for estimating
the share of electricity in the consumption of a given con-
sumer that is provided by renewable energy sources.

Determining the origin of electricity in the branches of the
power grid. The idea of the method for determining the
share of power flows in power grids from a set of RES to
certain load nodes is to first determine the value of the to-
tal power at the beginning and at the end of each branch of
the circuit, which is determined by the formula [16]:

S, =BUsM 1y, (1)

where Sb is a power matrix where the columns represent
the power at the beginning and the end of the power grid
branches. Ud is the diagonal matrix of voltages in the

nodes, including the balancing nodes; M, matrix of

z

branch connections in nodes, including balancing nodes;
id diagonal matrix of currents in the branches of the circuit
(hereinafter, the sign " means that the matrix or vector is
conjugated).

In order to obtain the part of power that is transferred from
RES to a particular consumer, we first write down the

values of the beginning and end power in the i-th branch of
the power grid from (1):

S =3(UaM5)T;, @)
where My; is a vector-column of the matrix of branch con-

nections in nodes M2 : |. isthe currentin the i-th branch.

i
To convert from currents in branches and nodes to power,
we can rewrite equation (2) accordingly. To accomplish
this, the currents in the branches Ii are defined by the cur-

rents in the nodes.

where Ci is the i-th vector-row of the matrix of distribu-
tion of specified currents in the nodes J along the
branches of the circuit.

The current distribution matrix is calculated by the method
of single currents or by the formula [16]:

C:ZELMZt(MZZBlM)Zt)-lf (4)

where zp is the diagonal matrix of complex impedances in
the branches of an electrical grid circuit.

If the scheme and parameters of the EPS are relatively per-
manent, then the method of determining currents in
branches using the current distribution matrix C is more ap-
propriate.

Taking into account (3) and (4), expression (2) will be re-
written:

Spi :\E(Uszi)éijr (5)
Given that
-1 ..
J=—U}'S, (5)
\/§ d
takes the form:
Spi =(UgM5)CUG'S (6)

where S is the vector of consumer loads and generation,
including RES, at nodes, including balancing nodes.

Let’s denote in (6)

D; =(UgMy;)CiUg", (7)

where vector-row Di consists of coefficients that repre-

sent the share of the total power of the i-th branch that is
caused by the power flowing through it from each node.

Taking into account (7), the formula (6) of the power in the
i-th branch will be rewritten:

Sbi = Di S ’ (8)
In general, we can write that

Sb :DS ) (9)
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where D is a matrix of coefficients of power distribution
in the nodes over the branches of the power grid, which is
formed from n rows Di, n is number of branches in the
power grid.

Using formula (9), we can determine the power compo-
nents in the power grid's branches from the nodes' power.
To determine the flows from RES in the branches of the

scheme, only RES power should be included in S from for-

mula (9):
S DS (10)

b RES = RES /

where S is the vector of power flows in the branches

b RES

of the circuit caused by the power of RES nodes; SRES is a

vector of node power corresponding to the nodes of the
RES scheme.

RESj * that the consumer receives

at the j-th node from RES, the corresponding power bal-
ance is compiled (see Fig. 1):

:S.+

RES j

To determine the power S

S -S:

RES j

(11)

RES j

S'_

res; are the powers that are generated by

S+
where Sg.¢;,

RES and that enter or leave the j-th node, respectively.

S.. U S

RES j > J M RES;

>

.Lg'

RES j

Fig. 1. Consumer’s power from RES in the j-th node

The power S;ESJ. and S;ES] are determined by formula (9),

in which the first connection matrix M_, compiled for all

nodes of the circuit, is represented as the sum of two ma-
trices:

M, =M;+M;, (12)

where M is a matrix consisting of a fragment of the con-
nection matrix, the elements of which are zeros and ones
with sign "+"; M, is the same matrix, but its elements are
zeros and ones with the sign

z
It can be seen from (7) and (8) that the coefficients of the
distribution of node power S to branch power Di de-

pend not only on the parameters of the power system, but
also on the voltage of the nodes. Therefore, to ensure the
adequacy of the mathematical model, the voltage values

U of the nodes must correspond to the power values of the

nodes S In this case, the EPS mode would be balanced and
the nonlinear dependence of electricity losses in power

grids on the power of nodes S, including SRES [17], would
remain.

An algorithm for estimating the share of electricity sup-
plied from renewable energy sources in the consumption
of a given consumer. Fig. 2 shows an algorithm for deter-
mining the share of electricity generated by RES and trans-
mitted to a given electricity consumer. The approach in the
algorithm is such that, using (9), the power flows are deter-
mined in the branches of the power grid that are incidental
to the nodes with the list of RES electricity consumers spec-
ified in it. Directly in the node, we can calculate, from the
power balance of a group of different consumers, the
power of a specific consumer, which is oriented to the con-
sumption of electricity from a particular RES, taking into ac-
count the physical processes in the power system. Thus, it
is possible to estimate the degree of load coverage of a
given consumer by RES supplying energy to the power sys-
tem during a controlled time period T. The input data for
the calculation are the parameters of the power grid, the
load of nodes specified by power or schedules, and the

amounts of nodes of RES generation ... and centralized

RES

generation 0 and consumers with a controlled value of

the guaranteed origin of electricity from RES SRES .

In order to convert the consumer's power to the electricity
consumed, the average or maximum load methods are

used. Depending on the chosen method, the average S

aver
ormaximum S__ value of the consumer's power for the pe-

riod T is given. A more accurate method is when the fore-
casted hourly consumption schedule for the day ahead is
set and the actual consumption data is based on the auto-
mated commercial electricity metering system (ACEMS). In
the first case, the forecasted amount of electricity planned
to be consumed from RES is determined. In the other case,
the actual amount of electricity consumed from RES is de-
termined. This data is sent to the register of guarantees of
origin, taking into account the amount of guaranteed cov-
erage of the consumer's load with energy from renewable
energy sources [6, 18].

Depending on the need and technical capabilities of the
metering system, the program is initiated on an hourly or
scheduled basis in accordance with the schedules of elec-
tricity generation and consumption in the power grid.

The array of node voltages required for the calculations can
be obtained in two ways: as a result of steady-state calcu-
lations or based on the data from the ACEMS. If the hourly
forecasted values of RES generation and consumption are
determined, the voltage is determined based on the results
of steady-state calculations or, where the accuracy is ac-
ceptable, based on average statistical data. If the actual val-
ues are determined accordingly, the output data are the re-
sults of voltage measurements in the ACEMS.

After forming the array of node voltages, the incident ma-
trix M, and the matrix of coefficients of distribution of
node-specified currents in the branches of the power grid
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C are formed. Then, the matrix of power distribution coef-

ficients of nodes over the branches of the power grid D is

calculated, which consists of the rows D, .

Inputting initial data, forming Using the matrix D, we identify those parts of the total

lists (0ps - 052 S )

power S __.in the grid branches that flow from RES. By

bRES

! summing the power SbRES of the branches incidental to the

Forming set of voltages U j-th nodes with controlled consumption from RES, their
(steady-state calculation or using guaranteed value of electricity from RES is determined.
ACEMS)

These nodes can be of two types. If a node is a dead-end,

v i.e. only branch with RES power

Formation of matrices M, , Z;, .
SRESJ

that consumer. If the node is an intermediate node, as

approaches it, then that power is the RES power for
C=z;'M;,(M5z;'M;,)"

>

v
Calculation of the matrix of power balance in the j-th node. In the "Results output"

power distribution coefficients of block, depending on the form of the input data, the power
nodes on the grid branches :

D, = diag(U)M,C,diag(U™)

is determined from the

shown in Fig. 1, the power SRESJ

Sges; is recalculated into consumer electricity originating

from RES and is appropriately protocoled [6, 18].

The effectiveness of the developed method for determin-
ing the origin of the electricity from renewable energy
sources in the electric power system is demonstrated
No through the example of a 110 kV power grid, the scheme of
which is shown in Fig. 3. The resistance of the branches,
flows from the RES in the load and generation are shown in the scheme. The balanc-
branches of the grid ing node is node 1 and the RES is located at node 6. The
S, =DS o steady-state mode test calculation for the maximum gen-
eration of the PV system (at 13:00) was performed using
'v PowerFactory 15.1. Based on the results of the steady-state
Dotermination ofilie-consumer’s mode calculation, the node voltages were determined (on
power received at the j-th node Fig.3, the modules and voltage phases are shown in the
from RES scheme near the nodes).

<
3

Determination of the power

Sas; =Saws; ~ Sams, Using the values of the calculated node voltages, according

to (9), we calculate the matrix of power distribution coeffi-
cients of the 6th RES node for the power in the branches
(13).

~<
t

No Multiplying the matrix of power distribution coefficients of
the nodes by the power of the 6th node, we obtain the
power matrix for the branches of the power grid from RES
e of the 6th node (14).

For example, branches 5 and 6 transmit the power of
5.254+5.292=10.546 MW to node 5. The power losses in
these branches are (5.292-5.254)+(5.319-5.292)=0.065
MW. Since the active load power of the 5th node in
Fig. 2. Algorithm for the determination of the consumer's maximum mode is 25 MW, the remaining power 25-

.H‘—

electricity supply from renewable energy sources 10.546=14.454 MW is transmitted by the balancing node 1.
1 2 3 4 5 6 7
0 —0.567 - j0.001 0.567 + j0.001 0 0 0 0 2
. 0.452 - j0.002 0 0 —0.091+ jO0.0 —0.361+ j0.001 0 0 3 (13)
D, = 0 0.562 - j0.001 0 0.090+ j0.0 0 0 —0.653+ j0.001 4
0 0 0 0 0.349-j0.002 -—0.349+ j0.002 0 5
0 0 0 0 0 0.355 0.645 6

10
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1 2 3 5 6 7
0 8.223-j0.105 —8.223+ j0.105 0 0 0 0 2
—6.580+ j0.074 0 0 1.325-j0.015 5.254 - j0.059 0 0 3 (14)
D,S, = 0 —8.246 + j0.084 0 ~1.327-j0.014 0 0 9.573-j0.098| 4
0 0 0 0 —5.292+j0.025 5.292—j0.025 0 5
0 0 0 0 0 -5.319 -9.681 6
80+138.25 20+ 12 25415
115 110,81£-0,238 107,57£-0,253
I, S | G
| Z=9+8,16 Z:=18+16,32
330 kV 110kV o
Ny = £
! 3
2 5 @
Z:=4,5+4,08 T Z=15,25+]14,28
35419 15+j9 1540
111,81£-0,235 110,71£-0,214 110,0£-0,338

Fig. 3. Scheme of the electrical grid

Conclusions

The method and algorithm for calculating separate compo-
nents of electricity flows in the branches of the power grid
circuit caused by generation and consumption in the nodes
are developed. The method determines the share of elec-
tricity, supplied by RES facilities connected to the power
grid, in the total consumption of a given consumer of elec-
tricity. The method is based on a mathematical model for
determining the coefficients of RES power distribution in
the branches of the power grid. The proposed method can
be a tool for confirming the Guarantee of Origin of the en-
ergy consumed in the retail market. Since RES use general
power grids to transmit the electricity they generate, the
determination of their share in the power flows to consum-
ers allows taking into account the impact of RES on the pa-
rameters of the power system mode and can be used in the
operational planning of the electricity balance.

An algorithm has been developed to determine the amount
of guaranteed coverage of the consumer's load with energy
from renewable energy sources. This algorithm can be used
to perform a qualitative and quantitative assessment of the
possibility of providing electricity of Guaranteed Origin for
each energy consumer. Such assessments are transparent
to end users and take into account physical processes in the
electricity grid, which will help to increase consumer confi-
dence in the results of calculations of electricity supply
from renewable-energy power plants. Determining the
share of consumers' electricity that they are guaranteed to
receive from renewable energy sources creates conditions
to encourage generating companies to produce and con-
sumers to increase their use of renewable energy and pro-
motes the development of the green energy market.
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