47
ISSN 2076-2429 (print)

ISSN 2223-3814 (onlinc) Proceedings of Odessa Polytechnic University, Issue 2(72), 2025

UDC 658.264

H. Balasanian, DSc, Prof,,
V. Verstak,
A. Ostapenko,

P. Kolesnichenko
Odessa Polytechnic National University, Shevchenko Ave. 1, Odesa, Ukraine, 65044, e-mail: balasanyan@op.edu.ua

HYBRID ENERGY SUPPLY SYSTEM FOR
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I Banacamsmn, B. Bepcmak, A. Ocmanenko., 1I. Konecnuuenxo. T'idOpuanHa cucremMa eHepro3za0e3nedyeHHsl 0araTornoBepxoBoro
OyIMHKY 3 BiTHOBIIOBAJIBLHUMH JKepejaMH eHeprii. 3ampormoHOBaHO KOH(DIrypariro TriOpuaHOI CHCTEMH eHepro3abe3redeHHs 3
Bi/IHOBJIFOBAJILHUMH JDKEPEIaMU CHEprii 100 aBTOHOMHOTO [TOCTa4YaHHs EJICKTPUKH Ta TEIUIa Cy4aCHOro 0araTOIOBEPXOBOrO OYAHMHKY.
Toennanmst B riOpuAHHI CHCTEMI Pi3HUX 3a IPHPO/IOIO Ta EHEPreTUYHUM MOTEHIIAIOM [DKEPEIT CHEeprii CIpHsie B3a€MOIOIIOBHEHHIO 1X IIepeBar
Ta, OJHOYACHO, B3aEMOKOMIICHCALIT X HEIOMIKIB. 3a CBOEIO MOTYXKHICTIO MOPHIHOI CHCTEMHU eHepro3abe3neyeHHs] HaOIbII TPUAATHI s
AQBTOHOMHOIO ~€HEepro3abes3leyeHHs HEBEIMKUX IPOMHCIOBHX 00 €KTiB, (DEPMEPCHKHX TOCIONAPCTB, JKUTIOBHX, pPEKpealliiHuX,
CLITBCPKOTOCIIOAAPCHKUX KOMIUICKCIB, TOIIO. J[msi KimiMaTHYHHX YMOB YKpaiHH HaifOLIbII PO3MOBCIOKCHHUMH € TiOpHIHOI CHCTEMH
eHepro3abesneyueHHs, 10 SIKUX iHTErPOBAaHO BITPOYCTAHOBKH Ta COHs4HI (oToenexTpuuni manem. Kongiryparis 3anponoHoBaHoi ribpuaHoi
CHCTEMH eHepro3abesledeHHs CKIAJaeThCsl 3 BITPOYCTAHOBKH, COHSYHHMX (DOTOCIEKTPUYHHMX IIAHENEH, IO TCHEPYITh EJICKTPHKY,
KOTeHepaLiiHOi YCTAaHOBKH 32 TEXHOJIOTI€I0 Ta30BOI MIKPOTYpOIHH, IO TeHEepye TS CHOKHBAYa SK EICKTPUKY TaK 1 TEIUIO Ta eJIEKTPOKOTIIa,
SIK OJATKOBOTO JDKEpelia TEIlIa IIPH IIKOBUX HaBaHTa)KEHHsIX. [IpOBeIeHO y3aranbHEHHS eKCIIEPUMEHTAIBHUX JaHHX, L1010 LIBHIKOCTI BITPY
Ta COHSYHOI 1HCOJISILIT, [0 HAKONMMYEHO y 0a3i JaHWX METEOCTaHIIil HaI[lOHAIBLHOTO yHiBepcuTeTy «Ojechbka moiTexHikay. OnpanboBaHO
METO/IMKY I10/I0 BU3HAYCHHS ONTUMAIIbHUX PEXKUMIB HABAHTAXKCHHS TA TapaMeTPiB riOpUIHOI CUCTEMHU eHepro3abe3nedeHHs 3aIpOOHOBAHOT
KOH(irypamii 3a KpurepieM MiHiMi3alii HebalaHCy MDK TeHEepalli€lo Ta CIOKHBAHHAM EIEKTpUKH B cuctemi. [lapamerpamu, Imo
OIITHMI3YOTBCS, € IUIoMIa (HOTOSTEKTPUYHHX MaHEN el Ta IUIOIIa JIOMATeil BITPOYCTAaHOBKH, SIKi CYMICHO T€HEepYIOTh J0JATKOBY SJIEKTPHUKY, Ta
Pa3oM 3 KOreHepaliiHOT yCTaHOBKOI 3a0€31e4yI0Th IIOBHE MOKPUTTS MOTped crokuBaviB. OTpUMaHO ONTUMAJIbHI PEKUMU €JIEKTPUYHOTO Ta
TEIUIOBOIO HABAaHTAKEHHS TiOPHIHOI cUCTeMM Ta i1 CKIaJOBHX YaCTHH 32 MICALSMH POKY. IliqTBEp/PKEHO, 1110 CE30HHA HEPIBHOMIPHICTH
BITPOBHX Ta COHSYHHX EGHEPropecypciB Moke OyTH TMOBHICTIO KOMIIEHCOBAaHA INIIAXOM iHTerpamii g0 TiOpHIHOI CHCTEMM pi3HHX 3a
€HEPreTUYHUM MOTEHIIIAJIOM Ta MPUPOJIOI0 JUKEPEIT eHeprii, ONTHMI3allii IX reHepyI04ol MOTYXKHOCTI Ta PEXKUMIB HABAHTAXKEHHSI.
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BITPOYCTaHOBKA, (POTOCIEKTPHYHI COHSYHI TTAHEN, PeKNMHI HaBaHTAXKEHHS ONTHMI3allisl TapaMeTpiB

H. Balasanian, V. Verstak, A. Ostapenko, P. Kolesnichenko. Hybrid energy supply system for a multi-storey building with
renewable energy sources. A configuration of a hybrid energy supply system (HES) with renewable energy sources for the autonomous
supply of electricity and heat to a modern multi-storey building is proposed. The combination of energy sources that are different in nature and
energy potential in a hybrid system contributes to the mutual complementarity of their advantages and, at the same time, mutual compensation
for their disadvantages. In terms of power, a hybrid energy supply system are most suitable for the autonomous energy supply of small industrial
facilities, farms, residential, recreational and agricultural complexes, etc. For the climatic conditions of Ukraine, the most common are a hybrid
energy supply system that integrate wind turbines and solar photovoltaic panels. The configuration of the proposed hybrid energy supply
system consists of a wind turbine, solar photovoltaic panels that generate electricity, a cogeneration unit based on gas microturbine technology
that generates both electricity and heat for the consumer, and an electric boiler as an additional source of heat during peak loads. A summary
of experimental data on wind speed and solar insolation accumulated in the database of the meteorological station of the Odessa Polytechnic
National University has been carried out. A methodology was developed to determine the optimal load modes and parameters of the proposed
configuration based on the criterion of minimizing the imbalance between electricity generation and consumption in the system. The parameters
to be optimized are the area of photovoltaic panels and the area of wind turbine blades, which jointly generate additional electricity and,
together with the control unit, ensure full coverage of consumer needs. The optimal electrical and thermal load modes of the hybrid system and
its components for each month of the year have been obtained. It has been confirmed that the seasonal unevenness of wind and solar energy
resources can be fully compensated for by integrating energy sources with different energy potentials and natures into the hybrid system,
optimizing their generating capacity and load modes.

Keywords: renewable energy sources, hybrid energy supply system, cogeneration plant, wind turbine, photovoltaic solar panels, load
modes, parameter optimization

Introduction

The use of hybrid energy supply systems is becoming increasingly widespread in Ukraine and
around the world [1]. This is due to the high energy efficiency of hybrid energy systems, which combine
traditional energy technologies and renewable energy sources (RES) in a single system [2]. The combi-
nation of energy sources that differ in nature and energy potential in a single system contributes to the
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mutual complementarity of their advantages and, at the same time, the mutual compensation of their
disadvantages [3]. The widespread use of HES is also linked to the steady rise in prices for fossil fuels,
heat and electricity, as well as increased environmental requirements for energy facilities and energy
supply reliability. The energy capacity of HES is lower than that of traditional power generation systems.
This is due to limitations in the energy potential of RES and their high specific cost, but systems with a
capacity of several kW to several MW are quite widespread.

Analysis of literature data and problem statement

The use of HES is most effective in the autonomous supply of electricity and heat to consumers.
In terms of their capacity, RES are most suitable for the autonomous energy supply of small industrial
facilities, farms, residential, recreational and agricultural complexes, etc. [4]. For the climatic conditions
of Ukraine, the most common are HES that integrate wind turbines (WT) and solar photovoltaic panels
(SPP) [5, 6]. Depending on the operating mode, HES can be either completely autonomous or connected
to electricity and gas networks. Autonomous operation also requires the system to have storage devices
to compensate for the variability of wind and solar energy resources.

HES for electricity generation only have become more widespread, but for certain categories of con-
sumers HES systems are used to meet their heating and hot water supply (HWS) needs. Such systems have
a more complex configuration, as they additionally integrate heat generators — gas or electric boilers, heat
pumps, etc. For such HES systems, electricity consumption will increase significantly during the heating
season, leading to a corresponding increase in RES generation capacity and reducing the economic effi-
ciency of the system. Recently, cogeneration plants based on gas turbines or internal combustion engines
have been used for combined electricity and heat production in various industries. Integrating a cogenera-
tion plant into a HES can significantly increase the efficiency of the system during the heating season,
while in the summer months, efficient generation will be carried out mainly by RES [7].

A configuration of a HES system with a cogeneration unit — a gas microturbine, a heat recovery
unit and a photovoltaic solar power plant — is proposed for consideration (Fig. 1). The proposed HES
only needs to be connected to the gas network and is completely autonomous in terms of electricity
generation. CU based on gas microturbines have found wide application for autonomous supply of elec-
tricity and heat to consumers [8] with high energy efficiency. The efficiency indicator of CU, the fuel
utilisation factor (FUF), reaches up to 90%. During the non-heating period, consumer demand for heat
is significantly reduced and, accordingly, the CU FUF can drop to 30%. The presence of a wind turbine
and a solar photovoltaic system in the proposed HES configuration will largely compensate for the low
efficiency of the CU during the non-heating period. The energy efficiency of the wind turbine is signif-
icantly higher in the winter months, while the solar photovoltaic system reaches its maximum in the
summer months, so the proposed hybrid energy system is quite relevant for supplying consumers with
significant heat consumption during the heating period with full electricity supply throughout the year.

For the proposed HES, the question of the optimal capacity of each energy source in the system
becomes relevant [9, 10].

Purpose and objectives of the study

The purpose of the study is to investigate load modes and optimise the parameters of the HES for
combined energy supply to consumers, taking into account the climatic conditions of the Odessa region.

To achieve the aim of the study, the following tasks must be solved:

— summarise experimental data on wind speed and solar insolation accumulated in the database of
the meteorological station of the Odessa Polytechnic National University;

— develop a methodology for optimising the load modes and parameters of the proposed configu-
ration of the solar energy system, taking into account the wind and solar radiation potential for the
Odessa region;

— conduct research on the HES system to determine the optimal energy parameters of the system
and load modes of the system components.

Research materials and methods

Fig. 1 shows the functional diagram of the proposed HES system. The object of energy supply is a
modern 150-apartment multi-storey residential building.

The configuration of the proposed HES consists of a wind turbine, solar photovoltaic panels that
generate electricity, a gas microturbine control unit that generates both electricity and heat for the con-
sumer, and an electric boiler as an additional source of heat during peak loads. The electrical power
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generated by the wind turbine and solar panels is usually supplied as direct current, which is quite con-
venient for charging batteries. The controller's function is to protect the battery from deep discharge and
overcharging. Next, the inverter converts direct current into alternating current with a standard fre-
quency of 50 Hz and a voltage of 220 or 380 V. Due to the utilized heat from the cogeneration unit, the
main share of heat supply in the system is provided, additional peak heat loads are compensated by the
electric boiler.
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Fig. 1. Functional diagram of a HES system: T — gas turbine; C — compressor; ST — storage tank; EB — electric
boiler; WHB — waste heat boiler; HS — heating system; HB — heating boiler; NP — network pump; HP — heating
pump; STR — storage tank pump; WHBP — waste heat boiler pump

Methods for determining the capacity and performance of HES systems integrated with heat re-
covery boilers and solar panels are based on generalised climate data from long-term observations of
wind speed and solar insolation for a given region. The parameters and structure of the SHE can be
optimised in various ways: for example, according to technical indicators that characterise the reliability
and efficiency of energy supply, or according to economic indicators such as the cost of energy products
or capital investment in system components [11].

To optimise load modes and HES parameters, a target function (TF) is proposed that minimises the
imbalance between electricity generation and consumption in the system: F'=E, —E_ — 0. The pa-

rameters to be optimized are the area of photovoltaic panels F,, and the area of wind turbine blades
F,,;, which jointly generate additional electricity and, together with the CU, ensure full coverage of

consumer needs.

In addition to the TF, the task of optimising load modes and HES parameters also includes a system
of balance equations (BE) and corresponding constraints (CC) on the generation and consumption of
electricity and heat in the system.

The balance between heat consumption and production is described by the equation:

O+ Ois = Gev + rp » M
where:
0., Ol are the average monthly values of the thermal power of the heating system and HWS,
respectively;
0., O., are the average monthly values of the utilised thermal power of the heating system and

hot water supply, respectively;
i is the ordinal number of the month of the year.
The balance of electricity consumption and production is described by the equation:
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E+ By =Eqy + Epy +Eyy (2)
where:
E! ., E., —average monthly values of electricity consumer capacity and EC capacity, respectively;
E.,, E,,, E,, — the average monthly values of the electrical power of the CU, SPP and WT, re-
spectively.

Additional conditions may also be included in the system of equations, for example, the ratio be-

tween the nominal capacities of the wind turbine and photovoltaic panels E" / EY", which for this SPP

is accepted as E,." / Ey" =1. The ratio between the nominal capacities of the heat source and photo-
voltaic panels can also be specified, for example, provided that the capital investments in the heat source

(Kheat source) and photovoltaic panels (Kpy ) are equal: Kheat source / Kpv = 1.
System of restrictions on electricity and heat generation in the HES:

i nom i nom , i nom i nom
QCUSQCUECUSE E <E EWTSEWT’

Cu » PV — PV

where: OX", EX, EN", Eyp  are the nominal values of the thermal and electrical power of the CU,
the electrical power of the SPP and the WT, respectively.
Finally, the task of optimising the load modes and parameters of the HES of the proposed config-

uration is as follows:

F=E, —-E, — min (TF);

O + Ohws = Oy + O (BE);

E' +E. =E., +E,, +E,. (BE);

i< (rom. Ei < Erom. Ei < From. Ei <E‘r;>—ll_n (CC) : (3)

CU — =CUu » Cu — —cCu > PV — PV > TWT —

K
nom nom __ WT __ .
E™™ JE™™ =1 or = =1 ;
PV

i=1.12.

The “Find Solution” option in Excel spreadsheets was selected as the tool for solving the task of
optimising the parameters of the HES. The result of solving the problem is the optimal values of the

wind turbine blade area Fj , the area of photovoltaic panels — F,, the average monthly values of
utilised heat and electrical power of the CU — O, E.,, , the average monthly value of the electrical

power of the EC, WT and SPP — E,, E.., E., , which satisfy the conditions of the problem.

Research results

The energy supply facility considered in this work is a modern 150-apartment multi-storey resi-
dential building with the following calculated technical characteristics:

— total heated area — 11.250 m?;

— number of residents — 370;

— specific heating characteristic — go =1.4 W/(m?°C);

— hot water consumption — 100 litres per person per day;

The parameters for heat consumption for hot water supply and heating are determined according
to the methodology [13].

Table 1 shows the total electricity and heat consumption at the facility during the calendar year.

The average monthly heat load of the facility for heating and hot water supply throughout the year
is shown in Fig. 2. The facility's heat demand in winter and summer differs significantly and, accord-
ingly, has a ratio of about 7:1, due to the fact that heat in summer is consumed only for hot water supply.

A cogeneration unit is installed at the facility — a Capstone-200 gas microturbine (manufactured in
the USA) with the following nominal technical characteristics:

— turbine electrical power, kW — 200;

— utilised thermal power, kW — 393;

— natural gas consumption, nm*/hour — 65;

— turbine rotation speed, rpm — 65,000;

— exhaust gas temperature, °C — 280;
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— turbine electrical efficiency, % — 33;
— fuel utilisation factor (FUF), % — 90.

Table 1

Generalised electricity and heat consumption volumes

Electricity consumption, kWh 97500 [89700 [89700 [82500 [65625 [84375 [93750 (93750 [65625 [ 78000 [97500 [97500

Average monthly electricity | 35 | 133 | 155 | 115 | 88 | 117 | 126 | 126 | 91 | 105 | 135 | 135
load, kW

Averagem‘mi‘\g heatingload, | 3, | 337 | 236 | 142 | 0 0 0 0 0 | 158 | 221 | 284

Heat consumption for hot water g2 2 82 48 45 64 64 64 45 48 50 g2
supply, kW

Total thermal load, KW 413 | 413 | 318 | 190 | 45 | 64 | 64 | 64 | 45 | 206 | 271 | 366

Or, kW

400

300

100

H
B
-
200
B
B
B
B

Month of the year

Fig. 2. Thermal load of the facility by month of the year: / — Heating; 2 - HWS

Analysis of the data in Table 2 shows that the electrical power of photovoltaic panels in the summer
months is 6...8 times higher than in winter, which, accordingly, will contribute to their effective use
with limited power of the CU in summer (Fig. 3). On the contrary, the electrical power of heat engines
is 4...5 times higher in the autumn and winter months than in the summer, which contributes to natural
gas savings for heat engines.

Table 2

Electricity generation by wind turbines and photovoltaic panels by month of the year

Month| 1 | 2 | 3[4 |56 |7 |89 |10]11]I12
Insolation, kWh/m? 28 | 47 |115]161]177]211|200]|184|130| 70 32| 27
Specific electricity generation of solar power plants, W/m? 7.6 [14.2] 31 |45.4|46.7|57.5|52.5|48.2|36.7|19.4/8.5| 7.4
Average monthly electrical capacity of solar power plants, kW| 14 | 26 | 59 | 85 | 88 [109] 99 | 91 | 68 | 36 |16] 14
Average monthly wind speed, m/s 48| 5 148]48|3.7]129(29(2.7[29]|3.244|47
Average monthly electrical power of the WT, kW 15.6/17.7|/15.6/15.6/ 7.2 3.4[3.4[2.8|3.4|4.6|12]14.7

The results of solving the problem of optimising load modes and HES parameters under the condition
of equal nominal capacities of wind turbines and photovoltaic panels E,." / EQ" =1 are as follows:

— total SPP — 1638 m?;

— the area of the rotor blades is 995 m?, which corresponds to a wind turbine diameter of 62 m.

Fig. 4 shows the optimal modes for utilised heat from the CU and heat from the EC by month of the year.

Analysis of Fig. 4 shows that during the heating season (October to April), heat utilised from the
CU provides the majority of heat for the consumer. The EC is used to coordinate the thermal and elec-
trical load schedules in the system and to cover peak loads, so the share of heat from the EC is signifi-
cantly lower. The heat recovered from the CU is used only for HWS in the summer, so the CU operates
periodically only to accumulate hot water, and the EC is switched on to coordinate the thermal and
electrical loads of the system.

ENERGETICS



52
ISSN 2076-2429 (print)

[pani Oxecskoro moJiTeXHIYHOTO yHIBepcHuTeTy, 2025. Bun. 2(72) ISSN 2223-3814 (online)

Ree, kKW
80

60

40

20

1 2 3 4 5 6 7 8 9 10 11 12
Month of the year

Fig. 3. Power of photovoltaic panels by month of the year

Or, kW
400

300

Gas turbine

200

100 Electric boiler

0
1 2 3 4 5 6 7 &8 9 10 11 12

Month of the year

Fig. 4. Optimal modes of heat generation from the CU and EC by month of the year

Fig. 5 shows the optimal modes of electricity generation by the CU, WT and SPP by month of the
year. Analysis of Fig. 5 shows that the main share of electricity during the heating period in the HES is
provided by a gas microturbine. Although the share of electricity from the heat pump is smaller than
that from the heat exchanger, it is several times greater than the share of electricity from the heat pump.
Electricity supply to consumers in the summer months is mainly provided by the heat pump. The share
of electricity from the microturbine is small and is due to the supply of utilised heat to the DHW. In the
summer months, the WT generates several times less electricity than the SPP.

Rel’ kW
250

200
150

100
50
0

1 2 3 4 5 6 7 8 9 10 11 12
Month of the year

Fig. 5. Optimal electricity generation modes in the HES by month of the year, assuming equal nominal
capacities of WT and photovoltaic panels

If the task of optimising the parameters and load modes of the HES is solved under the condition
of equal capital investments in accordance with the WT(Kwr) and photovoltaic panels (Kpv):
KWT / KPV = 1,
then the optimisation results change significantly (Fig. 6). The share of electricity from CU and SPP

increases significantly, while electricity from WT, on the contrary, does not have a significant impact
on the energy balance of the SGE.
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Fig. 6. Optimal electricity generation modes in the HES by month of the year, assuming equal capital

investments in thermal power plants and photovoltaic panels

Conclusions

1. A HES system for autonomous electricity and heat supply of a modern multi-storey residential
building has been proposed, taking into account the energy potential of wind and solar energy for the
Odessa region.

2. A methodology has been developed for determining the optimal load modes and parameters of
the proposed HES configuration based on the criterion of minimising the imbalance between electricity
generation and consumption in the system.

3. The optimal modes of electrical and thermal load of the hybrid system and its components by
month of the year have been obtained.

4. It has been confirmed that the seasonal unevenness of wind and solar energy resources can be
fully compensated by integrating energy sources with different energy potentials and natures into the
hybrid system, optimising their generating capacity and load modes.
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