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The intensive development of renewable energy, especially solar power and wind power 
plants, poses risks of disrupting the balance reliability of the grid. There is the need to develop 
electricity storage system area, first of all, due to the global tendency to increase the demand 
for electricity and the number of electricity generation from renewable sources. The issue 
of guaranteeing electricity supply to the consumer operating in the autonomous renewable 
source – energy storage device – consumer system is the main criterion when selecting the 
installed capacity of the generator on the basis of renewable sources and energy storage device 
capacity. Also, the application does not allow reducing voltage fluctuations in the renewable 
sources – the consumer system.
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1. INTRODUCTION

The past decade has seen strong growth 
in the deployment of renewable energy 
technologies, with the power sector lead-
ing the way thanks to sharp cost reduc-
tions for solar photovoltaic (PV) and wind 
power. In the Stated Policies Scenario [1], 

nearly 8  500  GW of new power capacity 
is added globally by 2040, of which two-
thirds is renewables. Renewables account 
for the majority of capacity grows in most 
regions. This includes about 80 % of addi-
tions in the European Union and China, but 
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they provide less than half of additions in 
Southeast Asia and the Middle East. Solar 
PV provides the largest share of renewable 
capacity additions in most regions, includ-
ing China and India.

In the Sustainable Development Sce-
nario, renewables account for around 80 % 
of capacity additions in all regions, comple-
mented mainly by nuclear power and car-
bon capture technologies.

Globally, electricity demand is pro-
jected to grow by over 20 % over the next 

decade, but flexibility  – the ability of the 
power system to quickly adapt to changes 
in power supply and demand – will grow by 
some 80 %. Flexibility will therefore be the 
cornerstone of future electricity systems. It 
will be met not only by traditional sources 
of flexibility – such as conventional power 
plants and electricity grids  – but also by 
new sources of flexibility, including battery 
storage and demand-side response, which 
are projected to grow fast and contribute to 
400 GW by 2040 (Fig. 1).

Fig.1. Installed capacity of utility-scale battery storage systems in the New Policies Scenario, 
2020–2040.

Ukraine has not stayed away from 
world trends. Today, due to the state subsi-
dization of renewable energy sources (RES) 
electricity producers, there is an intensive 
development of RES, which are connected 
to the electricity system at the level of dis-
tribution electricity grids, which leads to a 
gradual transition from a purely centralised 
(big atomic and fossil fuel power stations) 
model of electricity supply to combined 
when part of electricity is generated by dis-
persed sources.

According to the operational data of  
the National Energy Commission “Ukr-
energo”, the total installed capacity was 
53042.50 MW in January 2020; RES capa-

city was 4949.80 MW, and it was distribu-
ted according to generation technologies in 
this ratio (Fig. 2).

The intensive development of renew-
able energy, especially solar power plants 
and wind power plants, poses risks of dis-
rupting the balance reliability of the grid. In 
order to continue the increase of RES share, 
it is necessary to increase the volume of pri-
mary, secondary regulation and substitution 
reserve. 

It is necessary to develop electricity 
storage systems area, first of all, due to the 
global tendency to increase the demand for 
electricity and the number of electricity 
generation from renewable sources.
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With smooth operation, electrical sto-
rage systems will contribute to the stable 
functioning of the grid, reduce network 

imbalances caused by unbalanced loads 
from consumers, and maintain the pace of 
renewable electricity inputs.

TPP GC – energy generating companies of thermal power plants, NPP – nuclear power plants, 
CHP – combined heat and power, HPP – hydro power plants, HPSPP – hydro pumped storage power plants, 

SPP – solar power plants, WPP – wind power plants

Fig. 2. The installed capacity of the integrated distribution system of Ukraine and power of RES equipment [2].

2. THEORETICAL CALCULATIONS

The use of RES has a number of posi-
tive qualities that ensure their active devel-
opment. In particular we can determine no 
environmental pollution during operation, 
the need for maintenance and others. Along 
with the positive properties, there are a 
number of disadvantages, the main of which 
is the lack of predictability of generation 
volumes as a time function and the impact 
on electricity supply security [3]–[5]. 
However, by integrating an energy storage 
device (ES) into the system of a generating 
set, it can significantly reduce the negative 
impact of the unpredictable generation fac-
tor [6]–[8]. ES application helps accumu-

late surpluses generated by RES and use 
the accumulated energy in times of scarcity 
and / or lack of generation from RES [9].

The issue of guaranteeing electricity 
supply to the consumer operating in the 
autonomous RET-ES-consumer system 
is the main criterion when selecting the 
installed capacity of the generator on the 
basis of RET and ES capacity [10]. Also, 
the application does not allow reducing 
voltage fluctuations in the RET-consumer 
system [11], [12].

Analysing the parameters of modern 
ES, different types of rechargeable batter-
ies (RB), taking into account the specific 
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energy consumption of 30–400 W∙h /kg and 
the number of life cycles of 500–1200, can 
be considered the most suitable for long-
term use in the RES-ES-consumer system. 
One of the ways to solve the problem of 
guaranteed electricity supply is to choose 
ES that allows accumulating all energy 
excess generated by RES and the consumed 
load [13], [14]. An important feature of the 
RES-ES-consumer system is the constant 
presence of excess generation, which can 
be used during periods of scarcity and  / 
or absence of RES generation. Determin-
ing the ES parameters to cover the needs 
of the autonomous consumer is important 
enough and at the same time not sufficiently 
elaborated. Therefore, the relevant question 
remains the use of ES in the energy hub 
[15], which has its own RES and interacts 
with the grid under different market condi-
tions [16].

It is necessary to consider that there are 
restrictions that do not allow for the use of 
all 100 % of stored energy in the RB, which 
is due to its type [17].

The charge of each RB can be divided 
into two parts. The first part is the maxi-
mum depth of discharge (MDOD) for a cer-
tain type of RB, which is a relative value 
for most types of modern RB. All RB man-
ufacturers and their equipment technical 
data sheets indicate MDOD as the degree 
of discharge at which the RB operates the 
least number of charge  / discharge cycles. 
Though, when the discharge is higher than 
MDOD, the RB wear rate increases. It will 
be logical to state that there is a certain rela-
tive value of the minimum degree of charge 
of the RB, which must be permanently 
stored in the RB MSOC (minimum state of 
charge). Thus, for each individual type of 
RB the following expression can be written:

1=+ MDODMSOC .	  (1)

The numerical expression of the energy 
contained in the RB can be determined by 
arithmetically multiplying the value of the 
capacitance RB by the voltage between its 
terminals. Typically, RB is used to deter-
mine the nominal capacity and submit it 
in A∙h. Therefore, it is more convenient to 
operate the battery charge level rather than 
its capacity. Depending on the operating 
modes that are constantly changing (charge 
discharge), the charge value (amount of 
stored energy) changes. Since at each point 
of time we will have different values of the 
electric charge (A∙h), it can be numerically 
expressed by the dimensionless SOC (state 
of charge) ratio of the current charge RB to 
its nominal capacity. Next to the SOC, there 
is a DOD (depth of discharge) ratio of the 
RB discharge to its nominal capacity. That 
is, at any point in time RB can be described 
by the expression:

( ) ( ) 1=+ tDODtSOC .	  (2)

From Eq. (2) it follows that a fully 
charged RB corresponds to a value 

( ) 1=tSOC  and ( ) 0=tDOD . Fully dis-
charged RB − ( ) 0=tSOC  and ( ) 1=tDOD .

From the above we can see that there is 
a range of charge levels of the RB in which 
it will work without failure, let us call it 
NRM (normal run mode). NRM is a range 
from full charge RB to MSOC, which can 
be described as follows:

[ ]1;MSOCNRM ∈ .	  (3)

In numerical form, NRM can be defined 
as follows:

MDODMSOCNRM =−=1 .	  (4)

The change in SOC at successive time 
intervals can be expressed as a dependency:
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 (5)

where )(tARES   – the amount of energy produced by RES,   – the amount of 
energy consumed by the load (the upper indices are applied to DC and AC, respectively), 
ηinv – inverter efficiency, batV  – voltage at terminals of RB array, batC  – RB array capacity.

It should be noted that the selected 
capacity of the RB array in the entire cycle 
of operation, with uninterrupted supply of 
electrical energy to the load, should be in 
the charged state. This statement can be rep-
resented by the expression:

( ) MSOCtSOC =∀ .	  (6)

The RB state can be described by the 

dependence of the SOC invariance crite-
rion:

( ) ( )TtSOCtSOC =0 .	  (7)

Depending on Eq. (7), the start of the 
RES work period with RB is the beginning 
of the calculation cycle. Taking into account 
Eq. (7), the dependence (5) will be

	  (8)

The condition (7), with (8), gives the 
dependence:

	 (9)

Dependence (9) makes it possible to 
determine the necessary value for )(tARES  
and to choose the appropriate hardware for 
its implementation according to the con-
sumer’s needs.

Using dependence (9) in this case it is 
possible to determine the number of pho-
tovoltaic panels of a certain type that will 
provide the production of electrical energy 
in volume depending on consumption.

Since it changes randomly, the energy 
accumulated / transmitted by the RB can be 

determined when equality (9) is not fulfilled 
in relation to (7), i.e. an excess / deficit of 
electrical energy produced by RES. The 
energy )(tARES  accumulated / released by 
RB can be determined according to (9) by 
the dependence of:

 (10)

Dependence (10) makes it possible to 
determine the RB capacitance, if it is con-
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stant, by dividing the right and left portions 
of this dependence by batbatCV . However, 
according to the research, it is known that 
depending on the charging current ( )+I  RB 
will have a different capacity; depending on 
the state of charge ( )tSOC , the voltage at 
RB array terminals will vary. The capacity 
of the RB also changes under the influence 
of the ambient temperature and the life-
time − degradation of the active substances 
of the RB.

For further use of dependence (10), it 
is necessary to neglect influencing factors 
on the result of the RB capacitance value 
volatility. Therefore, the capacitance of 
the RB is considered to be the amount of 
energy that RB contains. We will estimate 
the amount of this energy by determining 
the RB charge − )(tQ . 

The amount of energy that an RB array 
contains at any given time can be regarded 
as dependent on the ( )tSOC . In numerical 
terms:

)()( tSOCCtQ bat= .	  (11)

In Eq. (8), Cbat means the current value 
of the RB capacitance, which cannot be 
determined during operation.

At each point in time, the RB charge 
will determine the sum of two components: 
RB charge at the start of the operation 

)( 0tQ  and all stored energy in the RB at the 
current time. According to (8) and (10), the 
following dependence can be obtained:

( ) ( ) ∑+=
=

T

i

t

tt bat

bat
V
AtQtQ 0 .	  (12)

The value of ( )tQ  according to (12) 
must be greater, which corresponds only to 
the fully charged RB state. Achieving this 
condition is possible by accordingly choos-
ing the value of ( )0tQ .

During the whole period of RES opera-
tion, depending on the produced energy 
volume, the RB charge value according to 
formula (12) may vary from minQ  to maxQ . 
These values can be determined from all the 
calculated value series as follows:

( )( ),minmin tQQ =    ( )( ),maxmax tQQ =    [ ]Ttttt ..., 21= .	  (13)

Since the minQ value must be positive 
(subject to a constant charge array RB), the 
minimum charge and the value of the oper-
ating range selected as a result batC  must 
meet the following conditions:

batDODCQ ≥min ,	  (14)

batNRMCQQ ≥− minmax .	  (15)

Taking into account Eqs. (14) and (15), 
we obtain a two-criterion equation:





 −

≥
MSOC
Q

NRM
QQCbat

minminmax ,max . (16)

The calculation according to depen-
dence (16) can be performed in case of 
existing consumer’s electric load schedule 
and forecast  / statistics on RES electric-
ity generation. The calculation should be 
performed for typical periods of RES−RB 
complex use depending on the time of the 
year, working days and days off, etc. Par-
ticular attention should be paid to ensur-
ing that the charge  / discharge current RB 
is limited. The value of the RB capacity 
according to the calculation results should 
satisfy all selected periods of the RES−RB 
complex usage.
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3. EXPERIMENTAL RESULTS

Let us calculate the choice of ES power 
for the distribution electrical network area, 

in which the SPP is integrated (Fig. 3).

Fig. 3. An example of distribution electrical network area.

The 110/10  kV electrical substation 
supplies four 10 kV L1–L4 distribution lines, 
the load of which is modelled by the built-in 
random number function in MS Excel soft-
ware.

The calculation carried for ES power 
choice for two scenarios:
•	 integrated distribution system (IDS) 

sets limits on the possible SPP genera-
tion power flow through a 110/10  kV 
substation;

•	 IDS sets a load schedule requirement 
for the distribution network area under 
consideration.

Consider a situation where IDS sets a 
limit on the possible flow of excess SPP-
generated power through a substation. Let 
us analytically show this by the following 
expression:

 (17)

where Р1, Р2, Р3, Р4 are the load of the 10 kV 
distribution lines L1, L2, L3 and L4, respec-
tively, kW; РDG is the power generated by 

the SPP integrated into the distribution net-
work, kW.

Under condition (2), for the considered 
area of the distribution network an elec-
tricity accumulator (EA) will accumulate 
undelivered (surplus) electricity SPP with 
the possibility of further release within the 
IDS limit set.

The amount of electricity A  released 
for a certain period of time t∆  into the 
distribution network is calculated by the 
expression:

tPA ii ∆= .	  (18)

The total load of the distribution net-
work of 10 kV area and the SPP generation 
schedule, which is integrated into the grid, 
are shown in Fig.  4. The SPP generation 
schedule is taken from the existing station 
and the electricity generated from the grid 
is calculated using Eq. (18).

During the day, the distribution network 
(L1–L4 lines) consumed 20893=SubA  kWh 
and generated  SPP – ADG =17753.03 kWh.
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Fig. 4. Graph plots of total distribution network load and SPP generation for one day.

To obtain the data on the 10 kV substa-
tion busbar load, taking into account the 
generation of SPP that is integrated into the 

distribution network, Eq. (19) is used.

	  (19)

Fig. 5. Graph plots of electricity consumption, taking into account the IDS constraints and sufficient 
SPP generation (a – timetable for the IDS limitation on power flow; b – comparative graph of 

electricityconsumption with and without SPP in selected grid area).
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The integration of the SPP into the dis-
tribution network area under consideration 
(Fig.  3) has a significant impact on the 
10 kV substation busbar load. In the absence 
of SES, the amount of electricity released 
from the 10 kV substation busbar into the 
network per day was 20893 kW·h, and with 
the appearance of the SPP – 7578.23 kW·h.

Taking into account the IDS constraints 
and sufficient SPP generation, which from 
10.00 to 17.00 can completely satisfy the 
electricity needs of the distribution net-
work area, there is possibility and neces-
sity of generated electricity accumulation 
from SPP. Graphically, it is demonstrated in 
Fig. 5. 

The total amount of accumulated elec-
tricity in EA will be 4174.756  kW·h per 
day.

In the presented case, when the IDS 
establishes a restriction on the possible 
power flow (excess of SPP generated 

power) through the substation, the EA 
power should be selected based on the data 
obtained on the total accumulated electric-
ity per day. In this situation, the EA power 
should not be less than 4174.756 kW·h, this 
value is brought to the nearest standard  – 
4200 kW·h.

Let us consider the second scenario, in 
which the IDS sets a load schedule require-
ment for the distribution network area 
(Fig. 3).

The minimum value of electrical load is
1.540min =P  kW and accordingly the max-

imum value is 1.1160max =P  kW. The total 
amount of electricity released by the 10 kV 
substation busbar should be 20816.5 kW·h 
per day.

In order to comply with the established 
load schedule (Fig. 6), the 10 kV substation 
busbar, which is the power supply point for 
the four lines and the SPP, EA must be inte-
grated into the SPP structure.

Fig. 6. Combined load and generation schedule for the distribution network area.

We calculate the load at time moment 
on EA terminals by Eq. (20).

 (20)

Taking into account the limitation on 

electricity consumption from the 10  kV 
substation busbar (Fig. 6), Fig. 7 shows the 
“charge-discharge” process of an electric 
drive for balancing in the selected distribu-
tion network area.
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Fig. 7. EA charge and discharge process (a – power; b – electricity amount).

Figure  7a demonstrates both positive 
and negative power values. Positive val-
ues reflect the EA charge process due to the 
appearance of excess power, and negative 
values reflect the EA discharge process due 
to the system power lack.

After analysing the given data and 
the EA work schedule, its charge and dis-
charge are 5.1428maxmax == ÀQ   kW·h, 

5.184minmin −== ÀQ  kW·h.
Based on the values of charge and 

discharge, it is possible to calculate the 
required EA power using Eq. (16):

As a result of the calculation, the optimum 
EA standard power can be selected: 

AEA = 1800 kW·h.  

The various renewable energy sources 
that use energy storage in their structure can 
be considered the integrated power systems 
for expanding the network node in the elec-
tricity grid. Developing and implementing 
approaches to optimize the functioning of 
such energy hubs are a promising project in 
the context of sustainable development of 
Ukraine’s energy sector.
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4. CONCLUSIONS

The use of renewable energy sources 
in the grid imposes certain features on IDS 
operation, in part of electricity consumption 
mode formation and can be implemented 
using probabilistic prediction methods and 
algorithms of artificial neural networks.

The use of energy storage will allow 
RES entities to comply with IDS require-
ments regarding electricity losses, which 
will, as a result, meet the operational safety 
standards of the electricity grids.

Using the procedure of the opti-
mal capacity calculating for the complex 
“renewable source-battery”, for each sce-
nario EA optimal power allows provid-
ing the optimum quality of electricity. The 
simulation also found that the load sched-
ule constraints for the PV distribution area 
required less energy storage than the restric-
tion on the possible power flow.
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