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Abstract: Developing an energy supply based on resources whose use does not spoil the noosphere
and the creation of such energy supply of efficient equipment whose operation does not cause any
damage to nature and man is an urgent task. The need for such an approach is especially relevant
and noticeable in agriculture. This article presents the final results of complex studies of new PV
devices and PV systems based on them. Considered in the article are the best solutions we propose
to improve PV equipment and make it more attractive for agricultural consumers. The developed
vertical and planar high-voltage multijunction silicon PV cells and PV modules on their basis are
presented. The first type of modules have a maximum power point voltage of up to 1000 V, specific
power of up to 0.245 ± 0.01 W/cm2, and efficiency of up to 25.3% under a concentration ratio range
of 10–100 suns. The samples of the second module type (60,156.75 × 156.75 mm PV cells) have
an open-circuit voltage of 439.7 V, a short-circuit current of 0.933 A, and a maximum power of
348 W. Additionally, two types of newly designed solar energy concentrators are described in this
article: one-dimensional double-wing concentrator ensuring low Fresnel optical losses and multi-zone
parabolotoric microconcentrator with the uniform radiation distribution in the focal region, as well
as modules based on these concentrators and the developed PV cells. For PV modules, the maximum
power degradation is 0.2–0.24% per year in a wet ammonia environment. For concentrating PV
modules, this degradation is 0.22–0.37% per year. This article sets out the principles of increasing the
efficiency of PV systems by increasing the level of systematization and expanding the boundaries of
PV systems. The thus-created PV systems satisfy 30–50% more consumer needs. Thanks to a higher
output voltage and other specific features of the developed modules, PV system loss decreased by
12–15%, and maintenance losses also decreased.

Keywords: green energy supply; agricultural electrification; high-efficiency photovoltaic equipment;
complex energy supply systems

1. Introduction

One of the main ways to overcome the negative impacts of modern industrial civiliza-
tion is the transition to maximum harmonization with nature, which is especially topical
and noticeable in the countryside [1]. The energy supply based on the resources whose use
does not spoil the noosphere and the creation of such energy supply of efficient equipment
whose operation does not cause any damage to nature and man is one of the mechanisms
of environmental restoration. The resource for this is, first of all, solar energy [2–6].

The transition to the use of renewable energy resources is the most obvious and
justifiable in agriculture. Photovoltaic (PV) systems are one of the best equipment options
for specified purposes, especially considering the development of building-integrated
photovoltaics (BIPV) and agrivoltaics (AgriPV).

For agriculture and rural areas, the use of photovoltaic solar energy conversion is
especially topical because of the following factors [7–9]:
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(1) Agriculture has the most opportunities for implementing the optimal variants of
PV systems;

(2) Rural territories generally suffer from a greater constant shortage of electric power;
(3) In power supply to agricultural consumers, the inefficiency of improperly designed

systems is more obvious, and such systems have a more substantial impact on life activity.

At the same time, the power supply to agriculture imposes special requirements for PV
equipment, namely requirements associated with the impact of aggressive environments,
e.g., ammonia, thermal and humidity conditions, etc., as well as special requirements for
safety, ecological compatibility, and aesthetics. Agriculture is more sensitive to changes
(increases) in the equipment cost.

In order to implement power supply in rural areas, first of all, through the application
of solar energy resources and expansion of the scale of agricultural power supply with the
use of PV systems, it is necessary to increase the efficiency of PV systems and make them
more attractive for consumers. At present, the solutions to this problem are as follows:

(1) Efficiency enhancement of solar energy conversion is achieved through improvement
in the design of PV devices and manufacturing technology (i.e., the efficiency of
PV cells, concentrators, and modules), reduction in the degradation of PV devices’
characteristics over time, and the enhancement of devices’ resistance to environmental
factors. This ensures an increase in the energy output and a minimization of the
occupied space [10–14].

(2) A combination of functions (i.e., BIPV, AgriPV, etc.) ensures that there will be no need
for a separate space on the land’s surface for placing PV modules, in addition to cost
reduction and improved aesthetics [15,16].

(3) An increase in the level of systematization, expansion of the boundaries of PV systems,
and their development as complex systems ensure a reduction in losses and a higher
level of consumer satisfaction [17].

(4) The placement of PV systems at the consumption site ensures the organization of
energy supply based on an analogy with nature, a reduction in costs, and additional
opportunities for the implementation of the first three factors mentioned above [7].

(5) An increase in the diversification of efficient PV equipment for various operational con-
ditions enhances the PV systems’ versatility and expands their application possibilities.

The overall purpose of our many years of research is to increase PV equipment effi-
ciency at all levels [18], including PV cells, PV modules, and PV systems, thus considerably
increasing the possibilities of using PV systems in agriculture.

At present, more than 90% of industrial-grade PV cells are PV cells fabricated on
a silicon wafer with a p–n junction unit, which is due to their substantial advantages
over any other types of PV cells (e.g., relatively low cost, accessibility and abundance of
silicon, acceptable output characteristics and properties of such PV cells, and well-proven
technology) [10,11,13,19].

Homogeneous semiconductor PV cells on the basis of just one p–n junction can only
generate voltages limited by the potential barrier height on the junction. For silicon and
gallium arsenide (i.e., the best technologically investigated PV materials), this voltage is
approximately 0.6 V to 0.9 V under nonconcentrated solar radiation. At the same time, most
typical electronic devices require considerably greater voltage levels for their operation.
When using single-junction PV cells for obtaining the required values of voltage, one has to
connect a sufficiently large number of cells/modules in series, which results in power loss
due to contact resistance and non–uniformity in the parameters of individual cells/modules.
Additionally, it leads to a reduction in efficiency and sturdiness against external factors.
The typical planar crystalline silicon PV modules (60 mono-Si PV cells with single p–n
junction and with a size of 156.75 × 156.75 mm) have an open-circuit voltage (Vo.c) of 44 V
and a short-circuit current (Is.c) of 9.5 A, and their voltage and current at the maximum
power point are 36.3 V and 8.8 A, respectively. The required voltage and power values
of a PV array based on traditional PV modules are usually provided at sufficiently high
DC values. Reducing these values can significantly reduce ohmic losses and therefore will
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both increase the efficiency and reliability of PV systems and reduce costs. Moreover, such
PV modules occupy quite a great area [10–13,19–22]. However, in agriculture, limitations
generally exist for the placement of PV modules and, as mentioned above, have more
stringent requirements for immunity to environmental factors and cost.

Based on this, the first task of our research was to develop high-voltage silicon PV
cells that would enable a significant increase in the output voltage of PV equipment and
overcome other disadvantages of conventional PV modules that limit the PV equipment
used for agriculture power supply.

Earlier on, research was pursued to develop high-voltage vertical multi-junction
Si PV cells for space applications [23]. These cells had acceptable efficiency only when
the concentration was 1000 suns or higher, and they were not convenient for terrestrial
applications. More recent studies also refer to cells operating under high concentrations
(efficiency of up to 19% under 2480 suns), which have also not been applied in terrestrial
photovoltaics [24]. Terrestrial high-voltage vertical multi-junction Si PV cells suitable for
mass application were, for the first time, proposed and developed in the course of the
studies summarized in this paper.

Considering the fact that mass technologies are oriented toward the production of
planar PV modules and also that the components of PV systems (mass design solutions),
such as PV plants, BIPV, and AgriPV, are designed on the basis of the conventional planar
PV modules, planar high-voltage silicon PV cells are required. Making such cells was a
new idea. Our ideas and theoretical studies were presented in [25–30]. Besides increasing
the output voltage, these cells had to accomplish the objective of creating high-voltage
PV modules with dimensions matching the standard dimensions of the mass-produced
crystalline Si PV modules. Additionally, such modules should be manufactured with the
maximum use of existing equipment.

The higher the concentration of the solar energy arriving at radiation receivers (RRs) is,
the higher the photoelectric conversion efficiency is. The use of concentrators enables an in-
crease in the irradiance of the active surface of PV cells and therefore increases the efficiency
of PV modules/PV systems [11,14,31,32]. A review of the current state of concentrator
applications in photovoltaics is presented in [32–36]. Two types of solar radiation concentra-
tors were of interest in terms of developing highly efficient concentrator photovoltaic (CPV)
modules: focon-type concentrators and concentrators containing a symmetrical reflecting
surface (RS) fabricated as a chute (compound parabolic concentrators). Concentrators of
these types have the following important advantages, compared with other types of con-
centrators: (1) a long daily operation period within the parametric angle of the concentrator
without tracking the sun; (2) the possibility of using diffuse radiation, thus increasing the
amount of the total irradiance coming to the concentrator aperture, by up to 20%. The
mirror RS on the current technological horizon may have a reflection coefficient of 99% or
more, which sets this mirror concentrator apart from lens-based ones.

The main disadvantage of concentrators manufactured in the form of solids of revolu-
tion, including focon types, and other toroids, as well as concentrators based on Fresnel
lenses, is a nonuniform distribution of irradiance intensity over the active surface of RRs.
This results in a decrease in efficiency because PV converters are most efficient when ir-
radiance is uniform. Compound parabolic concentrators have uniform radiation density
in the rectangular focal region. The main problem of such concentrators is that the rays
reflected from the part of RS located close to the focal plane fall on the active surface of RRs
at high angles. This results in a sharp increase in the coefficient of radiation reflected from
the active surface of RRs (Fresnel losses) [14,36–39].

Moreover, all of the operated efficient PV systems based on CPV modules are bulky and
have incomparably larger dimensions and weights than those based on traditional planar
PV modules. They require complex and insufficiently reliable tracking systems. This, to a
large extent, brings to naught their advantage of a higher performance factor. In addition,
naturally, this makes them hardly applicable in agricultural power supply systems.
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Free from these defects are CPV modules based on microconcentrators whose dimen-
sions are comparable to those of conventional planar PV modules. The best results in
implementing microconcentrators are presented in [40–42]. There is a considerable problem
associated with the unevenness of RR illumination while using mirror concentrators, which
may be reduced by optimizing the form of RS, and there is also a problem of inherent losses
caused by absorption when Fresnel lenses are used [36,39].

In certain situations, the use of toroidal concentrators is the most effective. In [43], we
presented a series of newly developed semitoroidal concentrators.

Another task of our research was to remove/minimize the previously mentioned
defects of focon-type concentrators and compound parabolic concentrators and to design
efficient CPV modules on the basis of the developed concentrators and high-voltage multi-
junction cells.

The aim of this article was to present the final generic research results that yielded
real practical outcomes, starting from scientific ideas to operating devices and installations.
Schematically, the reviewed studies are outlined in Figure 1. The results presented in the
paper include two types of high-voltage PV cells (Section 2), optimized solar concentrator
structures (Section 3), and four types of PV modules on their basis (Sections 2 and 3). As
well, this article presents research on the development of more efficient PV systems by
increasing the level of systematization and expanding the boundaries of PV systems. The
final efficiency of such systems is evaluated by the degree of consumer need satisfaction
(Section 4). To date, the results of our theoretical studies related to PV cells and concentrators
have mainly been published. The research results of fabricated PV cells, concentrators, and
modules on their basis, are published for the first time in this article. For the time being,
quite a high correlation between theoretical calculations and the operating characteristics
of real instruments was achieved, which enabled us to present the relevant results in
this manuscript.

When proposing the ideas related to the development of PV devices (Sections 2 and 3),
along with efficiency improvement, a task was set to minimize the costs at the stage of
the introduction of devices into production (by minimizing changes in the manufacturing
technology) and at the stage of the creation of PV systems based on the developed PV and
CPV modules (by minimizing changes in the technology and design of PV systems and
mating structures). These aspects were indispensably taken into account when analyzing
and choosing the optimal options. The solutions to this task included the choice of silicon as
the basic material for PV cells, the creation of planar high-voltage cells whose dimensions
correspond to those of conventional crystalline silicon PV cells, and CPV modules whose
dimensions correspond to those of traditional planar PV modules.
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2. Increasing Energy Production by Increasing Voltage—Improvement in the Design
of Photoelectric Cells
2.1. Vertical High-Voltage Multi-Junction Silicon PV Cells

Three technologies have been used to form multi-layer structures: soldering unit cells
using solder plugs with diffused layers, epitaxy, and breakdown [44]. Currently, PV cells
are manufactured via plug soldering with subsequent cutting into size-defined cells and the
application of antireflection coating with nanoclusters to the end face (active surface) [45,46].
Figure 2a,b show the structure of a typical vertical high-voltage PV cell and a PV module
composed of these cells. As one can see from Figure 2, both the cells and modules of this
design are much more space-saving than those manufactured using traditional planar
technology. The cell voltage is equal to the sum of the voltages of microcells (0.58–0.62 V
per microcell). The efficiency achieved for the designed cells under single-fold radiation is
comparable to that of conventional silicon PV cells.
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Figure 2. (a) PV cell structure; (b) PV module based on vertical multi-junction PV cells, 40 60× 10 mm
PV cells; (c) I–V curve of developed PV modules, 10 suns; (d) dependence of efficiency on irradiance.

PV cells have universality in relation to the radiation level, i.e., in contrast to traditional
silicon planar PV cells, their voltage does not decrease as concentration increases. Moreover,
they have low sensitivity to the radiation incidence angle.

PV modules based on vertical high-voltage multi-junction silicon PV cells have a
voltage rate of up to 1000 ± 15 V at the maximum power point. For solar radiation
concentration ratios ranging from 10 to 100 suns, the specific power of such modules is up
to 0.245 ± 0.01 W/cm2, and their efficiency is up to 25.3%. The modules are encapsulated
with polysiloxane gels (see Section 2.3), which facilitates the extension of their expected
service life up to about 50 years. The operating range of their ambient temperature is
from –60 to 110 ◦C. The module efficiency, which is 18–22%, remains the same when
the temperature rises up to 60 ◦C, which simplifies their cooling system while working
with concentrators. The production process does not require the use of silver, screen
printing, photolithography, or any other time-consuming procedure or expensive materials.
Figure 2c shows the I–V curve of the developed PV module. The test conditions were
as follows: direct normal irradiance of 10 × 1000 W/m2, cell temperature of 25 ◦C, and
spectral irradiance distribution of direct normal AM1.5. Figure 2d shows the PV module’s
efficiency dependence on the level of active surface irradiance [46].

The operating voltage of 1000 ± 15 V enables the use of these PV modules with
transformerless inverters and connecting them to high-voltage direct-current 110–500 kV
power lines without the need for converting substations. To obtain the operating voltage of
1000 V with the use of conventional planar PV modules, it would be necessary to connect
more than 1800 150 × 150 mm planar PV cells in series, in which case the total length of the
modules would exceed 300 m. It is also important that the operating voltage of one module
can be equal to the accepted nominal DC voltage of large photovoltaic systems (system
voltage), for example, solar power plants such as AgriPV systems.

The main problem involves the reproducibility of characteristics (wide spread of
parameter values). Thus far, it has been impossible to achieve parameter values in the
required narrow interval with the change from batch to batch.
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2.2. Planar High-Voltage Multi-Junction Silicon PV Cells

The currently developed planar high-voltage silicon PV cells are multi-junction ho-
mogeneous PV structures [25–30]. The doped layers form planar diodes n+–p–p+ (p+–n–n+;
n–p–p+; p–n–n+) or n–p microstructures (unit cells) connected in series in the direction of
radiation propagation. Figure 3 shows the design options of planar high-voltage PV cells,
while Table 1 presents the advantages, design specificity, and technological features bor-
rowed from PV cells of various types in order to develop planar high-voltage multi-junction
PV cells.
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Table 1. Advantages, specificity of design, and technologies borrowed from various types of PV cells
to develop high-voltage planar multi-junction PV cells.

PV Cell Type Advantages, Specificity of Design, and Technology

Conventional planar

Dimensions
Basic complete processing lines
Consequent designs
Preferable direction of radiation adsorption

Silicon multi-junction
High output voltage
Ability to operate under concentrated solar radiation
Low electric losses

III-V-based multi-junction
Multilayer design
Layer preparation technology, interconnection via tunnel junctions
Layer thickness

Silicon-based thin film Layer thickness

The small (≤10 µm) thickness of layers and, consequently, unit cells make them
practically transparent considering solar radiation. Each unit cell receives radiation that
consecutively passed through the previous semiconductor layers. The thickness of the base
unit cell area does not exceed the diffusion length of minority charge carriers.

The theoretical and most of the experimental parts of this research were carried out
using the basic option of the design, as shown in Figure 3a. The basic option of PV cells
was fabricated through the use of epitaxy by transferring epitaxial layers to the basic unit
cell (silicon wafer with a p–n junction formed via diffusion). The first basic unit cell ensures
the mechanical strength of the entire structure. As the p+ and n+ layers are heavily doped,
a conductive contact occurs between them owing to the quantum-mechanical effect of
tunneling through the p+–n+ junction. The dimensions of PV cells are determined by the
dimensions of the wafer and correspond to the dimensions of traditional crystalline Si
PV cells.
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The thickness of p, n, and n+ layers is from 12 nm to 9.8 µm, while that of p+-type
layers is from 10 nm to 120 nm. The concentration of active impurity in thin heavily doped
p+-type layers is more than 1019 cm−3. In general, the thickness of layers increases with
the distance from the active surfaces, which enables the production of PV cells with the
required output parameters and their nonsignificant distribution with a wide tolerance for
layer identity. The number of layers is determined based on equipment capability and the
specifics of the layer formation process, as well as the expediency of using solar cells with a
specific number of layers in the PV modules.

To avoid losses in the circuit, each unit cell must operate under radiation at its optimal
point of the volt–ampere characteristic, which means the equality of the photogenerated
currents flowing through the unit cells:

∞∫
0

dΦ
dω · e

−α
N
∑

k=i+2
dk
·
(

1− e−αdi+1
)
· dω =

∞∫
0

dΦ
dω · e

−α
N
∑

k=i+1
dk
·
(

1− e−αdi
)
· dω; i = 2, 3, . . . , N − 1

∞∫
0

dΦ
dω · e

−α
N
∑

k=i+1
dk
·
(

1− e−αdi
)
· dω =

∞∫
0

dΦ
dω · e

−α
N
∑

k=2
dk
·Qi(ω) · dω; i = 2, 3, . . . , N

(1)

where Φ is the incident photon flux; α is the radiation absorption coefficient depending on
photon frequency ω or wavelength λ and on the nature of the semiconductor; dk and di are
the thickness of the k-th or i-th unit cell, respectively; Qi(ω) is the spectral charge carriers
collection efficiency for the p–n junction in the i-th unit cell; and N is the number of unit
cells in an entire PV cell.

The requirement of Equation (1) is met by determining the optimal values of the
thickness of each unit cell as follows:

di =
1
α

ln
1− e−2αδ + Qie−αδ

(
1− e−2αδ(i−1)

)
1− e−2αδ + Qie−αδ

(
1− e−2αδ(i−2)

) ; i = 2, 3, . . . , N (2)

where αδ is the complex optical–technological parameter of the PV cell.
The density of the photocurrent generated in the i-th unit cell is subject to light

absorption in the previous layers.

Jphi = qΦ0Si(α, ξ); i = 1, 2, . . . , N (3)

where q is the absolute value of the electron’s charge, Φ0 is the incident photon flux density,
Si is the spectral charge carriers collection efficiency (photoresponse) of the i-th unit cell,
and ξ is the angle of radiation incidence onto the active surface.

Volt–ampere characteristic is expressed as follows:

V =
AkT

q

N

∑
i=1

ln


(

qΦ0·Qi
1+(N−1)·Qi

− Jph

)
J0i

+ 1

 (4)

where A is the parameter of characteristic curvature, k is the Boltzmann constant, T is the
cell temperature, and J0i is the reverse dark current density in the i-th unit cell.

The collection efficiencies of spectral charge carriers of unit cells are determined
as follows:

S1(α, ξ) = Sb(α, ξ) = cos ξ · e
− α

cos ϑ (
N
∑

k=2
dk+2δ(N−1))

·Qb(α, ϑ)

Si(α, ξ) = cos ξ · e
− α

cos ϑ (
N
∑

k=i+1
dk+2δ(N−i)+δ)(

1− e−
α

cos ϑ di
)

; i = 2, . . . , N − 1

SN(α, ξ) = cos ξ · e− α
cos ϑ δ ·

(
1− e−

α
cos ϑ dN

)
(5)
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where Qb is the collection efficiency of the charge carriers in the basic cell, ϑ is the refraction
angle in a semiconductor structure, and δ is the thickness of the tunnel layer in the unit
cells (the difference between the tunnel layers of unit cells can be neglected).

Angle ϑ is determined using the relation sinξ = n·sinϑ, where n is the radiation refrac-
tion index in the semiconductor. Angle ξ is equal to 0◦ when the rays are perpendicular to
the active surface. The reverse dark current density in the i-th unit cell, given the uniform
technology used in the fabrication of unit cells, does not depend on the unit cell number,
i.e., J0i = J0, as evident from Equation (1).

The plots showing the main characteristics of the developed high-voltage multi-
junction PV cell with the basic structure (see Figure 3a) and different unit cell numbers are
presented in Figure 4. The characteristics of the final experimental samples quite accurately
correspond to the results of computer simulations and calculations.
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Figure 4. (a) Open-circuit voltage of high-voltage planar PV cells under solar radiation,
a = 0.125 µm−1, A = 2, J0 = 10−7 A/cm2, and qΦ = 45 mA/cm2; (b) dependence of the optimum unit
cell thickness on it number; (c) dependence of efficiency on solar radiation concentration; (d) relative
efficiency, a = 0.125 µm−1, A = 2, J0 = 10−7 A/cm2, and qΦ = 45 mA/cm2.

For the experiments, PV cells (see Figure 3a) were originally fabricated using the basic
design option with the number of unit cells N from 1 (only the basic unit cell without
epitaxy layers) to 20 (see Figure 4a). For technological reasons, more detailed research was
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carried out to determine the characteristics of unit cells using samples with N = 2, N = 5,
and N = 10.

The dependence of the open-circuit voltage of PV cells on N is shown in Figure 4a, for
various values of tunnel layer thickness δ for α = 0.125 µm−1, Qb = 0.8, a radiation intensity
equal to that of solar radiation (qΦ = 45 mA/cm2), and for other parameters corresponding
to the recombination current mechanism (A = 2; J0 = 10−7 A/cm2). The open-circuit voltage
increases monotonically with N (growing almost linearly for small values of N), weakly
depending on the values of J0 and Q. In the asymptotic limit, for N·Q >> 1, it becomes
dependent on N, to an extent that is weaker than the linear law and does not change for
any value of Q.

As seen from Equation (2), the optimal thickness di decreases in inverse proportion
to the radiation absorption coefficient α, logarithmically reduces as the unit cell number i
increases, and increases as the collection efficiency of charge carriers Qb increases in the
first basic unity cell. The dependence of the optimal thickness of a unit cell on its number
for various values of δ is shown in Figure 4b. PV cells may operate under concentrated
radiation without a noticeable decrease in voltage, and they have low sensitivity to the
solar radiation incidence angle. The efficiency of PV cells does not exceed the maximum
efficiency of the basic unit cell only for small values of the tunnel layer thickness δ. For a
given value of radiation absorption coefficient α, this thickness, layer number N, and the
relevant value of open-circuit voltage must not exceed the corresponding limiting values.
For example, for α = 0.125 µm−1, there must be δ ≤ 0.16 µm, N ≤ 9, and Vo.c ≤ 4.5 V.
A sharp drop in PV cell efficiency was observed if δ ≥ 0.32 µm.

Experimental samples of PV modules were manufactured from 60 PV cells with a
size of 156.75 × 156.75 mm with N = 10. The PV cells were connected in a series–parallel
comprising two strings of 30 cells each or in series. The modules were encapsulated using
polysiloxane gels (see Section 2.3). Figure 5a shows the module during testing. Additionally,
Figure 5b shows the averaged I–V curve of the developed modules under the standard
test conditions (STC) (cell temperature of 25 ◦C, irradiance of 1 sun, i.e., 1000 W/m2, and
spectral irradiance distribution of AM1.5).

Agriculture 2023, 13, x FOR PEER REVIEW 11 of 28 
 

 

for various values of δ is shown in Figure 4b. PV cells may operate under concentrated 
radiation without a noticeable decrease in voltage, and they have low sensitivity to the 
solar radiation incidence angle. The efficiency of PV cells does not exceed the maximum 
efficiency of the basic unit cell only for small values of the tunnel layer thickness δ. For a 
given value of radiation absorption coefficient α, this thickness, layer number N, and the 
relevant value of open-circuit voltage must not exceed the corresponding limiting values. 
For example, for α = 0.125 µm‒1, there must be δ ≤ 0.16 µm, N ≤ 9, and Vo.c ≤ 4.5 V. A sharp 
drop in PV cell efficiency was observed if δ ≥ 0.32 µm. 

Experimental samples of PV modules were manufactured from 60 PV cells with a 
size of 156.75 × 156.75 mm with N = 10. The PV cells were connected in a series–parallel 
comprising two strings of 30 cells each or in series. The modules were encapsulated using 
polysiloxane gels (see Section 2.3). Figure 5a shows the module during testing. Addition-
ally, Figure 5b shows the averaged I‒V curve of the developed modules under the stand-
ard test conditions (STC) (cell temperature of 25 °C, irradiance of 1 sun, i.e., 1000 W/m2, 
and spectral irradiance distribution of AM1.5). 

 
Figure 5. (a) PV module with planar high-voltage multi-junction silicon PV cells (N = 10) on the test 
bench; (b) I‒V curve of the developed modules at STC, N = 10 (curve 1—two strings of 30 cells each 
and curve 2—1 strings of 60 cells). 

2.3. Performance Deterioration Reduction and External Impact Hardening—Improvement in PV 
Module Manufacturing Technology 

Planar crystalline Si terrestrial PV modules manufactured using the conventional 
lamination technology lose up to 15‒20% of their maximum power at STC after 20 years 
of operation in tropical climates and after 25 years of operation in temperate climates. 
One of the reasons for it is the degradation of optical polymeric encapsulants such as 
ethylene vinyl acetate (EVA) and other plastics induced by ultraviolet radiation and high 
temperatures [47]. 

High-voltage cell modules considered in Sections 2.1 and 2.2 were manufactured 
using polysiloxane gels instead of conventional EVA as the filling material [46,48]. The 
replacement of the standard encapsulant with EVA and the conventional lamination 
process with a silicon composition that is poured as liquid and then hardens and turns 
into polysiloxane gels considerably slows down the performance deterioration of such 
modules in time. The process reaction is as follows: 
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2.3. Performance Deterioration Reduction and External Impact Hardening—Improvement in PV
Module Manufacturing Technology

Planar crystalline Si terrestrial PV modules manufactured using the conventional
lamination technology lose up to 15–20% of their maximum power at STC after 20 years
of operation in tropical climates and after 25 years of operation in temperate climates.
One of the reasons for it is the degradation of optical polymeric encapsulants such as
ethylene vinyl acetate (EVA) and other plastics induced by ultraviolet radiation and high
temperatures [47].



Agriculture 2023, 13, 1234 11 of 25

High-voltage cell modules considered in Sections 2.1 and 2.2 were manufactured using
polysiloxane gels instead of conventional EVA as the filling material [46,48]. The replace-
ment of the standard encapsulant with EVA and the conventional lamination process with
a silicon composition that is poured as liquid and then hardens and turns into polysiloxane
gels considerably slows down the performance deterioration of such modules in time. The
process reaction is as follows:
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According to the laboratory test data (tests in compliance with requirements of IEC
61215-2:2021, IEC 62716:2013, IEC 61701:2020, and IEC/TS 63126:2020 [49–52]), the mod-
ule’s ultimate power degradation at STC was approximately 15% for 50 years. Such a
result was achieved thanks to a considerably lower corrosiveness of silicon gels. Moreover,
the initial output power of the modules increased thanks to higher gel transparency and
a decrease in the operating temperature of PV cells. PV modules are fire-safe and have
increased resistance to operation in environments with a high concentration of ammonia
and in tropical and marine climates.

The comparative characteristics of modules encapsulated with polysiloxane gels and
conventional silicon modules filled with EVA are shown in Table 2.

Table 2. Comparison of the characteristics of PV modules with two types of filling materials [48].

Parameter
Encapsulant

Polysiloxane Gels EVA

Degradation of maximum power at STC (%) per year
for 25 years

0.2–0.3
about 7.5

0.6–2.0
15 ÷ 20

Operating temperature (◦C) −60 to +110 −40 to +85
UV radiation durability high low

Refraction index 1.406 1.482
Transparency for solar radiation (%)

λ = 360 nm 90 8
λ = 400 nm 92 62

λ = 600 ÷ 1000 nm 93 91
Corrosive agents

during encapsulation none acetic acid
during operation none acetic acid
Mechanical stress

during encapsulation no yes
during operation no yes

Modulus of elongation (N/mm2) 0.006 10.0
Linear coefficient of thermal expansion (10−4·K−1) 2.5 4.0

The encapsulation technology ensures a reduction in costs thanks to higher opera-
tional characteristics of modules (higher resistance to aggressive environments, e.g., in
environments with the presence of ammonia in the ambient air, high humidity, etc., which
are characteristic of various agricultural facilities), along with a considerable decrease in
the degradation of these characteristics.
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3. Increasing Energy Production by Increasing Voltage and Current per Unit Area of
Cell Active Surface—Concentrator Design Improvement

In the course of our studies, we sought to optimize the form of the RS of both focon-
type and compound parabolic concentrators. In the case of focon-type concentrators, it
was important to solve the problem of nonuniform radiation distribution over the RR’s
operating surface, while in the case of compound parabolic concentrators, we had to
minimize Fresnel losses. As a result, two types of effective CPV modules were built: the
first based on focon-type concentrators and planar high-voltage cells, and the second based
on compound parabolic concentrators and vertical high-voltage cells. The designs were
based on the conditions that the concentrators should have such dimensions that would
lead to comparable dimensions of the resulting CPV modules to those of conventional
crystalline silicon PV modules, and that CPV modules could be used in individual power
supply systems. Additionally, the design of CPV modules should match the components of
mass-produced PV systems as much as possible.

3.1. Multi-Zone Parabolotoric Microconcentrators with Uniform Radiation Distribution in the
Focal Region

The reflecting surface of the developed multi-zone solar radiation microconcentrators
was formed via the rotation of a certain curve (generatrix) around a symmetry axis that
does not cross this curve and passes through the focal spot center. A microconcentrator
with an internal mirror RS operates on the principle of collecting the reflected rays into a
circular focal region.

Figure 6 shows examples of a single-zone concentrator and a five-zone concentrator,
as well as the outlay of a finished concentrator with high-voltage planar PV cells (see
Section 2.2).

The RS of a microconcentrator is composed of several zones lying one above another.
The RS generatrix constitutes several smoothly merging parabolas each of which forms
a separate zone. Each zone has the form of an axisymmetric solid with a symmetry axis
that coincides with that of the concentrator. Each zone of the RS ensures a homogeneous
reflected radiation distribution over the entire focal region, and the number of reflected rays
incident on each point of the concentrator’s focal region is equal to the number of zones
(see Figure 6d). At the same time, the form of the RS meets the condition of minimizing the
incident angle for rays reaching the RR’s active surface.

The general system of equations describing the RS profile is as follows:

(
dxi
dyi

)2
+ 2yi

xi−zi
· dxi

dyi
= 1; i = 1, 2, . . . , N

x(yi − 0) = x(yi + 0) ; xi ∈ [ri; Ri] ; Ri = ri+1 at i = 1, 2, . . . , N − 1

x1 = r1 at y1 = 0

lim
y→yi−0

dx
dy = lim

y→yi+0
dx
dy

N
∑

i=1

∣∣∣ xidxi
zidz

∣∣∣ = N
∑

i=1
Ki

K = 1 +
N
∑

i=1
Ki ; Ki =

Ri
2

ri
2 ; K = RN

2

r1
2

(6)

where, as shown in Figure 6a, xi is the current position of the point of ray arrival at
the i-th zone on the X axis; xi is equal to the radius of a section of the RS by the plane
that is perpendicular to the concentrator’s rotation axis and passes through the point yi
(ri ≤ xi ≤ Ri); yi is the current position of the point of ray arrival at the i-th zone on Y axis
coinciding with the concentrator’s rotation axis; zi is the position of the point of arrival
of the ray reflected from the i-th zone at the focal spot on the X axis (–ri ≤ zi ≤ ri); Ki is
the concentration ratio in the focal region ensured by the i-th zone of the RS; K is the total
concentration ratio in the focal region; N is the number of zones; and ri and Ri are the
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radiuses of the smallest and largest sections of the i-th zone’s RS, which are perpendicular
to the concentrator’s rotation axis.

Agriculture 2023, 13, x FOR PEER REVIEW 14 of 28 
 

 

Figure 6 shows examples of a single-zone concentrator and a five-zone concentrator, 
as well as the outlay of a finished concentrator with high-voltage planar PV cells (see 
Section 2.2). 

 
Figure 6. (a) Example of a single zone design; (b) five-zone microconcentrator with planar 
high-voltage PV cells corresponding to Figure 6c,d; (c) beam path diagram for the uppermost 
points of each zone, in the five-zone microconcentrator (the first zone corresponds to Figure 6a); (d) 
beam path diagram, for beams falling onto one point of RR, in the five-zone microconcentrator 
shown in Figure 6c. 

The RS of a microconcentrator is composed of several zones lying one above anoth-
er. The RS generatrix constitutes several smoothly merging parabolas each of which 
forms a separate zone. Each zone has the form of an axisymmetric solid with a sym-
metry axis that coincides with that of the concentrator. Each zone of the RS ensures a 
homogeneous reflected radiation distribution over the entire focal region, and the num-
ber of reflected rays incident on each point of the concentrator’s focal region is equal to 
the number of zones (see Figure 6d). At the same time, the form of the RS meets the con-
dition of minimizing the incident angle for rays reaching the RR’s active surface. 

The general system of equations describing the RS profile is as follows: 

Figure 6. (a) Example of a single zone design; (b) five-zone microconcentrator with planar high-
voltage PV cells corresponding to Figure 6c,d; (c) beam path diagram for the uppermost points of
each zone, in the five-zone microconcentrator (the first zone corresponds to Figure 6a); (d) beam
path diagram, for beams falling onto one point of RR, in the five-zone microconcentrator shown in
Figure 6c.

The equations for various options of the microconcentrator design are defined in [53].
There are four options for single zones in accordance with the four possible variants of

ray paths in the concentrator [53]. The microconcentrator RS is formed via the alternation
of four variants of single zones. For instance, the concentrator shown in Figure 6b–d begins
from a zone that is similar to that shown in Figure 6a. Then, three more zones are added
where the reflected ray consequently arrives from the uppermost point of the zone at
the RS center or periphery. Additionally, the fifth zone is the same as the first zone but
with different values of r, R, and h. Each zone of the microconcentrator exposes the focal
plane to light with concentration ratios K1, K2, K3, K4, and K5, respectively. Generally, the
concentration ratio of each zone Ki is distinct.

The greater the number of the zone is, the lower the reflection from the RR’s active sur-
face, and the higher the efficiency; however, this also results in a larger concentrator height.

The concentrator size depends on the size of the focal region/active surface of the RR.
The smaller the focal region is, the smaller the concentrator’s dimensions would be. Its
size may be reduced to a very small size by using the developed PV cells, which are quite
serviceable with millimeter dimensions and may be determined based on the convenience
of assembly of the relevant module. The weight characteristics will be only determined by
the concentrator wall thickness. The concentrators have to be capable to bear their own
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weight plus the weight of protective coatings used against the impact of the environment
(sealing glasses or clear plastics).

The microconcentrators and PV cells as RR are used to assemble CPV modules with
the dimensions of traditional planar PV modules on the basis of crystal silicon and may
be employed instead of them without material changes in the design and equipment of
PV systems.

Experiments were carried out with two-zone, three-zone, and five-zone mirror micro-
concentrators with 2r = 10 mm and K = 10. The construction height of the experimental
samples ranged from 26.47 mm to 36.41 mm depending on the increase in the portion of
concentration accumulated in the middle zone. With that, the average incidence angle
cosine varied from 0.7307 to 0.8104.

The uniformity of the achieved concentrated radiation distribution was 98.3–98.5% all
over the focal region of the samples except for the boundaries along the perimeter, with the
expected concentration ratio of 10+. On the periphery of the focal region (approx. 2% to 4%
inward of the perimeter), a light distribution inhomogeneity rate of 3% at the edge was
observed. The estimated radiation distribution uniformity was 99.7%. The fact that the
experimental values of the radiation distribution uniformity were lower than the estimated
ones can be explained by the immaturity of the technique used to manufacture both the
microconcentrators and CPV modules as a whole (i.e., the imperfect mutual adjustment of
the concentrator and RR).

Furthermore, the dependence of the microconcentrator’s optical efficiency on the solar
ray incidence angle was not observed in the case of a planar PV cell, and this efficiency
reached 0.9 with an angle of 3 degrees. The average cosine of the ray incidence angle on the
focal plane, within the above limits, was greater than that for a two-zone microconcentrator,
and its value was over 0.67. Such redistribution of concentrations by zones led to an
increase in the eventual angles of microconcentrator disorientation, but simultaneously, the
average value of the cosine of angles of ray arrival at the focal plane decreased.

The CPV modules were manufactured from five-zone samples (Figure 6b) and high-
voltage planar PV cells described in Section 2.2 with a special grid (see Figure 7).
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Figure 7. (a) CPV module in the assembly process; (b) I–V curve of CPV modules at CSTC.

On the concentrator RS, above the upper zone, a supplementary ring was used forming
a hexagon at the ray entrance into the concentrator. This ensured that there would be no
voids between the microconcentrators in the plane of the active surface. The inscribed
circle diameter of the hexagon was equal to 2R5 = 31.6 mm. The modules consisted of
29 parallel rows with 42 microconcentrators in each. The dimensions of the module’s
active surface were 1607.8 × 967.4 mm, and their height was 47.2 mm. Their I–V curve
at concentrator standard test conditions (CSTC) (direct normal irradiance of 1000 W/m2,
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cell temperature of 25 ◦C, and spectral irradiance distribution of direct normal AM1.5) is
shown in Figure 7b. The efficiency change corresponds to the following equation [11]:

ηC = η1(1 + β ln K) (7)

where β = AkT/qVo.c and β = 0.03–0.07.

3.2. One-Dimensional Double-Wing Concentrator with Low Fresnel Optical Loss

The body of the developed concentrator (Figure 8) was similar to that of a compound
parabolic concentrator with a mirror internal RS operating on the principle of collecting the
reflected rays into a rectangular focal region. The proposed principle of reducing Fresnel
losses caused by radiation reflection from the RR’s active surface involves minimizing
the incidence angles for the reflected rays falling onto the concentrator focal region. For
this purpose, RS has flat sections (r ≤ x ≤ x0, 0 ≤ y ≤ y0) adjacent to the focal plane and
smoothly passing into its curved surfaces (x0 ≤ x ≤ R, y0 ≤ y).

Figure 8. (a) Concentrator design (for the description of variables, see Equation (8)); (b) dependence
of the concentrator specific height on radiation concentration; (c) I–V curve of the developed CPV
module at CSTC.

The RS shape complying with the condition of uniform focal region illuminance with
the maximum incidence angles value of rays falling onto the RR’s active surface is described
using the following set of equations:

(
dx
dy

)2
+ 2y

x−z ·
dx
dy = 1; x0 ≤ x ≤ R; y0 ≤ y

dx
dy = x0−r

y0
; r ≤ x ≤ x0; 0 ≤ y ≤ y0

dx
dz = R−x0

2r ; z = (x− x0)
2r

r·K−x0
− r

tgϕ = x0+r
y0

=

√
(x0+r)(3r−x0)

x0−r

(8)

where, as shown in Figure 8a, x is the current position of the point of solar ray arrival at the
RS on the X axis that is parallel with the focal plane and perpendicular to the concentrator
symmetry plane (x ≥ r); y(x) is the point position on the concentrator’s longitudinal
symmetry plane in relation to the focal plane (y ≥ 0); z is the position of the point of the
reflected ray arrival at the focal region in relation to the concentrator’s symmetry plane;
x0 and y0 are the coordinates of the point on the junction line between the curved area
(x ≥ x0, y ≥ y0) and the flat area (r ≤ x ≤ x0, 0 ≤ y ≤ y0) of the RS (r ≤ x0 ≤ 3r); K is
the concentration ratio in the focal region; 2r is the width of the concentrator focal region
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−r ≤ z ≤ r; 2R is the concentrator aperture size in cross-section; and 0 ≤ x ≤ R and ϕ is the
ray incidence angle.

The shape of the concentrator’s RS generatrix forms a flux of reflected radiation uni-
formly distributed over the rectangular focal region, thus reducing the current-spreading
resistance in the illuminated layer and increasing the efficiency of solar radiation conversion
into electric energy. Including flat sections in the concentrator made it possible to achieve
efficient steep-wise incidence of the rays onto the focal plane at small incidence angles,
resulting in a decrease in the coefficient of ray reflection from the RR’s active surface. The
primary important optical and energetic peculiarities of the developed product involved
the symmetric property of the concentrator design, which considerably eased the require-
ments for the orientation towards the sun and increased the possibility of achieving high
optical efficiency.

The maximum angle of the ray arrival at the RR’s active surface decreased with the
size of the flat horizontal section equal to x0 − r. For the minimum value of x0 = r, there was
no flat section, and rays fell from the lower part of the concentrator at angles close to 90◦,
with a large reflection coefficient, while for the maximum value of x0 = 3r, the incidence
angle became equal to zero, and Fresnel losses were minimal. However, in this case, the
size of the concentrator’s flat section became unacceptably large, in a vertical direction.

The size and inclination of the flat section were chosen based on the conditions
ensuring small angles of ray incidence onto the focal plane for acceptable values of the
concentrator’s entire height and weight. Varying this size and inclination angle enabled us
to obtain a wide spectrum of concentrators ensuring target values of concentration ratios
and relevant angles of radiation incidence on the focal plane.

Experiments were carried out with the concentrator option having the following
parameters: r = 12 mm, x0 = 2r = 24 mm, R = 37.64 mm, and K = 10. The concentrator height
was H = 75.42 mm. Modules composed of vertical high-voltage PV cells (Figure 2b) were
used as RRs. For 10-fold radiation concentration, the required area of the RR’s active surface
decreased 10 times, and concurrently, RR efficiency increased by relatively 15–18 percent.
These effects together led to a considerable reduction in cost. The chosen value of parameter
x0 = 2r approximately corresponded to the optimal concentrator design in terms of the
coordination of Fresnel optical losses and concentrator height, i.e., its materials content and
weight. The maximum angle of ray arrival at the RR surface was ϕ = 60◦. The concentrator
ensured a uniform radiation distribution of 98.9% over the RR. At the same time, as in
Section 3.1, unevenness was localized on the periphery of the RR. These areas were not
above the cells without substantial losses of the RR’s active surface thanks to the form of
the vertical PV cells.

The height values H increased with the concentration ratio K, leading to the decrease in
the angle of ray incidence on the focal region and thus reducing Fresnel optical losses. The
dependence of the concentrator height related to the width of the PV module’s active surface
(concentrator focal region) on the concentration ratio, for concentrators having different
values of the design parameter x0/r, is shown in Figure 8b. Additionally, in Figure 8c, we
can see the averaged I–V curve of one section of the developed CPV modules at CSTC.
The dimensions of the RR’s active surface, for one module section, are 10 × 1020 mm. The
efficiency change corresponds to Equation (7).

4. Increasing Energy Production by Increasing Systematization Level—Optimization
of the Power Supply Process as a Whole

It should be noted that in many recent studies on normative instruments (e.g., [54–58])
the approach to the construction concept of PV systems for individual facilities is close
to the one we investigated. In [58], the consuming equipment (consumption circuit) is
supposed to be a part of the PV system. Additionally, in the event that the consuming
equipment would not be included in the PV system supply contract, such equipment shall
be detailed in the technical documentation for the PV system. Nevertheless, the evaluation
of the system was limited to that of its PV part. In [57], efficiency was assessed through
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a conventional parameter called “service ratio”, which rather schematically describes the
relationships between the generated energy and satisfied needs. This methodology is only
fit for a theoretical comparison of PV systems using this conventional parameter but not for
the design process of PV systems and the efficiency assessment of real functioning systems.

The final objective of PV system operation, similar to any other power-generating
equipment, is to provide the consumer with the required kind of energy in the specified
and required quality.

The analysis of the process of power supply to individual facilities shows that the total
losses caused by inefficient operation of power supply systems are 28–73% (see Figure 9).
The average losses caused by improperly arranged power supply amount to 26% of the
aggregate power losses. The losses caused by the unreliable performance of such systems
as a result of their design features are 28% [6,17,59].
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Therefore, the actual efficiency of the power-generating equipment is determined not
only by the characteristics of the generating equipment themselves, e.g., a PV system (Eg
and EL1 or Eg + Enw and EL1 + EL2 shown in Figure 9) but also by the peculiarities of
the equipment, structures, and factors influencing the energy generation, transmission,
and use processes (EL3–EL6). Moreover, due to the specificities of PV system functioning,
even an inconsiderable change in losses (in conjunction with the time of day and of year,
weather, load conditions, etc.) may substantially influence the PV system’s operation
and the quantity of energy delivered to the consumption points. The assembly of the
above-mentioned equipment, structures, and factors, into a system and the optimization
of such a system will allow for the minimization of losses, thus substantially increasing
the amount of energy used by a consumer with the same output power of the PV system
(both as stand-alone generating equipment and in combination with any other generating
equipment and/or a network). Hence, by taking into account the final objective mentioned
above, the operation of the generating equipment can become as efficient as possible.

At present, the efficiency of power supply with the use of PV systems is evaluated on
the basis of their characteristics at the consuming equipment input. As seen in Figure 9,
from the point of power input to the consuming equipment until the moment of meeting
consumer needs, significant energy losses are possible. Accordingly, to estimate the effi-
ciency of the PV system realistically, it should be determined based on the final result, i.e.,
the degree to which consumer needs are met.

This means that an increase in the PV system’s efficiency can be achieved by expanding
the boundaries of the system, which is mainly the new and higher level of generalization
and systematization characterized by the following features:
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- For power supply, a uniform complex system is created that includes all the systems,
processes, and structures, involved in or influencing the power supply in any way;

- The system efficiency index is the degree to which consumer need(s) are met;
- The power supply facility (e.g., a building) is a part of the system;
- The principle of integrating functions is applied to the maximum possible extent: Each

structure, technical means or subsystem shall perform as many functions as possible.
When a structure (technical means, subsystem) can be built to perform the functions
of several structures (technical means, subsystems), it has to be designed to combine
maximum of these functions (e.g., BIPV modules);

- The development of a system begins at the time when the facility creation begins and
includes a synchronized parallel interrelated development of all of the system components.

The block diagram of such a highly efficient PV system is shown in Figure 10.
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Unlike ordinary network systems, the problem of the interconnection of all processes,
from power production to power consumption, is critically important for PV systems. If a
system is improperly organized or its structure is not optimized, there will be an energy
shortage, or even an absence of energy supply, on the consumer side. It is obvious that in
particular cases, the assertions of inapplicability (inoperability) of a PV system or its lower
efficiency compared with the expected values of parameters, are, first of all, associated
with improper organization and structure of the PV system. When a PV system is used
for power supply to a facility, its maximum efficiency may only be achieved when it is
designed in accordance with the foregoing principles.

The efficiency criterion of highly efficient PV systems is formulated as follows: “maxi-
mum satisfaction of needs with minimum costs”, and the objective function, generally, is
as follows:

W =


S→ max

CE → min
HE→ 0

(9)

Provided that

(CE → min) ≡
{

Ecn → min
ELΣ = EL1 + EL2 + EL3 + EL4 + EL5 + EL6 → min

}
(10)

(Ecn → min) ≡
{

Ed → min
EL6 → min

}
(11)
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(Ed → min) ⊃
{

Need optimization/correct assessment of needs
Consumption equipment optimization

}
(12)

where S is the degree of need satisfaction (if S is expressed as a percentage, then S→ 100%);
CE is the energy expenditure; HE is the environmental damage; ELd is the energy demand;
and ELΣ is the aggregate energy losses. Ecn, EL1, EL2, EL3, EL4, EL5, and EL6 are shown in
Figure 9.

With that, the cost minimization is assumed to be, first and foremost, the minimiza-
tion of energy expenditures and, therefore, the minimization of losses. Additionally, the
maximum satisfaction of needs is understood to be the maximum number of needs met
and the maximum satisfaction of each need. Methods for numeric evaluation at the level
of individual facilities do not yet exist for all the indices through which the needs are
expressed. In this case, one proceeds from the affirmation that a greater observance of this
condition corresponds to greater satisfaction of needs and is always preferable, e.g., more
ecologically sound solutions are always preferable.

The correct assessment and formalization of needs is the most difficult task in the
creation of PV systems in accordance with the proposed efficiency criterion in Equation (9).
This occurs in the following manner:

The consumer is described by a set of needs N for the satisfaction of which electrical
energy (or electrical energy from a PV system) may be required. Each need ni is described
from 1 to J by parameters pij. In a general case, the number of parameters characteristic
of different needs is different. Each of the parameters is characterized by a value (or
permissible value range) of vij corresponding to the state of “need is satisfied”, or a number
of values/ranges and the relevant degrees of need satisfaction are established for each
parameter. The general outline of consumer need formalization may be presented through
the following identical relations:

Consumer ≡



Set

o f needs

N

N = {n1, n2, . . . , ni}


⇔



Set

o f the parameters

characterizing

needs

NP

NP =



{NP1}

{NP2}

. . .

{NPi}



≡

∣∣∣∣∣∣∣∣∣∣∣

NP1 =
{

p11, p12, . . . , p1j
}

NP2 =
{

p21, p12, . . . , p2j
}

. . .

NPi =
{

pi1, pi2, . . . , pij
}

∣∣∣∣∣∣∣∣∣∣∣



⇔



Set

o f the parameter

values

characterizing

needs

NPV

NPV =



{NPV1}

{NPV2}

. . .

{NPVi}



≡

∣∣∣∣∣∣∣∣∣∣∣

NPV1 =
{

v11, v12, . . . , v1j
}

NPV2 =
{

v21, v12, . . . , v2j
}

. . .

NPVi =
{

vi1, vi2, . . . , vij
}

∣∣∣∣∣∣∣∣∣∣∣



(13)

where NP is the set of parameters characterizing all consumer needs that require electrical
energy to be met, NPi is the set of the parameters characterizing the i-th need, NPV is
the set of the parameter values characterizing all needs, and NPVi is the set of parameter
values characterizing the i-th need.

The task of creating a PV system is to ensure that the energy generated by it meets
each need. Formally, this means that the value of each parameter from the set of parameters
in Equation (13) is equal to the desired value (i.e., it is within the desired range of values).

The process that is fully applied today is shown in Figure 11. The system efficiency
evaluation is carried out in reverse order.

Additionally, the efficiency of such PV systems is as follows:

ηsyst =
Ecn − ∆E

Ein
· 100% (14)

where Ein is the amount of energy supplied to the system (the product of the aggregate
irradiance of PV module active surfaces or CPV module aperture by the aggregate area
of active surfaces or aperture). In the case of power supply with the use of PV systems,
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these are only Ein = Ecn + (ELPV + EL3 + EL4 + EL5 + EL6); ELPV = EL1 is the losses in
the generation process; and ∆E is the difference between the energy required for consumer
needs to be fully met and the clean energy directly used to meet consumer needs.
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Instead of energy, power may be used to simplify the evaluation process. In this case,
to assess the efficiency, instead of ∆E, it is necessary to determine ∆P, which is the total
power of all needs that are not fully met.

The efficiency evaluation according to the proposed criterion and the creation of a PV
system in accordance with Figure 10 indispensably include the possibility of amendments,
adjustments, and modifications as a normal functional condition of the process, from
changing settings to the replacement of equipment, software logic, etc. This includes the
possibility of modifications due to the inaccurate assessment of the state of need satisfaction
resulting from (1) PV system’s imperfection due to any errors in design and inaccurate
determination of the consumer needs from the outset as well as (2) a change in needs.

The described approach may be quite properly combined with modern software
possibilities, which allows for the implementation of the diagram in Figure 11 in practice.

5. Approbation of Proposed Solutions

The final characteristics of the developed PV/CPV modules, as well as typical average
characteristics of conventional mono-Si modules, are shown in Table 3. As can be seen
from the I–V curve of the developed modules (Figures 2c, 5b, 7b and 8c), it is possible to
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further increase the PV/CPV modules’ efficiency, especially the modules based on planar
high-voltage PV cells.

Table 3. Characteristics of the newly developed PV/CPV modules and typical characteristics of
conventional crystalline Si PV modules.

Module Type Active Surface
or Aperture (mm)

Height
(mm)

Vo.c
(V)

Js.c
(mA/sm2)

Vmpp
(V)

Jmpp
(mA/sm2)

Pmax
(W/sm2)

Conventional crystalline Si PV modules
(60 single p–n junction mono-Si PV cells

with size 156.75 × 156.75 mm)
1671.0 × 1002.0 35.0 44.0 0.567 36.3 0.526 0.019

PV module-based vertical high-voltage
PV cells 60.0 × 10.0 0.4 640.0 1 0.559 1 548.5 1 0.456 1 0.250 1

PV module-based planar high-voltage
PV cells 1578.5 × 945.5 37.1 439.7 0.0625 382.4 0.061 0.023

CPV module-based one-dimensional
double-wing concentrator and vertical

high-voltage PV cells (one section)
37.64 × 1020.0 75.4 730.0 0.0453 637 0.038 0.024

CPV module-based multi-zone
microconcentrator and planar

high-voltage PV cells
1607.0 × 967.4 47.2 512.9 0.068 405.0 0.058 0.023

1 Under 10 suns.

In the period from 2011 to 2022, the concept considered above was used for designing
PV systems in various climate conditions and at facilities with different needs [43,60–64].
The functioning of those systems confirms the correctness of the proposed approach. The
composed systems can satisfy 30–50% more needs than PV systems with a conventional
systematization level simultaneously installed at similar facilities, i.e., they are equivalent
to PV systems with a conventional systematization level but generate more energy by
30–50%. The points of PV systems’ installation were in various regions of rural territories
with different climates, so the results may be deemed quite representative.

The research results presented in Sections 2–4 were combined in the base experimental
project of an ecological complex (Lat 58.01 N, Lon 43.34 E) consisting of two main buildings
and free-standing identical cottages whose number grew from year to year. The PV system
was implemented from the outset as a comprehensive power supply system with conventional
mono-Si PV modules located on the roof and integrated into the balcony rail and flexible a-Si
panels on the roof with an arched form [60]. As new PV/CPV modules were developed, these
new devices would be partially installed for conventional planar modules. The power supply
to one of the cottages, in comparison, was ensured from the very beginning using a conven-
tional PV system. The rest were designed with a different higher level of systematization.
Depending on the particular cottage, the systematization level increased with the extension
options by incorporating into the system other components involved in the power supply
process (see Figures 8 and 9). Additionally, the level of systematization of parts of the PV
system of the main buildings was gradually adjusted.

Thanks to the installation of the developed PV and CPV modules, the total maximum
power at STC (CSTC) was 1120.86 kW. That said, thanks to a higher output voltage and
other specific features of the modules, the losses inside the system decreased by 12 to 15%,
and also maintenance losses decreased. In the case of PV systems of the cottages built
simultaneously with the cottage equipped with a traditional PV system, the power directly
used to meet consumer needs was 21% to 23% higher. As the proposed approach was
improved, in the construction of new cottages, losses were reduced, and Ecn was increased
by 12% to 16%.

The reduction values of the maximum power at STC/CSTC, and, consequently, those
of the energy production of the developed PV modules, were from 0.2% to 0.24% per year
under wet atmospheres with high concentrations of dissolved ammonia (see Figure 12). These
values of the developed PV modules were from 0.22% to 0.37% per year. Measurements
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were carried out on a livestock complex experimental site and using an accelerated aging
method in laboratory conditions. For comparison reasons, Figure 12 shows the deterioration
range for conventional mono-Si PV modules, in a normal environment. The average annual
deterioration of their performance may attain 5% to 7%, in a wet ammonia environment.
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Figure 12. Reduction in the energy production of modules during their operation lifespan: 1, 2—newly
developed PV modules with high-voltage PV cells in wet ammonia environment (1—maximum,
2—minimum); 3, 4—newly developed CPV modules in wet ammonia environment (3—maximum,
4—minimum); 5, 6—conventional mono-Si PV modules in normal operation conditions (5—maximum,
6—minimum).

6. Conclusions

The use of PV equipment is a real efficient method for fighting against climate change,
and the protection and restoration of the environment. For the mass implementation
of PV systems in agriculture in rural areas, their attractiveness to consumers should be
increased, for which it is necessary to improve the energy output of PV devices, as well as
their reliability and environmental resistance, to improve their aesthetic quality, as well as
enhance the diversity of efficient PV equipment for any operational conditions ensuring
the versatility of PV systems use as an energy source.

High-voltage vertical Si PV cells for terrestrial applications and high-voltage multi-
junction planar Si PV cells were proposed and developed. A significant increase in the
output voltage of the PV modules and PV arrays was attained with the design of PV cells
that enabled a reduction in power losses, material consumption, required space, and cost.
At the same time, the design of planar multijunction PV cells allowed for adherence to the
conventional mass production technology for PV modules.

The modules based on high-voltage vertical PV cells composed of 40 cells had a size
of 60 × 10 mm, a maximum power point voltage of up to 1000 V, specific power of up
to 0.245 ± 0.01 W/cm2, and an efficiency rate of up to 25.3%, for radiation concentration
ratios from 10 to 100. The samples of the second type of modules composed of 60 PV cells
(156.75 × 156.75 mm) had Vo.c = 439.7 V, Is.c = 0.933 A, and Pmax of 348 W, at STC. The
maximum power degradation at STC was estimated to be within 0.2% to 0.24% per year in
a wet ammonia environment.

New designs of concentrators with uniform radiation distribution in the focal region
were developed, including a parabolic cylindrical concentrator with minimized Fresnel
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optical losses and a multi-zone parabolotoric microconcentrator whose dimensions enabled
CPV modules similar in size to conventional planar modules to be manufactured. Two
types of CPV modules were designed: (1) modules consisting of a parabolic cylindrical
concentrator and an RR composed of vertical multi-junction cells, and (2) modules com-
prising multi-zone microconcentrators with a planar high-voltage multi-junction cell as
the RR. The second-type CPV modules included 42 × 29 microconcentrators and had the
dimensions of 1607.8 × 967.4 ×47.2 mm. These modules had the following average values
of output parameters at CSTC: Vo.c = 512.9 V, Is.c = 1.051 A, and Pmax of 361.57 W. The
degradation of maximum power at CSTC was estimated at 0.22% to 0.37% per year in a
wet ammonia environment.

Through the use of PV and CPV modules based on the developed cells and concen-
trators, projects using the power supply on the basis of PV systems were designed. The
projects implemented the principles of complex energy supply systems, which allowed for
the minimization of the losses and requirements for the output power level of PV systems.
The thus-created systems satisfied 30–50% more consumer needs than PV systems with a
traditional systematization level simultaneously installed at similar facilities. Thanks to a
higher output voltage and other specific features of the developed modules, the power loss
inside the PV system decreased by 12% to 15%, along with a reduction in maintenance loss.
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