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Abstract: The paper analyzes the methods and ways
for the redundancy of renewable energy sources (RESs)
instability in electric power systems (PS). It is shown
that these can be maneuverable capacities, in particular,
thermal and hydropower plants, accumulators, hydrogen
technologies, biogas plants. It is substantiated that, for
various reasons, for the RESs to be developed and their
capacity to be increased in power systems, electroche-
mical accumulators and highly maneuverable capacities
existing in the PS are the most prepared for implemen-
tation. Mathematical models based on similarity theory
and the criterion method have been developed for them.
This approach is preferable due to the fact that with the
minimum available information, it provides the opportu-
nity to compare different ways of compensation of RESs
generation instability, to assess their proportionality, as
well as to determine the sensitivity of costs to the capacity
of the redundancy methods. Criterion models which allow
us to design dependences of the costs for the redundancy
of RESs generation instability on the capacity of electro-
chemical accumulators, on the capacity of the system re-
serve, as well as on the capacity of power lines have been
formed. Such dependencies make it possible to more rea-
sonably choose certain methods of redundancy in accor-
dance with the characteristics and requirements of PS.

Key words: power system, renewable energy sour-
ces, generation instability, redundancy, electrochemical
accumulators, similarity theory, criterion method.

1. Introduction

The instability of RESs generation, caused by
dependence on natural conditions, as well as their
overestimated installed capacity connected to power
systems (PS), lead to a decrease in the efficiency of the
electric grid and deterioration in the quality of electricity
supply services. This is especially true for photovoltaic
plants (PVPs), the unit and total installed capacity of
which in electric networks is growing every year. The
instability of the PVPs operating modes has a negative
impact on the balance reliability of the power system, as
well as on the stability of its operation. It is possible to
ensure the balance of capacity and electricity in a power
system by comprehensively using the available
maneuverable capacities, including thermal (TPP) and

hydropower plants (HPP), as well as modern means
(electric accumulators, hydrogen technology, biogas
plants, coordination of electricity generation and consum-
ption schedules, etc.). It would be optimal to use all these
conditions in the developed automated control system
(ACS) with a gradual transition to an automatic control
system (ACS) based on the principles of SMART Grid.

The solution to the problem can be the creation of
mathematical models, methods and automated control
system for maintaining the balance in the power system
with non-guaranteed energy sources such as photovoltaic
plants. It is necessary to create favorable conditions not
only for the design of RESs in electric networks of the
power system but also for their optimal operation,
minimizing the negative impact on technical and econo-
mic performance of the power system.

2. Analysis of scientific publications. Statement of
the problem

If the criterion of optimality is taken as the total
costs Cy of the redundancy of RESs generation insta-
bility, then, taking into account the really possible
currently available methods of redundancy, the problem
of minimizing Cy will be written [1-3]:
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where C,.;(P,.;) is the redundancy costs by electro-
chemical accumulators; Cy(P;) is the costs of usage of
hydrogen technologies; Cj(P) is the costs associated
with the use of biogas technology as a reserve; Cy(Py) is
the costs of the use of the power reserve that is, in fact,
compensation for maintaining the load reserve for TPP
units operating on price bids; C,(P,) is the cost of
increasing the power lines capacity, which is necessary
for electricity to be transported from/to the place where
the reserve capacity is connected to the power system;
Py, Py, Py, Py, Py are, respectively, the optimal values
of power, which are determined from each of the
redundancy methods.
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Of course, the use of hydrogen technologies is
relevant and promising but still expensive. Today, the
widespread use of “green” hydrogen faces the following
difficulties:

1. The production of hydrogen using low-carbon
electricity is currently expensive. Research conducted by
the International Energy Agency (IEA) found that the
costs of hydrogen production from RESs could decrease
by 30 % by 2030 as a result of reduced RESs costs and
increased production of hydrogen. Fuel cells, gas station
equipment, and electrolyzers (which produce hydrogen
from electricity and water) are promising.

2. The development of hydrogen infrastructure is
slow. Hydrogen prices for consumers strongly depend on
how many gas stations there are, how often they are used
and how much hydrogen is supplied per day. This task
can be addressed through planning and coordination that
brings together national and local governments, industry,
and investors.

3. Hydrogen comes almost entirely from natural gas
and coal. Hydrogen is already used commercially around
the world, but its production is associated with CO,
emissions. Therefore, it is necessary to repurpose the
production of hydrogen using RESs.

4. Regulations limit the development of clean
hydrogen energy. Government and industry must work
in cooperation to ensure that current regulations do not
discourage investment.

The use of biogas technologies as a reserve requires
taking into account restrictions, for example, on the
provision of raw materials — an economically feasible
distance for the delivery of raw materials is a distance of
up to 20 km for liquid raw materials and up to 50 km —
for dry ones).

In order to choose one or another way of redundancy
of RESs generation instability in the PS, it is necessary
to take into account not only the costs of individual
methods but also other factors that affect the process of
their implementation and operation. Since all of the
above methods, except for the system power reserve at
TPPs and HPPs, are at different stages of development
and readiness for large-scale implementation, one has to
justify and select some of them. These are the methods
whose production is debugged and offered on the
market. Today, these are electrochemical accumulators
and traditional methods of system redundancy. Actually,
these are the very methods for the redundancy of the
instability of RESs generation to be investigated in the
first place. As for the other methods of redundancy, they
should be considered at the next stage, when they will be
technologically available and their cost to compensate
for the instability of RES generation will be competitive.

Thus, the purpose of the article is to develop a
mathematical model of the process of redundancy of the

renewable energy generation instability by electro-
chemical accumulators in conjunction with the existing
PS modes redundancy.

3. Mathematical model of the process of using
electrochemical accumulators in electrical networks

According to the scenario that maneuverable capa-
cities of the system and electrochemical accumulators
are used in the power system to compensate for the
instability of RES generation, problem (1) will be
rewritten:

Czcech (})ech)-’_cs(})s)"'Btr(Ptr)_)min. (2)

The costs of using the power system reserve, which
is actually compensation for the maintenance of the load
reserve for TPP power units operating on price bids, is
determined by the formula:

P _-(c” —dc,),c”)c,
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where ¢/ is the marginal price of the system, which is
formed for the settlement hour on the wholesale elect-
ricity market; dc , is the increased fuel price determined

on the basis of the derivative function of fuel consum-
ption for electricity generation by the level of load of the
power plant unit and the costs of the required fuel;

A modified mathematical model of specific costs per
1 kW of redundancy in the scenario, which involves the
use of electrochemical accumulators and takes into
account the features of the power system, which requires
power redundancy, can be written as the equation:
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containing the original data of the problem.

The first component of the equation takes into
account the specific costs of the redundancy imple-
mentation using a system of electrochemical accumu-
lators; the second, third, fourth components take into
account the costs of electrical networks.

To analyze the system of redundancy of RESs
generation instability, we will use the methods of simi-
larity theory, in particular the criterion method [5-7].
The advantage of the chosen method is that it allows
obtaining similarity criteria that link the same parameters
of, in our case, different methods of redundancy, and
creating conditions for analyzing the proportionality and
sensitivity of calculation results in relative units with a
limited amount of source information [8].

Problem (4) corresponds to the condition of
canonicity when the degree of its complexity is

where are generalized constants
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s=m—n—1=0, where m is the number of members of the
objective function, n is the number of variables Pi.
According to the criterion method, we write a system of
orthogonal and normalized (orthonormal) equations for
4)[6,9]:
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With the degree of complexity of the problem of
optimizing the methods of compensating for the instability
of RES generation in form (4) being zero, it is simple to
obtain the solution of this system of equations (5):

m=m,=2/6;

Ty=my=1/6.

In accordance with the method of integral analogs
[5], we write a system of equations in which the
similarity criteria are related to the unknown P1i, taking
into account (4) and the solutions to the system of
equations (5):
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From the system of equations (6) we obtain the
optimal values of the installations’ capacities for the
redundancy of the RESs generation instability:

1
4 6
Pech = 2 Cl >
4Ct-C, -C,

1
P = 4C12'C3‘C4 ‘.
s C; b4

1
p = C12'C22'C4 6.
" 16-¢; )’

C=3(4-¢]-C3 -G, -c4)%.

(7

In the criterion form, expression of costs (4) is
written as:
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optimal values of the capacities of the redundancy
methods, respectively. Taking into account the numerical
values of the similarity criteria, (8) will be rewritten:
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Let us select the component of the costs of
redundancy by electrochemical accumulator (the first
member of the optimized function) and the component
that characterizes the costs of using the system reserve
and the cost of increasing the margin of the capacity of
transmission lines (the second member of the optimized
function):
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According to accepted model (10), the costs B to
compensate for the irregularity of the RES generation
schedule by means of redundancy will be economically
feasible if 2/3 of these costs are used to modernize
networks and use the system reserve, and 1/3 of the
costs of redundancy by electrochemical accumulators.
The economically feasible values of similarity criteria do
not depend on Cj.., C, and determine the
proportionality of the model, ie the share of variable
costs attributable to the elements of the redundancy
system of RES generation instability. With regard to the

generalized indicators C;,..., C, their impact on
economically feasible values of capacity P, «, P, «, P,

and costs B: can be estimated by writing (7) as follows:
1
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Given that, as a rule, at the design stage additional
values of C; indicators are unknown, but their range

C.

min — Cimax 1 known, the base value should be taken
as the average value of the price range [3].

From the expressions obtained, it is possible to esti-
mate the impact of changes in, for example, C, on

economically expedient values of all variables. Exp-
ressions (11) show that the economically feasible values
of potential opportunities, which are determined from
each of the redundancy capacities and the costs of their
implementation, require the adopted scenario of the
redundancy implementation. Therefore, economically
feasible methods of redundancy and their potential, as
well as the implementation parameters are selected
taking into account their interaction in the system.
Expression (10) also makes it possible to estimate the
initial data impact on economically feasible values of
costs and capacity, which are determined by different
methods of redundancy, ie to investigate the sensitivity
of costs to changes in capacity.

For example, if C, relative to the base value incre-

ases with constant C,,C,,C, , the total cost C to com-

pensate for the instability of RES generation by power
redundancy increases by 44.2 %, and the capacity of
electrochemical accumulators doubles (208 %), the capa-
city of the power lines increases by 44, 2 %, the capacity
of a system reserve increases by 44.2 %.

Also, the criterion equation can determine the
change in specific costs when changing one or another
optimized capacity, ie to investigate the economic
sustainability of costs to changes in parameters (Fig. 1).

If the capacity of electrochemical accumulators P,

increases by 50 %, the costs value will increase by
9.7 %, and if doubled — the costs value will increase by
33 %. If Py increases by 50 %, the costs value will
increase by 7.4 %. If P, increases by 50 %, the costs will
increase by 2.8 %.

This analysis allows us to conclude that the cost
allocation for the redundancy scenario under study is
more sensitive to the choice of the capacity of electro-
chemical accumulators and the choice of system reserve
capacity. Figs. 1 and 2 present an analysis of the specific
cost sensitivity, both in the relative units and as a
percentage, to the change in one of the influencing
factors with the others unchanged; the costs are deter-
mined by formulas (10) and (11).

Fig. 3 shows the cost sensitivity depending on the
simultaneous change in the capacity of the electro-
chemical accumulators and to the change in the capacity
of the system reserve, with the capacity of the electro-
chemical accumulators decreasing in proportion to the
increase in the capacity of the system reserve. With a
RESs capacity being known, this seems obvious, because

the required total reserve capacity must remain constant.
A criterion sensitivity analysis makes it possible to
determine the numerical characteristics of the relationship
between the reserve capacity of electrochemical accumul-
ators and the maneuverable capacity of the system reserve.
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Fig. 1. Cost sensitivity: to changes in the capacity
of electrochemical accumulators (green curve), to changes in
the capacity of the system reserve (red curve), and to changes
in the capacity of electric power lines (blue curve).
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Fig. 2. Sensitivity of costs of change in the capacity of power
redundancy: a) chemical type; b) system reserve capacity.
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Fig. 3. Sensitivity of costs to simultaneous change in the
capacity of electrochemical accumulators and the capacity
of system reserve.
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Fig. 4 shows the sensitivity of costs depending on
the simultaneous change in the capacity of electroche-
mical accumulators and to the change in the capacity of
electric power lines. Moreover, the capacity of
electrochemical accumulators increases in proportion to
the increase in the capacity of electric power lines. This
dependence is obvious in principle because the construc-
tion of an electrochemical accumulator or increasing its
capacity requires an increase in the capacity of power
lines that connect it to the system, or you need to build a
new line. The analysis of sensitivity of the costs of
changing the power line capacity when changing the
capacity of the accumulators of electrochemical type
makes it possible to establish the corresponding nume-
rical characteristics in relative units.

Cost sensitivity analysis
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Fig. 4. Costs sensitivity to a simultaneous change in the
capacity of electrochemical accumulators to change in the
power line capacity.

4. Conclusions

For a pre-design analysis of the methods for
redundancy of RESs generation instability during their
development in power systems, it is advisable to use a
criterion method based on the theory of similarity. This
approach makes it possible in relative units to assess the
benefits of a particular method of redundancy and to
establish their optimal capacities for these cost
characteristics. The optimization results obtained in this
form allow us to analyze the proportionality and
sensitivity of the components of the objective function,
in our case, the ways of compensating for the uneven
generation of RESs. The results of proportionality make
it possible to rank the ways of compensating for the
uneven generation of RESs in terms of costs, and the
sensitivity — rationally, and to most efficiently use the
power of different methods during operation.
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KPUTEPIAJIBHE MOJAEJIFOBAHHS
MMPOLECY PESEPBYBAHHS
HECTABIVIBHOCTI 'EHEPYBAHHA
BIJTHOBJIFOBAHHUX JI’KEPEJI EHEPT'II
EJEKTPOXIMIYHUMHA
HAKOIINYYBAYAMUA

erpo Jlexniok, Bsaueciaas Komap,
Ousena Pyboanenko

B po6oTi aHaNi3yIOTHCS METOM 1 CIIOCOOM pe3epBYBaHHS
HEeCTaOIIbHOCTI TEHEPYBAaHHS BiIHOBIIOBAHUX JDKEPEN €Heprii
(BIE) B enexkrpoenepreruuynux cucremax (EEC). Ilokasano,
10 1€ MOXYTh OyTH MaHEBpPEHI MOTYXHOCTI, 30KpeMa TEIUIOB1
Ta TiIPOCICKTPOCTAHIlIT, HAKOIMYIyBaul CJICKTPOCHEPTril, BOM-
HEBi TexHOJIOTi, 6iora3oBi ycTaHoBku. OOrpyHTOBAHO, IO 3
PI3HUX TpPUYHH A pO30YIOBH 1 HapOIIyBaHHS IOTY>KHOCTI
BJIE B eHeprocucteMax HaiOLIBII M ATOTOBICHUMH ISl BIIPO-
Ba/DKCHHS € CJIEKTPOXIMIuHI HakomudyBadi Ta icHyroui B EEC
BHCOKOMAaHEBpeHi moTyxHocTi. g HHUX po3pobiieHO Marte-
MaTHYHI MOJIETIi Ha OCHOBI Teopii MOAIOHOCTI 1 KpUTEPIaTbHOTO
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Mmerony. Hamano mepeBary TakoMy MigXOay udepe3 Te, IIO BiH
3a MIHIMaJbHO JOCTYITHOI BUXigHOI iH(opMmamii 3a0e3medye
MOXKITUBICTh TIOPIBHIOBATH MiX COOOIO pi3Hi CrocoOu pesep-
BYBaHHS HecTaOimpHOCTI reHepyBaHHsS BJIE, omiHroBaté ix
CHIBPO3MIPHICTh, a TaKOX BH3HAYfTH UYTIHMBICTH BUTpAT IO
HOTY)KHOCTI crocobiB pe3epByBanHs. CdopmMoBaHO KpuUTe-
pianbHI MoIemi, AKi JO3BOJSIOTH MOOYIYyBAaTH 3aJICKHOCTI
BUTpAT Ha pe3epByBaHHs HecTalbinbHOCTI reHepyBanHs B/IE
BiJl MOTYXXHOCTI HaKONMHWYyBadiB EICKTPOXIMIYHOTO THILY,
BiJl TOTYXXHOCTI CHCTEMHOI'O pE3epBY, a TaKOX BiJ IpoO-
MyCKHOI 3JaTHOCTI JiHIH enekTpomepenadi. Taki 3amex-
HOCTI Jal0Th MOXJIMBICTh OOIPYHTOBaHille oOMpaTH Ti YU
IHIII CIIOCOOY pe3epBYBaHHS BIAMOBIAHO 10 XapaKTEPHCTUK
i Bumor EEC.
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