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Abstract. Based on the results of testing linear photovoltaic modules (Λ-PM) with optical concentrators, as well as
studies on heat transfer in channels with heat-generating photovoltaic cells on the walls, a new type of equipment has
been developed — an energy complex with Λ-PM and a cooling system. In this system, the technological contradiction
caused by the decrease in the electrical efficiency of silicon photovoltaic cells with increasing outlet water temperature
is reduced. To achieve this, half of the photovoltaic cells operate at a relatively low temperature (< 40◦C) to maintain
sufficient efficiency, while the other half work at a high temperature (≈ 70◦C), generating, in addition to electricity, high-
potential thermal energy. As a result, the total performance in terms of electricity and heat equals the overall performance
of a standard PM with the same concentrator aperture area, moreover, high-potential heat is produced for hot water supply.
A mathematical model and a methodology for calculating the output characteristics of the energy complex are presented,
based on the thermal energy balance in the Λ-PM channels with mutual shielding of thermal radiation from the frontal
walls. Using a Python-based software application, iterative calculations of water temperature and flow rate, as well as
the specific electrical and thermal power of the energy complex, were performed.The results demonstrate a significant
advantage of the developed cogeneration technology compared to known analogues. Through numerical experimentation,
the reliable removal of heat from the surface of Maxeon-type silicon photovoltaic cells under natural water circulation
in the cooling system in the laminar viscous-gravitational flow regime was demonstrated. With the help of the software
application, computer simulations were carried out to forecast the performance of the energy complex in regions with
different solar resources.
Keywords: linear photovoltaic module, optical concentrator, cooling system, circulation loop, heat transfer coefficient,

mathematical model, thermal efficiency

INTRODUCTION

A key drawback of cogeneration is the internal
contradiction arising from the decrease in elec-
trical efficiency of photovoltaic cells as the out-
put water temperature in the storage system in-
creases. This work presents a technical solution
to address this technological shortcoming and de-
scribes a mathematical model for a technology
where photovoltaic cells maintain high electrical
efficiency while generating high-potential ther-
mal energy in the form of hot water. The techno-
logical scheme and operating principle of a pro-
totype energy complex with low- and high- tem-
perature Λ–PMs and an innovative cooling sys-
tem with natural water circulation in the storage
system are presented. A Python-based software

application has been developed for calculations,
and the results of the specific performance calcu-
lations for the energy complex are discussed.

LITERATURE REVIEW

In the pilot installation with high solar radi-
ation concentration (SR), electricity generation
and high-potential heat in the form of hot water
were achieved using high-temperature solar cells
based on GaAs and a heat exchanger with a high-
pressure heat transfer fluid [1, 2]. The high spe-
cific heat flux from the surface of the photovoltaic
cells was achieved by reducing the thermal resis-
tance from the previous technical level of approx-
imately 0.5 cm2 K/W to about 0.09 cm2 K/W.
This was accomplished by creating microchan-
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nels in a ceramic substrate made of silicon carbide
(SiC), onto which GaAs-based elements were sol-
dered in a vacuum. The drawbacks of such in-
stallations include the complexity of manufactur-
ing optical concentrators and cooling devices, the
need for precision solar tracking systems, and
consequently, high costs.

In the field of large-scale electricity and heat
production, Cogenra Solar installations with lin-
ear PMs using silicon photovoltaic cells of rel-
atively large area are more promising for effi-
ciently extracting the generated heat [3]. Each
module is 2.5 meters long, and the parabolic
concentrator, equipped with 12 flat mirrors and
approximately 3 meters wide, is controlled us-
ing the SunDeck software application. With
an eightfold optical concentration of solar radi-
ation at the latitude of South Carolina (USA),
the peak specific power for electricity is approxi-
mately 100 W/m2 and for heat is approximately
560 W/m2. Testing of the installation showed a
4.7-fold increase in total (electrical + thermal) en-
ergy (168+657) kWh/m2 compared to standard
photovoltaic panels of the same aperture.

Stylianou [4] presents the methodology and re-
sults of calculating heat transfer in the water chan-
nels of the Cogenra Solar installation using Ansys
Fluent for laminar flow cases, where the Navier–
Stokes equations can be solved numerically. The
drawbacks of these installations include signifi-
cant optical and thermal losses, substantial energy
costs for pump operation, and a high specific cost
of approximately $1460/m2.

In studies of linear PMs with up to 30 sun con-
centration, electrical efficiency of approximately
0.11 and thermal efficiency of approximately 0.57
have been achieved, highlighting the importance
of uniform illumination across the photovoltaic
array [5]. Shadows cast by the mounting supports
of trough concentrators reduced electrical perfor-
mance by about 7%. One solution to this problem
is to use stationary PMs and eliminate the shading
supports.

Results from Xu Ji et al. [6] describe a system
with a concentrator and a north-to-south oriented
linear PM, 0.12 meters wide and 1.5 meters long.

With a geometric concentration of approximately
17 and a mirror reflectivity of 0.69, the optical
concentration reached about 10.3. Silicon photo-
voltaic cells were affixed using a thermal conduc-
tive tape to a cooling plate of the channel, which
had an internal diameter of 0.03 meters. The one-
dimensional steady-state heat transfer mathemat-
ical model assumed constant wall temperatures
and considered the average logarithmic tempera-
ture gradient between the wall and the water flow.

In systems with concentrators, optical losses
occur due to light reflection on the surfaces of
mirrors and through protective glass. Addition-
ally, the radiation that reaches the photovoltaic
cells is partially reflected through the glass into
the space, resulting in additional losses of about
1%. Bernardo et al. [7] provide the transmission
coefficient for light through thick protective glass
k0 ≈ 0.90 with the light reflection coefficient on
its surfaces ξ0 ≈ 0.08 and the absorption coeffi-
cient in the glass of approximately 0.02.

Recent studies [8, 9] also confirm the growing
interest in solar thermal systems and mathemati-
cal modeling of heat-transfer processes. In par-
ticular, the work devoted to solar-assisted auto-
cascade heat pumps for water heating in con-
tinental climates demonstrates the effectiveness
of combined solar thermal technologies for au-
tonomous energy supply systems and empha-
sizes the importance of thermal regime optimiza-
tion under varying climatic conditions. In ad-
dition, [10] investigated an inverse problem for
determining coefficients in the heat conduction
equation, highlighting the significance of math-
ematical methods for accurate modeling of heat-
transfer processes in energy systems. These stud-
ies provide an important theoretical and applied
basis for the development of the present mathe-
matical model of a cogeneration energy complex
with concentrated solar radiation.

MATERIALS AND METHODS

To reduce optical and thermal losses, a design
with Λ-shaped cross-sectional flat channels has
been developed. Figure 1 illustrates an innova-
tive Λ-PM with flat channels made of aluminum
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alloy, installed at an angle of 2φ . In this design,
the reflection coefficient is reduced to ξ0 ≈ 0.06,
eliminating the need for thick protective glass on
the front walls, while mechanical damage during
cleaning is prevented by a polytetrafluoroethy-
lene (lavsan) film. Part of the radiation reflected
from the protective glass is lost to the surrounding
space, but about 9% returns to the photovoltaic
cells on the opposite wall. As a result, the Λ-
shaped PM receives the total radiation:(

1− (ξ0 + kp)
)
·Cor · Im

+0.09 ·ξ0 ·Cor · Im ≈ 0.94 ·Cor · Im

where:

• Im — intensity of light;

• Cor — concentration of light.

Consequently, the total transmission coefficient
in the Λ-PM increases by a factor of (1+0.15 ·ξ0)
and reaches: k0 ≈ 0.91 · (1+0.15 ·ξ0)≈ 0.92.

The counter-placed front walls of the channels,
due to mutual shielding, reduce thermal radia-
tion losses by approximately 27% compared to
Λ-shaped PM. Additionally, the inverted channel
creates a thermal cushion inside, with a temper-
ature higher than the surrounding environment,
which also reduces convective heat losses. To-
gether, these factors contribute to obtaining high-
potential thermal energy.

According to Luque [11], peak specific electri-
cal power generated by an array of silicon photo-
voltaic cells is determined from the expression:

P = k0 · Im ·Cop ·ηe0

(
1− 0.011 ·∆t1

P0

)
×
(

1+
k ·T

q ·UOC
ln lnCop

)
· F ′

F

(1)

where:

• ηe0 — efficiency of the photovoltaic cell ≈
0.22;

• P0 — power of the photovoltaic cell ≈
1.1 W;

• UOC — voltage of the photovoltaic cell ≈
0.64 V;

•
F ′

F
— ratio of fill factors with and without

concentration ≈ 0.8;

• S f — area of the photovoltaic array;

• k — Boltzmann constant, eV ·K−1;

• q — electron charge;

• T — temperature, ◦C.

The experimental value of the parameter is:(
1+

k ·T
q ·UOC

ln lnCop

)
· F ′

F
≈ 0.89.

With a width of the front walls of 0.186 m and
a focal length to the concentrator mirrors of 3 m,
the average cosine of the mirror angles is 0.91.
Therefore, for 12 mirrors with a width of 0.19 m,
the geometric concentration is: Kg ≈ 2.07

0.185 ≈ 11.2.
The reflection coefficient for the mirror film

Alanod Miro Sun is approximately 0.93. Thus,
the optical coefficient is: Cop ≈ 0.93 ·0.91 ·11.2≈
9.4.

Substituting these numerical values into equa-
tion(̃1), we obtain:

P = 7.8 · Im ·ηe (2)

According to the law of energy conservation,
useful peak specific thermal power transferred to
the water is determined by the expression:

Q = 8.8 · Im

(
1−

S f

SQ
·0.89 ·ηe

)
−1.5 ·qΛ, (3)

where:

• SQ — area of the front walls, m2;

• qΛ — specific thermal losses to the envi-
ronment (with a numerical factor of 1.5 ac-
counting for heat losses through the front
and side surfaces of the channels).
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Figure 1 - Λ-PM and the direction of optical flows

For Maxeon type A photovoltaic cells, S f
SQ

≈ 0.83.
According to the patented technology [?], tem-

perature of the photovoltaic cells in the low-
temperature Λ-PM is stabilized at

t f 1 ≤ 40◦C,

while temperature of the photovoltaic cells in the
other Λ-PM increases to

t f 2 ≈ 70◦C,

through multiple circulations of water along the
flat channel contour, storage tank, and return
pipeline. For low- and high-temperature photo-
voltaic arrays with areas

S f 1 = SA · (2n+10)

and
S f 2 = SA · (2n+34),

the sum of the peak electrical power is:

P1 +P2 ≈ 7.8 · Im
(
S f 1 ·ηe1 +S f 2 ·ηe2

)
.

V-shaped linear PMs with the same area of pho-
toelements

S f 3 = 2 ·SA · (2n+22)

at a temperature

t f avg ≈
t f 1 + t f 2

2
≈ 55◦C

produce power:

P3 ≈ 7.8 · Im ·2 ·S f 3 ·ηe3.

Thus, the value of the ratio is:

P1 +P2

P3
≈ (2n+10) ·0.85+(2n+34) ·0.55

2 · (2n+22) ·0.7
≈ 1.

For the areas of the front panels:

SQ1 = (0.042 ·0.15) · (2n+10)≈ 1.39 m2

and

SQ2 = (0.042 ·0.15) · (2n+34)≈ 1.54 m2,

the total useful thermal power is:

Q1 +Q2 ≈ [12.3 · Im ·0.86−2.1 ·qΛ1]

+ [13.7 · Im ·0.91−2.3 ·qΛ2] .

For standard PMs with the same total panel area

SQ3 ≈ 2.93 m2,

total useful thermal power is:

Q3 ≈ [26.0 · Im ·0.89−4.4 ·qΛ3] .

The specific thermal losses due to radiation and
convection, considering the mutual shielding of
thermal radiation from the panels, with

ξ ≈ 0.27,

are determined from the expression:

qΛ =
t f − t0

R2
+(1−ξ ) ·

t f − t0
Rr

, (4)

where:

• R2 — thermal resistance due to air convec-
tion, ≈ 0.19 m2 ·K/W.
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Rr ≈

[
0.04 · ε ·σ0

(
t f + t0
200

+2.73
)3

]−1

where:

• ε — emissivity of the wall, ≈ 0.8;

• σ0 — Stefan–Boltzmann constant for a black
body, ≈ 5.67 W/(m2 ·K4);

• t0 — ambient temperature, ◦C.

In the operating temperature ranges

t f 1 ≈ (40−5)◦C

and
t f 2 ≈ (70+5)◦C,

the following equality holds:

(qΛ1 +qΛ2)≈ 2 ·qΛ3,

from this, we get:

Q1 +Q2

Q3
≈ [10.9 · Im −2.1 ·qΛ1]

23.4 · Im −4.4 ·qΛ3

+
[12.5 · Im −2.3 ·qΛ2]

23.4 · Im −4.4 ·qΛ3
≈ 1.

Numerical calculations show that adjacent low-
and high-temperature Λ-PM produce the same to-
tal amount of electrical and thermal energy as a
pair of identical PMs. Additionally, they provide
high-potential thermal energy in the form of hot
water with a temperature above 60◦C and trans-
port it to the storage system using natural circu-
lation, i.e., without pumps. The fivefold excess
of thermal energy over electrical energy promotes
the development of associated businesses when
placed within metal structures of energy com-
plexes, such as greenhouses or pellet drying de-
vices. Figure 2 shows a prototype of an energy
complex with concentrators placed on different
sides of the support structure. The cooling system
for low- and high-temperature Λ-PMs includes:
flat channels of length L installed at an angle ε to
the horizontal; receiving and storage tanks with a
height h; return pipelines with a height

H ≈ (Lε −h);

heat exchangers in the form of axisymmetric an-
nular channels running along the return pipelines
and connecting the cold source with the receiving
tanks; and supply pumps that deliver water from
the source. Under the effect of thermosiphon, wa-
ter rises through the flat channels into the receiv-
ing tank and, mixing with the incoming water,
flows into the return pipeline. The cooling prop-
erties of the water are restored through heat ex-
change with the incoming water supplied by the
pump through the annular channels. As a result,
the temperature at the inlet of the low-temperature
Λ-PM channels is maintained at around ≈ 17◦C.
After the receiving tank is filled, hot water from
the upper level flows by gravity into the main stor-
age tank. A similar process occurs in the high-
temperature circuit, with the only difference be-
ing that the pump for the incoming water operates
significantly less frequently. Water has a unique
combination of thermophysical properties that au-
tomatically shifts the process to a lower tempera-
ture level during heat exchange. Figure ?? depicts
graphs showing the rate of decrease in the density
and viscosity of water within the working temper-
ature range. This creates a negative feedback loop
that moves the water mass to a more favorable
temperature level and, consequently, to a higher
heat transfer coefficient. The heat released by
the photovoltaic elements increases the enthalpy
of the water and performs work to transport it to
a height of about four meters. During the night,
the potential energy of the water is released in the
process of providing hot water to consumers. To
obtain the mathematical model of the process, let
us denote the average temperature, density, and
viscosity of the water in the flat channels and re-
ceiving tank as t, ρ , ν and th, ρh respectively; the
temperature, density, and viscosity in the return
pipeline as ttr, ρtr, νtr respectively. The diameter
of the return pipeline is

dtr ≈ 3d,

the length of the pipeline is

Ltr ≈ 2L,

and the coefficient of local resistances does not
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Figure 2 - Water circulation diagram with explanatory graphs

exceed
ζ ≤ 5.

The flow velocity of the water in the return
pipeline is found using the continuity equation in
a closed loop:

πd2

4
ρu =

π(3d)2

4
ρtrutr,

from this, we get:

utr = 0.22u
ρ
ρtr

.

The physical cause of natural circulation is the
difference in the weight of water columns in the
communicating branches of the closed circulation
loop [12]. When the total weight of the water col-
umn in the receiving tank and the vertical part of
the return pipeline exceeds the weight of the wa-
ter column in the flat channels, natural circulation
occurs due to the dynamic pressure:

∆P ≈ gρ

[
(H +∆h)

(
ρtr

ρ
−1

)

+(h−∆h)
(

ρh

ρ
−1

)]
.

The pressure head is used to compensate for the
hydraulic resistance due to friction during water
flow in the flat channels and return pipeline (the
first two terms in the equation) and to compen-
sate for local resistances due to bends and con-

strictions in the water flow:

2 · 64
Re

· ρu2

2
· L

d
+

64
Retr

· ρtru2
tr

2
· Ltr

3d

·
[
(sinε + cosε)− h

L

]
+ζ · ρu2

2
= ∆P.

From the balance of forces, we derive the equa-
tion of motion for water in the circulation loop:

u2 +
26Lν

d2

(
1+0.03

νtr

ν

)
u

−(3.5L+0.4)
(

ρtr

ρ
−1

)
−3.5

(
ρh

ρ
−1

)
= 0.

(5)

From this, we find the flow velocity in flat chan-
nels:

u =−A1

2
+

√
A2

1
4

−B1.

where

A1 =
26Lν

d2

(
1+0.03

νtr

ν

)
,

B1 =−(3.5L+0.4)
(

ρtr

ρ
−1

)
−3.5

(
ρh

ρ
−1

)
.

Flat channels with a height δ ≈ 0.008 m have six
longitudinal reinforcing ribs with a thickness of
0.002 m. Therefore, the internal cross-section of
the channels is:

SQ ≈ 2δ (b−6 ·0.002) .
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The water flow rate through them is determined
by the expression:

ṁ ≈ 2δ (b−6 ·0.002)ρu ·3600 ≈ 7.9ρu kg/h.

Due to the spatial overlap of the outflowing water
streams from the receiving tank and the annular
channel, an additional heat balance equation has
been introduced:

(t− tx) ṁx =−(tin − t) ṁ, (6)

obtaining the missing expression for the inlet tem-
perature:

t =
tin − (ṁx/ṁ) tx

1− ṁx/ṁ
.

The parameter value varies in the range

ṁx/ṁ ≈ 0.2–0.5

by periodically switching on pumps to supply
cold water. The cogeneration process is consid-
ered within the framework of the classical prob-
lem of steady-state heat transfer in a channel with
second-kind boundary conditions on the frontal
surface of the wall and third-kind boundary con-
ditions on the inner surface [13]. The heat-
generating photovoltaic cells create a constant
specific heat flux according to equation (3), with
the external walls being adiabatic. In the mathe-
matical model, two real parallel channels Λ-PM
are represented by a single virtual channel with
an equivalent diameter of approximately

de ≈ 4δ ,

in which the thermophysical properties of the wa-
ter are constant across the cross-section. The one-
dimensional differential heat transfer equation for
a channel element of length dx is:

dt
dx

=
[8.8Im(1−0.76ηe)−1.5qΛ] ·2b

Cpṁ
.

where Cp is the specific heat capacity and ṁ is the
water flow rate. Integrating along the length, we
obtain the heat balance equation for determining
the temperature and water flow rate:

SQ [8.8Im(1−0.76ηe)−1.5qΛ] = 2Cpṁ(t − tin),
(7)

where tin is the inlet temperature of the water (◦C)
and t is the average temperature of the water along
the channel length (◦C). Thus, we obtained two
equations (5) and (7) with two unknowns tem-
perature and water flow rate. By substituting the
parameters of the photovoltaic cells, the concen-
trator, and the climatic data into the equations,
the specific output characteristics of the energy
complex are calculated using the method of suc-
cessive approximations. The key question of the
technology is whether the water in natural circu-
lation mode will remove the heat generated by the
photovoltaic cells, stabilizing the temperature at a
level of ≤ 40◦C. To answer this question, we con-
duct a numerical experiment. In heat engineering
calculations, the physical properties of water are
considered at the average temperature in the chan-
nel. The temperature difference between the pho-
tovoltaic cells and the channel wall (on the adhe-
sive layers) does not exceed ∆tw < 2◦C; therefore,
the temperature of the inner surface of the walls
is approximately

tw ≈ 38◦C.

During the most heat-stressed summer period,
when the ambient temperature is around 35◦C,
the specific heat losses, according to equation (4),
are

qL1 =
[
27+0.73 · (5) · (0.37+2.73)3]≈ 50 W/m2,

and according to the left-hand side of equa-
tion (7), the generated thermal energy at Im = 940
reaches

(10.9 · Im −2.1 ·50)≈ 10150 W.

With an inlet temperature

tin ≈ 17◦C,

we use the iteration method to determine the wa-
ter temperature at which its thermophysical prop-
erties maintain such a velocity and flow rate in
the channels that the heat balance (7) is satisfied.
Taking the first approximation t ≈ 25◦C, we ob-
tain an outlet temperature

tout = 2t − tin ≈ 33◦C,
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and in the return pipeline, according to equa-
tion (6),

t∗in =
tin − ṁx/ṁ · tx

1− ṁx/ṁ
≈ 19◦C.

Therefore, the average temperature in the re-
ceiving tank is

th ≈
tout + t∗in

2
≈ 27◦C,

and in the return pipeline,

ttr =
tin + t∗in

2
≈ 18◦C.

According to the obtained temperatures, the water
in the channels has a density

ρ ≈ 996.95 kg/m3

and viscosity

ν ≈ 0.893×10−6 m2/s,

while in the receiving tank

ρh ≈ 996.6 kg/m3,

and in the return pipeline

ρtr ≈ 998.4 kg/m3.

From equation (5), we find

A1 = 0.432, B1 =−0.025,

and the velocity

u = 0.052 m/s,

from which the water flow rate is obtained:

ṁ1 ≈ 7.9 ·ρ ·u = 7.9 ·996.95 ·0.052 ≈ 406 kg/h.

Substituting this into the right-hand side of
equation (7), we obtain

2Cpṁ1(t − tin) = 2.32 ·406 · (25−17)≈ 7530 W.

It can be seen that the left-hand and right-hand
sides of equation (7) do not coincide. Therefore,
a second approximation is performed by taking

t ≈ 26◦C,

at which the velocity increases to

u ≈ 0.06 m/s,

the flow rate becomes

ṁ1 ≈ 473 kg/h,

and the right-hand side of equation (7) increases
to

2.32 ·473 ·9 ≈ 9880 W.

Since the balance is still not achieved, the temper-
ature is increased to

t ≈ 26.3◦C.

In this case, the flow rate becomes

ṁ1 ≈ 493 kg/h,

and the right-hand side of the equation is

2.32 ·493 ·9.3 ≈ 10640 W,

which is close to the value on the left-hand side
of equation (7). Therefore, the solution may be
accepted at

t ≈ 26.3◦C, u ≈ 0.063 m/s.

In this case, the Grashof number is

Gr =
gβ∆t d3

E
ν2

≈ 9.8 ·2.8×10−4 ·9.3 · (0.016)3

(0.87×10−6)2 ≈ 1.3×105

and the Reynolds number is

Re =
0.063 ·0.016
0.87×10−6 ≈ 1150,

which indicates a viscous–gravitational flow
regime in the channels.
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The heat transfer coefficient is determined from
the expression

α ≈ 0.17 · λ
d
·Re0.33 ·Pr0.43 ·Gr0.1 ·

(
Pr

Prw

)0.25

.

(8)
By substituting the value of thermal conductiv-

ity λ and the Prandtl number at a temperature of

t ≈ 26.3◦C

and wall temperature tw, we obtain

α ≈ 619 W/(m2K).

Using Newton’s heat transfer equation, we de-
termine the amount of heat flux removed by the
water:

α ·(tw−t) ·SQ1 ≈ 619 ·(38−26.3) ·1.39≈ 10070 W.

It should be noted that the wetted surface area
of the walls removing heat exceeds the frontal
wall area due to the presence of longitudinal ribs,
i.e.,

SQw > SQ1.

Therefore, the natural circulation of water reli-
ably removes the entire heat flux generated by the
photovoltaic cells.

Iteration calculations are also carried out for
the high-temperature Λ-PM, beginning with an
inlet temperature

tin2 ≈ 45◦C.

As a result, the heat transfer coefficient is found
to be

α ≈ 678 W/(m2K).

At a flow rate of

ṁ2 ≈ 690 kg/h,

this provides dissipation of thermal power given
by

α ·(tw−t) ·SQ2 ≈ 678 ·(68−54) ·1.54≈ 14600 W,

which exceeds the peak power generated by the
photovoltaic cells.

The water flow rate through the two circulation
circuits is determined by the expression

ṁ ≈ (0.3 · ṁ1 +0.2 · ṁ2) ,

with the inlet water temperature increasing up to
approximately 60 upon exiting the storage sys-
tem.

Thus, the numerical experiment convincingly
demonstrates that natural circulation ensures re-
liable cooling of the photovoltaic cells, allowing
them to operate with high efficiency.

Based on the mathematical model of the inten-
sive cogeneration process, a calculation method
for a prototype energy complex with larger Max-
eon photovoltaic cells has been developed, with
their specifications presented in Table 1.

At temperatures t f 1 ≤ 40◦C and t f 2 ≤ 70◦C,
the efficiencies of the photovoltaic cells are ηe1 =
0.20 and ηe2 = 0.16, respectively.

The base number of photovoltaic cells on the
channel walls is n = 100 units. The area of the
low-temperature array is

S f 1 ≈ (2n+10)SA ≈ 1.79 m2,

and the high-temperature array is

S f 2 ≈ (2n+34)SA ≈ 1.99 m2.

Accordingly, the length of the walls is

L1 = (n+5) ·0.054 ≈ 5.67 m,

L2 = (n+17) ·0.054 ≈ 6.32 m,

with their areas
SQ1 = 2L1(b f 1 +0.025)

≈ 5.67 ·0.186 ≈ 2.11 m2

Table 1 – Specifications of Maxeon Photovoltaic
Cells

SGe5 = 0.167×0.054m SA = b f · SA
3 ≈ 0.161×0.053m

ηe0 0.22 0.45
P0, W 1.95 2.47
Vmp, v 0.6 0.78
Imp, A 3.4 3.65
Voc, W 0.64 0.79
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Table 2 – Meteorological data for Kazakhstan stations at latitude φIN ≈ 43◦

Month 1 2 3 4 5 6 7 8 9 10 11 12
τM, h 92 91 118 145 171 185 168 168 134 100 87 95

Im, W/m2 880 920 950 930 930 940 930 920 920 900 899 850
t0, ◦C -10 -5 10 15 20 35 35 25 15 10 5 -10

SQ2 = 2L2(b f 1 +0.025)≈ 2.38 m2,

where
S f

SQ
≈ 0.85.

With N = 12 mirrors, the optical aperture area
of the energy complex is:

Ak ≈ 2Nbz [(L1 +∆L)+(L2 +∆L)]

·cosφavg
i /4 ≈ 54.7 m2.

On the upper walls of the Λ-PM channels, pho-
tovoltaic cells are installed that operate with a sin-
gle concentration of both direct and diffuse radia-
tion (Im+ Idif). Therefore, the total peak electrical
power of the prototype is given by:

Pc = [7.9Im +(Im + Idif)]
(
ηe1S f 1 +ηe2S f 2

)
= 5.35Im +0.68(Im + Idif).

The total peak thermal power of the prototype
is calculated using the expression:

Qc = SQ1 (7.5Im −1.5qΛ1)+SQ2 (7.7Im −1.5qΛ2) .

As the length of the channels increases, the
pressure head also increases, which positively im-
pacts the intensity of cooling for the photovoltaic
cells.

The calculation of the performance character-
istics of the energy complex prototype with low-
and high-temperature Λ-PMs and Maxeon Ge5
photovoltaic cells is carried out using a Python-
based software application. The database from
the climatic directory [14] is used, which includes
average monthly solar radiation intensity on a
normal plane Im, the number of sunshine hours
τM, and the ambient temperature at the installa-
tion site of the prototype.

In Figure 3, the results of the calculation for
the average monthly specific electrical and ther-
mal power of the prototype are presented. These
results are obtained using the following expres-
sions:

P
Ak

≈ 0.107Im,

and

Q
Ak

=
34Im −3.16qΛ1 −3.57qΛ2

54.7
.

Figure 3 - Specific peak electrical and thermal power
of the prototype

Note that in conditions with poorer solar re-
sources, the energy complex prototype has a
higher specific power for both electricity and heat
compared to the Cogenra Solar system, which, at
a ninefold concentration of sunlight at the latitude
of South Carolina (≈ 35◦N), has peak specific
powers of approximately 100 W/m2 for electric-
ity and 498 W/m2 for heat.

Using the data from Table 2 on the number
of sunshine hours τM, we calculate the average
monthly performance of the prototype:

WP = τM · P
Ak

,

and
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WQ = τM · Q
Ak

.

Graphs of these calculations are shown in Fig-
ure 4.

Figure 4 - Specific performance of adjacent Λ-PMs

Summing up the monthly performance, we find
the annual specific performance for electricity:

∑WP ≈ 148 kWh/m2,

and for heat:

WQ ≈ 717 kWh/m2,

with an outlet water temperature of approxi-
mately 60◦C in the storage system.

In comparison, the Cogenra Solar system had a
performance of approximately 168 kWh/m2 and
approximately 657 kWh/m2 with the same outlet
temperature of the heat carrier at a latitude with
higher solar resources, both in terms of solar in-
tensity and the number of sunshine hours per day.

Figure 5 illustrates the values for the flow rate
of hot water at an approximate temperature of
60◦C. According to GOST standards, the stan-
dard hot water consumption per person is approx-
imately 100 liters per day. Thus, the average flow
rate of 270 kg/h provided by the prototype meets
the needs of an average farming family for hot
water supply, considering household activities.

Figure 5 - Hot water flow rate at temperature ≈ 60◦C

The technology of intensive cogeneration has
the potential to enhance key indicators through
improvements in the design of the Λ-PM and the
performance of photovoltaic elements [15], which
will reduce the payback period of capital invest-
ments to four years. The possibility of reduc-
ing the payback time of investments is achievable
through the implementation of business products
derived from the energy complex’s working envi-
ronment.

CONCLUSIONS

1. The fundamentally new design of the Λ-PM,
with counter-mounted front walls of oppo-
site channels, reduces their weight and op-
tical losses by approximately 4%, decreases
thermal losses from radiation and convection
by about 27%, and allows for the effective
use of silicon photovoltaic elements in heat-
ing water to the temperature level required
for consumer hot water supply.

2. The integrated operation of low- and high-
temperature Λ-PM units with a common
storage capacity eliminates the internal
contradiction of cogeneration technology
caused by the decrease in photovoltaic effi-
ciency. It achieves stabilization of the pho-
tovoltaic elements’ temperature at approxi-
mately 40◦C and 70◦C, while water with a
temperature of approximately 60◦C is trans-
ported to the storage system without the use
of circulation pumps.

3. The process of direct conversion of the heat
emitted by photovoltaic elements into work
for lifting water is based on a unique com-
bination of the rate of change in density
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and viscosity within the operating tempera-
ture range, which stabilizes natural circula-
tion through the thermosiphon effect (know-
how).

4. Computer simulation results using software
applications show that the specific peak
power of an autonomous energy complex
with low- and high-temperature Λ-PM units
exceeds the specific peak power of the
known Cogenra Solar installation by Sun-
Power.

5. The integration of low- and high-
temperature Λ-PM units within a single
supporting structure creates a synergistic
effect, manifested in increased performance,
elimination of energy costs for pumps, and
the use of high-potential thermal energy at
the point of generation for technological
applications.

6. The innovative cooling system enhances
the efficiency of photovoltaic elements and
meets the energy consumption standards of a
farming family, including hot water supply.
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