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ANALYSIS OF ENERGY INDICATORS OF SILICON AND CONCENTRATOR
HETEROSTRUCTURE PHOTOELECTRIC MODULES IN CLIMATIC CONDITIONS
OF THE MIDDLE ZONE OF UKRAINE

The implementation of distributed generation installations based on renewable energy sources in local power systems
requires taking into account their local energy potential, especially for photovoltaic plants with their inherent variable
generated power, depending on natural and meteorological conditions.

This work determines and analyzes the energy indicators of solar photovoltaic installations with modules based on
crystalline silicon and concentrator A>B’ converters for the climatic conditions of the middle band of Ukraine.

Modeling of the annual specific energy production by photovoltaic installations was carried out based on the
indicators of the Vinnytsia Hydrometeorological Center. The analysis showed that in this region of Ukraine, economically
feasible energy generation by photovoltaic stations can be achieved, and the design scheme of the installation without
concentration of solar radiation, but equipped with a system for tracking the position of the Sun, provides an increase in
electricity generation compared to a system based on stationary modules. At the same time, the use of concentrator A°B’
modules in the considered climatic conditions turned out to be impractical, since this leads to a decrease in electricity
generation by more than 7% even compared to a stationary photovoltaic installation based on silicon modules, which is
explained by the exclusion of the scattered component of solar radiation from photovoltaic generation and energy losses
in the optical concentrator.

The annual distribution of average daily electricity generation by photovoltaic installations with and without solar
radiation concentrators in the climatic conditions of Vinnytsia was experimentally investigated.

The analysis of the obtained results showed that in the climatic conditions of the middle zone of Ukraine, photovoltaic
installations with a capacity of up to a few kilowatts should be composed of stationary modules of non-concentrated
radiation. At the same time, for installations of higher power and photovoltaic stations of the megawatt class, it is worth
using schemes with tracking the position of the Sun without concentration of the light flux.

Key words: photovoltaic panel; solar insolation; concentrated radiation; spatial orientation system, electricity
generation.

I'. 1. KPAIIMUBKO

KaH/W/IaT TeXHIYHUX HayK, JIOLCHT,

TOUEHT Kadepu HaBirauii Ta ynpapiHHS CyJHOM
XepcoHChKa Jep)KaBHA MOPChKA aKaaeMist
ORCID: 0000-0002-8165-1213

B. B. KYPAK

KaHJUIaT TEXHIYHUX HayK, JJOLEHT,

JIOIEHT KaepH eHePreTHKH, eIeKTPOTEXHIKY 1 (Pi3uKH
XepCOHCHKUIT HAILlIOHATIbHUI TEXHIYHUI YHIBEpCUTET
ORCID: 0000-0002-4303-5671

© H. I. Krapyvko, V. V. Kurak, 2025
Crarrs mommproeTsest Ha ymoBax Jinensii CC BY 4.0

216



BICHHK XHTY M 4(95), 4. 1, 2025 p. IH’KEHEPHI HAYKH

AHAJII3 EHEPTETUYHUX MIOKA3HUKIB KPEMHIEBHUX TA KOHIIEHTPATOPHUX
TETEPOCTPYKTYPHUX ®OTOEJEKTPUYHUX MOAYJIB B KJIIMATUYHUX YMOBAX
CEPEJJHBOi CMYI'M YKPAIHH

Bnposadoicenna ycmanogok po3noodinenoi cenepayii Ha 8iOH0BI0BANUX 0HCEPENAX eHep2ii 8 NOKATbHUX eHepeocucme-
Max nompedye 8paxy8anHs ix Micyeeo2o eHepeemuyHo20 NOMeHYiay, 0coonUeo 01 PomoereKMmpuyHUX cCmanyitl 3 npu-
MAMAKHOIO IM MIHAUBOIO 2EHEPOBAHOI0 NOMYAUCHICINIO, 3ANENHCHOIO 80 NPUPOOHUX MA MEMEeOPOLO2iYHUX YMOB.

B Oaniii pobomi susnaueno ma npoananizoeano eHepeemuiti NoKAsHUKU COHAYHUX QOMOeNeKMPUUHUX YCMAHOB0K
3 MOOYNIAMU HA OCHOBI KDUCMAINHO20 KPEMHII0 MA KOHYEHMPAMOPHUX nepemeopiosauie 3i cnonyk A°B ona knimamuu-
HUX YMO08 cepednboi cmyau Ykpainu.

Mooeniosanna piunozo numomoz2o 6upoOieHHs eHepeii QOomoeneKmpuyHUMU YCMAHOBKAMYU NPOBEOEHO HA OCHO-
8i noxkasHukie Binnuyvkozco ciopomemyenmpy. Ananiz noxaszas, wo 8 oaHomy pe2ioHi Ykpainu modxce 6ymu 0ocaecHymo
EKOHOMIYHO O0YinbHe 8UPOONIEHHA eHepeii YomoereKMmpUIHUMY CMAHYIAMY, A KOHCIMPYKIMUBHA cXeMa YCMAaHO8Ku be3
KoHyenmpayii consiunoi padiayii, ane ochaujenol cucmemoio cmedicersi 3a nonoxcennsm Conysi, 3abesneyye 30inbuerHs
8UPOOIEHHS eleKMpOoeHep2ii NOPIGHAHO 3 CUCIEMOIO HA OCHOGI HepyXoMux Mooyiie. B moil dce uac, 3acmocyeants KoH-
yeHmpamopHux Mooynie A’B° @ po3enanymux KiiMamuyHux yMo8ax UAGULOCh HEOOYLTbHUM, OCKIIbKU Ye NPu3eooums 00
3MeHWeH s 6UPOOTIeHHs eneKmpoenep2ii Ha nonao 7% Hasimv 6 NOPIBHAHHI 3 HEPYXOMOIO hOMOENEKMPULHOIO YCINAHOB-
KO0 HA OCHOBI KPeMHIE€BUX MOOYTIB, 10 NOACHIOEMbCA BUKTIOUEHHAM 3 (POMOoeleKmpUYHOi 2eHepayii po3ciaHoi cKk1adoeoi
COHAYHO20 BUNPOMIHIOBAHHS MA 6MPAMAMU eHep2ii Y ONMUYHOMY KOHYEHMPAmopi.

Excnepumenmansho 0ocniodceno piunutl po3noodin cepedibo0006068020 supobients eleKkmpoenepaii omoeiexmpuy-
HUMU YCIMAHOBKAMU 3 KOHYEHMPAMOPAMU COHAUHO20 UNPOMIHIOBAHHS Ma 6e3 HUX 6 KIIMaAMUYHUX ymoeax M. Binnuyi.

Ananiz ompumanux pe3ynbmamis noKasas, wo 6 KIMamuyHux ymosax cepedHvoi cmyeu Ykpainu gomoenrexmpuy-
HI YCMaHOBKU ROMYACHICIIO 00 0OUHUYb KiN08am OOYiNbHO KOMNOHYEAMU 3 HEPYXOMUX MOOYIIE HEKOHYEHMPOBAHO20
sunpominlosanis. B moil dce wac, 01 ycmanogox 6inbuioi nOMyjicHOCMi ma PomoeneKmpuiHux cCmanyiti Me2asamHtozo
KAACY 8apmo BUKOPUCTNOBY8AMU CXeMu 31 cmedxceHHAM 3a nonodcennam Conysa 6e3 KonyeHmpayii ceimuo8020 NOmoxKy.

Kniouogi cnosa: pomoenexmpuynuii Mooy, COHAYHA THCONAYIA, KOHYEHMPOBAHE SUNPOMIHIOBAHMNA; CUCTNEMA NPO-
CMopoeoi opieHmayii; e1eKmpudHa 2eHepayisi.

Problem Statement

Decentralization of the energy sector with an orientation towards the development of distributed generation is one of
the key directions of energy development, the support of which is declared in strategic documents of the state level [1].
The implementation of distributed generation installations based on renewable energy sources in local energy systems
requires taking into account their local energy potential, especially for photovoltaic plants (PVs) with their inherent vari-
able generated power, depending on natural and meteorological conditions.

The assessment of the efficiency of solar power plants with tracking devices, but located in different climatic zones,
is often impossible due to non-repeatable or difficult to reproduce artificial insolation regimes. Therefore, the calculations
mainly use the averaged monthly values of the hourly change in the intensity of the direct solar energy flux under clear sky
conditions, given in actinometric reference books. But they also reflect local features of insolation, expressed, for exam-
ple, by local deviations from symmetry relative to noon. In this regard, it is proposed to carry out an energy assessment
using hourly values of the intensity of the direct solar energy flux, calculated using unambiguously regulated parameters
of atmospheric transparency.

Analysis of recent studies and publications

The amount of solar energy received by the receiving surface depends on the characteristics of the radiation climate
at a given point and the design scheme of the installation [2]. The most energy-efficient design scheme of a photovoltaic
power plant is a scheme based on modular photovoltaic installations with two-axis tracking of the position of the Sun [3].
Such a scheme, which was used during the research, is presented in Fig. 1. In it, the photovoltaic installation rotates in
height and azimuth for constant orientation to the Sun.

The specified scheme provides for the possibility of using the PV system both with and without solar radiation con-
centrators. In this installation, which provides the condition y = 0, where y — is the angle of incidence of direct solar
radiation, every concentrating systems can be applied.

Formulation of the research goal

The goal of this work is to analyze the energy performance of solar photovoltaic installations with and without the

two-axis tracking system for the climatic conditions of the middle zone of Ukraine.
Presentation of the main research material

Solar radiation reaches the earth's surface in the form of direct rays from the solar disk (direct solar radiation) and in
the form of scattered radiation from the sky (diffuse solar radiation). The sum of direct and scattered radiation reaching a
certain surface constitutes the total solar radiation.

Since the area of a solar installation can be different and vary within quite wide limits, it is advisable to calculate the
solar radiation inflow per 1m? of the receiving surface of the installation.
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Fig. 1. Photovoltaic installation with two-axis tracking of the position of the Sun (a) and the module of A’B*
photovoltaic converters with Fresnel lenses (b)

In general, the inflow of direct solar radiation during the day to a certain fixed or rotating surface can be expressed by
the formula:

)

P, = [(P)rcosy], (1)

’l

where (P)r is the average inflow of direct solar radiation to a surface normal to the rays for a given time interval in
the current month; ¢, and #, are the start and end times of irradiation of the surface under consideration by direct solar
radiation; y — is the angle of incidence of direct solar radiation on the surface under consideration at the current time ¢.

Multiplying P*dn by the number of days in the current month, we obtain the average monthly inflow of direct solar
radiation to the surface under consideration, and summing the monthly values, we find the annual amount.

Similarly, by summing the average hourly values of scattered radiation, it is possible to determine the average daily
value of the scattered radiation D*dn for a given month according to the equation:

L)

D', =2 [(D),(K), ], @
i
where (D), is the average incoming scattered solar radiation to a horizontal surface for a given time interval in the current
month; (K), is the conversion factor for the incoming scattered radiation to the surface under consideration, referred to the
middle of the current hourly interval for a given month.

The introduction of the specified conversion factor (K), is necessary, since information on the average hourly values
of scattered radiation is available only for a horizontal surface, and the surface under consideration can be inclined to it at
different angles. The value (K), is determined by the ratio of that part of the celestial hemisphere that the receiving surface
"sees" at the moment to the full hemisphere, which in turn depends on the angle of inclination of the surface under con-
sideration. The part of the celestial hemisphere "visible" by an inclined plane is a spherical dihedral with an angle equal
to (m — a), where a — is the angle of inclination of this plane to the horizontal surface.

Then, if the angle a is measured in degrees, we have:

(K)h=(1-a/180)h. 3)

Formula (3) is obtained under the assumption of uniform distribution of scattered radiation over the celestial hemi-
sphere, which is quite valid, especially in the case of a completely clear sky. However, this assumption is the only possible
one, since there are no reliable statistical models of the distribution of scattered radiation over the sky, especially for the
sky partially or completely covered by clouds. The average daily sum of the total radiation is determined by adding the
right-hand sides of expressions (1) and (2). When using these expressions, the values of P*,, and D*,, can be taken from
[4], and the values of (1— a/180), must be calculated.

For the angle of incidence of solar rays the expression [5] is valid:

cosy, = sinhcos a+coshcos Asina , “

where % and A4 are the height of the Sun and its azimuth at a given time.
However, & and 4 are themselves functions of the latitude ¢, time of day ¢ and season, which can be expressed in terms
of the declination of the Sun . Omitting intermediate transformations, we arrive at the equation:
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cosy = sin6|:sinq) cosa + sina(sin(p tgp — ﬂ +(cosq) cosa+ simpsina)cosS cost . %)

cosQ

For the installation shown in Fig.1(a), which is a system with automatic orientation to the position of the Sun, y = 0,
and the value (1- a/180), is found according to the equation:

(1 - %) =1- [90 — arcsin (singsind + cospcosd cost)] /180 . (6)
rox

Thus, using formulas (1)—(6), it is possible to calculate the direct, diffuse, total solar radiation on the receiving surface
of a modular photovoltaic installation for any given time interval.

The next stage of calculations is to determine the electricity generation by a photovoltaic installation. Not all solar
energy that has reached the surface of the installation can be effectively converted into electricity. Regarding photovol-
taic converters (PVCs), the limiting factor is the voltage, which at a low solar radiation flux density decreases below the
nominal level, which makes it impossible to meet the needs of the consumer. Therefore, solar energy that arrives at a flux
density less than a certain "threshold" value cannot be used.

Taking into account the above, the calculation of the average daily electricity production in a certain month in specific
terms, i.e. per 1m? of the receiving surface of the photovoltaic module, for installations with solar radiation concentrators
is carried out according to the formula:

4, =P, (M), 7)

where (1), — efficiency of the optical concentrating system (taken at the level of 0.875); 5 — efficiency of conversion of
solar energy into electricity, the value of which for the studied silicon PVs was taken equal to 0.188, and for concentrator
A’B’ PVs —0.236 [6].

The calculation in specific terms is universal, since the electricity generation of a particular designed installation can
be easily calculated by multiplying the specific generation by the receiving area of this installation. For a specific instal-
lation with known values of (1), and 7, the electricity generation is found by proportional conversion.

The average daily specific electricity generation in the calculated month by photovoltaic installations without solar
radiation concentrators is determined by the expression:

A;n = (le*n + D;n) > (8)

in which D"dn takes into account the limitations on the maximum density of scattered radiation.

Knowing the average daily specific electricity generation in each month, it is not difficult to determine the energy
generation throughout the year.

Calculations according to the above-mentioned method were carried out by the Regional Hydrometeorological Center
of Vinnytsia (49.23 N). The entire array of calculation results is presented in a table, which shows the value of the specific
annual electricity production for a photovoltaic modular installation, made according to the structural scheme of Fig. 1
with solar radiation concentrators (K) and without them (B/K). Data on the estimated annual electricity production are
presented in Table 1.

Table 1
Estimated annual electricity production PVCs, kWh/m2
. . Latitude, Stationary Tracking Tracking
Point Geographical degrees N (B/K) K) (B/K)
Vinnytsia 49.23 154.2 142.4 206.0

The obtained calculation results confirmed the a priori qualitative statement that the volume of electricity generation
by photovoltaic installations is greater in the area where the solar climate is more favorable [7]. Thus, from the data in
Table 1 it is clear that in the considered region of Ukraine, which belongs to the "solar" region, economically justified
energy generation can be achieved [8]. However, quantitative indicators for this region regarding the volume of energy
generated using installations with a two-axis system for tracking the position of the Sun were obtained for the first time.

From the data presented in Table 1, it also follows that in the absence of solar radiation concentrators, the design
scheme associated with the rotation of photovoltaic modules provides an increase in electricity generation compared to a
fixed module. At the same time, the use of concentrating systems reduces electricity generation both by eliminating the
scattered component of solar radiation and due to losses in the optical concentrator.

Reduction of specific annual energy generation for a scheme with a concentrator compared with a fixed scheme is
more than 7%. Increasing the efficiency of photovoltaic installations with concentrators at a fixed level of photovoltaic
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conversion efficiency is possible only by increasing the efficiency of the concentrating system (#),. For example, if (1), is
increased from the value adopted in the calculation of 0.875 to 1, electricity generation will increase by 12.5%.

From the data in Table 1 it also follows that the scheme, which involves the orientation of the photovoltaic module
without the concentration of the light flux, gives the best results, which is quite natural, since the condition y = 0 is met.

Since the data available in the literature on the parameters of PVCs at low illumination are contradictory, relate to
different types of PVCs and therefore cannot be taken as a reliable basis, this circumstance required the setting up of an
experiment, which was carried out on a laboratory stand, the block diagram of which is presented in Fig. 2. The informa-
tion was recorded on a recorder during the calendar year 2021.

Solar module Registrar Network load
P —>
Wi=18.2W H 30921 R =62850m
W= 10W

Fig. 2. Block diagram of the laboratory stand

The object of the study was silicon PVCs obtained from rice husks, as well as concentrator AB3 PVCs with Fresnel
lenses [6].

It has been established that when using solar concentrators, the flux density of direct solar radiation on the module
surface is always higher than the threshold value. Thus, all direct solar radiation arriving at the module surface can be
converted into electrical energy and used in the load.

For photovoltaic installations without concentrators, in the presence of direct solar radiation, the fraction of radiation
with a density less than the threshold is small. However, in the absence of direct solar radiation, the influx of scattered
radiation with a flux density less than the threshold value can constitute a significant part of the total influx of scattered
radiation. As the analysis has shown, such a decrease depends only on the climatic indicators of the location of the PV
plant. It is more significant for areas characterized by the largest fraction of scattered radiation in the influx of solar
energy. The specified restriction on the threshold value of the scattered radiation flux density reduces the total annual
intake of total radiation that can be converted into electricity by 10-20%.

The nature of the energy source used by photovoltaic installations is such that its intake varies in daily and annual
intervals. Accordingly, the power of the installations and their electricity generation also change. Daily patterns of power
changes are more clearly visible during a clear day. The annual course of electricity generation is significantly affected by
both the latitude factor and the climatic characteristics of the location of the PV plant.

W, kWh/ m? day

08 L

71N

fh\ / ey PR N
06 17 -+ =
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0.4
/ —o—GaAs
/ concentrator

L N~

2021 year

Fig. 3. Distribution of specific electricity generation by months (Vinnytsia, 2021)

Fig. 3 represents the annual course of the specific average daily electricity generation by a photovoltaic installation
in the climatic conditions of the city of Vinnytsia (¢ = 49.23° N) according to the results of measurements during 2021.
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It is worth noting that the obtained experimental values of monthly and annual energy generation by photovoltaic
installations are the upper limit of these values, since such factors as energy consumption for the PV plant's own needs, for
example, for rotating modules, the discrepancy between the real load and the maximum power point on the ampere-volt-
age characteristic of the photovoltaic installation, energy losses in the inverter that converts direct current into alternating
current of the required frequency and voltage, etc. are not taken into account.

Conclusions

A comparison of the efficiency of various design schemes of modular photovoltaic installations leads to conclusions
that are significant for practice.

Thus, the use of solar radiation concentrators allows to significantly reduce the consumption of photoconverters per
unit of installation power but leads to a decrease in the specific annual electricity generation even in comparison with a
stationary photovoltaic module.

The use of systems with optical concentrators reduces the average annual electricity production compared to modules
of non-concentrated solar radiation due to the exclusion of the scattered component of solar radiation from the process
of photovoltaic conversion and the presence of energy losses in the concentrators. Thus, in the climatic conditions of
Vinnytsia, the reduction in specific annual energy production for a scheme with concentrators compared to concen-
trator-free installations ranges from 7% to 30%, depending on whether the modules of non-concentrated radiation are
equipped with a system for tracking the position of the Sun.

The efficiency of photovoltaic installations with concentrators can be increased at a fixed photovoltaic conversion
efficiency by increasing the efficiency of the concentrating system (7). Thus, with an increase in (7), from 0.875 to 1,
electricity production will increase by 12.5%.

Therefore, in the climatic conditions of the middle zone of Ukraine, photovoltaic installations of low power, up to
units of kilowatts, are advisable to be composed of stationary modules. At the same time, for installations of higher power
and megawatt-class photovoltaic power plants, from an energy point of view, it is advisable to use schemes with tracking
the position of the Sun without radiation concentration.
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