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Abstract—Results from experimental studies of a solar cogeneration system with linear photovoltaic modules of
a fundamentally new design are presented. The Ʌ-shaped frontal walls are installed face-to-face at an angle to
each other and mutually shield their own thermal radiation, which decreases the radiation heat losses by
27% compared with linear photovoltaic modules of the known designs. The photocurrent generated by cooled
solar cells is directed to a system for charging chemical batteries and the thermal energy released is transmitted
to the unconsumed intermediate heat-transfer fluid and then, through the surface of coil pipes of counter-cur-
rent heat exchangers, to the consumed process water of the outer circulation circuit. The further transportation
of thermal energy to the storage system occurs by natural circulation of the consumed process water through the
temperature gradient formed by the control system over the height between the heat source, the heat exchanger,
and the heat receiver, an insulated container (a heat accumulator). For the first time, efficient controlled trans-
portation of heat has been implemented without using a circulation pump owing to the excess thermal energy
released during the conversion of solar energy by the solar cells and a photo-selective film installed in the focal
spot of the optical concentrator. Thus, a possibility of increasing the temperature of the heat-transfer fluids at
the cogeneration system outlet has been offered. A two-circuit circulation system allows for separation of uncon-
sumed heat-transfer fluids (antifreezing solutions) and the consumed fluid (the process water) by the pressure
in the channels and installation of a linear counter-current heat exchanger that performs the functions of a sup-
porting platform’s mechanical axis along the rotational axis of the optical concentrator. The system uses a dual-
axis solar tracking concentrating system comprised of flat mirrors installed at an angle to the horizon. The
arrangement of the Ʌ-shaped photovoltaic modules on the supporting framework in series along the heat-trans-
fer-fluid path allows for a reduction in the overall dimensions of the channels, an increase in the total efficiency
of the solar cells, and simplification of the encapsulation technology. A method for calculating the output of the
cogeneration plant is provided. The method is based on the experimentally measured characteristics of silicon
solar cells and heat losses in the channels of the linear photovoltaic modules.

Keywords: silicon photovoltaic cells, optical concentrator, linear photovoltaic modules, heat exchanger, cir-
culation system, specific output
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The emergence on the market of relatively cheap,
large-area silicon photovoltaic cells (silicon solar cells)
with an efficiency of approximately 21% has incentiv-
ized the development of plants for cogeneration of
electric and heat power. In 2010, T.T. Chow presented
a comprehensive overview of the photovoltaic/thermal
(PVT) systems with cooled photovoltaic modules [1],
and J.A. Duffe and W.A. Bechman developed a
method for calculating the heat exchange of f luids in
the channels in 2006 [2]. A technological drawback of
silicon solar cells, namely, the impossibility of heating
the heat-transfer f luids to high temperatures main-
taining high efficiency, impeded wide commercializa-
tion of the plants. This drawback was eliminated by the
use of high-temperature CaAs photovoltaic cells and

optical concentrators, which allowed for a specific
electric power of approximately 170 W/m2 and a specific
heat power of approximately 530 W/m2 to be achieved
[3]. Relatively high heat losses in the photovoltaic mod-
ules (PVMs), excess generation of low-potential heat
energy of little use for economic purposes, and difficulty
in transporting the latter to the consumers remained a
weak point of the technology [4, 5].

In this work, photovoltaic modules of a fundamen-
tally new type are presented in which the above draw-
backs have been eliminated. The concept of the tech-
nology proposed by the authors consists in the posi-
tioning of the frontal surfaces of the photovoltaic cells
face-to-face in the focal spot of the optical concentra-
tor mirrors (Ʌ-shaped PVMs), the connection of the
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Fig. 1. Schematics of (a) the cogeneration plant and (b) the reflection of solar radiation.
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(а) (b)
PVM channels in series along the heat-transfer-fluid
and photocurrent paths, and the transmission of the
heat released by the solar cells to the intermediate
heat-transfer f luid and then the f luid consumed in a
counter-current heat exchanger. The further transpor-
tation of heat energy to a heat-insulated container is
affected by natural circulation of the consumed fluid
under formation of the temperature gradient in the cir-
culation circuit.

OPTICAL SYSTEM 
OF THE COGENERATION PLANT

The optimal mutual alignment of linear PVMs and
flat mirrors of the optical concentrator that allows for
a reduction in optical losses was found by computer
simulation in the environment of the Inventor soft-
ware [6]. In Fig. 1, a schematic layout of the plant and
the formation of solar radiation reflected by the mir-
rors on the solar cells are shown. Channels 1 and 2 of
the cooled photovoltaic modules, the angle between the
frontal walls of which equals 2ϕ, are placed in series in
the focal spot of optical concentrator mirrors 3. The
intermediate heat-transfer f luids are pumped by
pumps 4 along the solar cells and then through coil
pipes 5 of counter-current heat exchanger 6. The heat
energy received by the heat-transfer f luids is trans-
ferred to the consumed fluid, which arrives through
support bearings 7 and 8 owing to natural circulation
to storage system 9 installed at a height h with respect
to the heat exchanger. The circulation circuit of the
heat exchanger is refilled with cold water through
return pipeline 10 and valve 11.

According to the optical scheme based on the law
of solar radiation ref lection and considering the geo-
metric properties of parabolic curves, the expression
THERMAL ENGINEERING  Vol. 67  No. 10  2020
for the geometric concentration Kg was obtained as
follows:

(1)

where b and bz are the wall and mirror widths, f is the
focal distance of the parabolic surface from the frontal
wall centers, δ1 is the distance between the PVM pro-
jection onto the x axis and the first mirror, and δ2 is the
distance between the mirror edges.

At ϕ = 50° and the focal distance f = 1.8 m, the
number of the concentrator mirrors equals 12 and the
geometric concentration is Kg = 11.3. The optical con-
centration Сop is determined by the product of three
technological parameters of the concentrator as:

(2)

where Kr is the reflection coefficient of direct solar
radiation from the mirrors and D is a coefficient that
considers the absorption of solar radiation in the mir-
rors and shielding glass.

The concentrators proposed in this work use thin
2-mm-thick glass mirrors and Alanod films with the
reflection coefficient Kr = 0.95 [8]. Solar cells of
known designs absorb a substantial amount of solar
radiation due to a great thickness of glass (4 mm and
more) in mirrors and safety shields [9]. On the frontal
walls of the Ʌ-shaped PVMs, either there are no pro-
tective glass sheets on the solar cells or, if any, their
thickness does not exceed 1.5 mm; therefore, D ≤ 0.94.
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Fig. 2. Scheme of calculating the heat-transfer f luid tem-
peratures in the channels of the solar cell.
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As a result, the optical concentration for 12 mirrors
reaches Сop = 10.1.

During the halt time τ of the solar tracking sys-
tem—a device that tracks the motion of the Sun—the
solar radiation reflected by the mirrors displaces
across the frontal walls for the distance ,
where R is the distance between the frontal wall and
the rotational axis of the supporting frame and ω is the
angular speed of the Earth’s rotation. The tracker con-
troller checks that the reflected radiation covers con-
tinuously a surface of the solar cell with a width bf and
partially the photo-selective film, for which purpose
the reflection width bx must exceed the width of the
solar cells as . The light spot beyond the
solar cell array is absorbed by the TiNOх photo-selec-
tive film with a thickness bp and the radiation absorp-
tion coefficient β = 0.94 [10]. At the back walls of the
PVM channels, solar cells are positioned that perform
single concentration of the total solar radiation and
generate electric power for the auxiliaries of the
cogeneration plant.

In double-sided PVMs, f lexible SunPower Max-
eon solar cells with a size of 0.125 × 0.125 m are used
in which the voltage at the maximum power point
equals 0.54 V [11]. The base number of solar cells n on
the channel walls is found from the condition of main-
taining the optimal battery charge voltage at approxi-
mately 14.4 V and is n = 14.4/0.54 = 27. The solar cell
temperature along the channel walls increases along
the heat-transfer-fluid path. At a temperature coeffi-
cient of voltage kU and a difference ∆tj between the
solar cell temperature j and a standard temperature of
25°C, the idle voltage decreases by ∆Uj = kU∆tj. The
total temperature losses of the voltage in the channels
equal Ut =  The total temperature losses of
the voltage in the first photovoltaic module down-
stream the heat-transfer fluid are small; to compensate
for these losses, an additional solar cell is integrated into
each of the channels of this module. The heat-transfer
fluid from the first PMV’s channels comes into the
channels of the second high-temperature PVM where
three solar cells are integrated into each. As a result, the
length of the first channel is L1 = (n + 1) bf, and that of
the second channel is L2 = (n + 3) bf.

CALCULATING THE TEMPERATURE
OF HEAT-TRANSFER FLUIDS 

AND SOLAR CELLS
The scheme of calculating the heat-transfer-fluid

temperatures in the channel with encapsulated solar
cells on the frontal and back (facing the Sun) walls is
shown in Fig. 2. The heat-transfer f luid with a tem-
perature tin comes into the channel along the 0–x axis;
at the channel outlet, the heat-transfer-fluid tempera-
ture is tout. The expressions for the heat f luxes radiated
by the solar cells, namely, the heat f lux q1 that passes

рb R= τ ω

( )x f pb b b≥ +

.U jk tΔ
through the frontal walls and the heat f lux q2 that
passes through the back walls, can be written as:

where ηе1, ηе2, ηh1, and ηh2 are experimental coeffi-
cients of the electric and thermal efficiency of the solar
cells and Ef and Ed are the peak power of the direct and
diffuse solar radiation.

The heat release increases at the end of the chan-
nel; however, due to the face-to-face arrangement of
the frontal walls, the heat radiation from the hotter
outlet sections of the channel comes into the inlet sec-
tions, which compensates for the increased heat
release at the outlet. As a result, the problem of the
steady-state heat exchange process to the one-dimen-
sional integral approximation with a uniform distribu-
tion of the heat f lux over the wall arises. The thermal
conductivity along the wall length can be neglected.
According to the law of conservation of energy, the
equation of the heat balance along the channels can be
written in the form [12]

(3)

where сp and G are the heat capacity and consumption
rate of the heat-transfer f luid and t is the heat-trans-
fer-fluid temperature average over the channel cross
section.

Equation (3) with separable variables has an ana-
lytical solution as:

(4)

The mean integral temperature of the heat-transfer
fluid  equals
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Fig. 3. Appearance of a laboratory cogeneration plant.
The heat transfer inside the channels occurs
according to Newton–Richman’s law [13] as:

where  and  are the mean integral temperatures of
the walls and α1 and α2 are the wall-length average
heat-transfer coefficients.

The heat flux through the back wall can be consid-
ered by the experimental parameter  Given
this and solving the equation of the thermal conductiv-
ity with the boundary conditions of the third kind, we
can obtain an expression for calculating the mean inte-
gral temperature of the solar cells tf on the frontal wall as:

(5)

where

(6)

is the thermal resistance in the heat flux path (m2 K/W)
and δi and λi are the thickness (m) and the thermal
conductivity (W/(m K)) of the sealing layer, the pro-
tective aluminum oxide layer, and the wall.

In plane channels, the heat-transfer coefficient of
the f luid under laminar f low is α1 ≥ 320 W/(m2 K);

hence,  ≈ 3.1 × 10–3. The resistance  (m2 K/W) of

the 0.3-mm-thick KPTD-3 sealant layer with a thermal
conductivity of 1.8 W/(m K) is 0.16 × 10–3, that of the
0.1-mm-thick protective aluminum oxide layer with a
thermal conductivity of 2.0 W/(m K) is 0.05 × 10–3, and
the resistance of the 2.0-mm-thick walls of an aluminum
alloy with thermal conductivity of 192.0 W/(m K) is 0.01.
As a result, the total thermal resistance r1 between the
solar cells and the f luid is 3.31 × 10–3 m2 K/W.
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In [14], results of a study into the influence of the
temperature and solar radiation concentration on the
efficiency of the Maxeon solar cells are provided.
According to the experimental data, graphs of the peak
power P were constructed and the value of the coeffi-
cient ηе ≈ 0.17 used in Eq. (5) was obtained. The value of
the coefficient ηh was found by the data of studies con-
ducted on thermotechnical test benches and a labora-
tory cogeneration plant, which is represented in Fig. 3.

The optical concentration was varied by changing
the tilt angle of the f lat mirrors. The temperature of
the heat-transfer f luids was controlled by chromel–
copel thermocouples within an error of ±3°C, the
consumption rate was controlled by rotameters, and
the temperature of the solar cells was measured by a
UT300A pyrometer within an error of ±11°C. The
technological parameters in the flat channel of the lin-
ear collector were measured according to the standard
method described in [15]. The thermal efficiency coef-
ficient of the laboratory setup was approximately 0.61.
The heat losses proved to be high (39%) and increased
with the increasing temperature of the solar cells. To
reduce the losses, the face-to-face arrangement of the
frontal walls with the mutual shielding of the heat radi-
ation is proposed [16, 17]. In the heat-transfer theory,
the value of the heat f lux q emitted from the hot walls
is determined by the Stefan–Boltzmann law as

(7)

where ε is the emissivity, σ0 is the Stefan–Boltzmann
constant [σ0 = 5.67 × 10–8 W/(m2 K4)], T is the tem-
perature of the walls (K), T0 is the ambient tempera-
ture (K), F is the area of the radiating surface (m2), and
ψ is the angle (rad) within which the radiation propa-
gates [18].

In similar systems, the radiation angle of the frontal
walls is within the range (0–π); in the Ʌ-shaped PVMs,
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Fig. 4. Mean integral heat-transfer f luid temperatures in
(1) channel 1 and (3) channel 2 and of the solar cells in
(2) channel 1 and (4) channel 2 at G = 150 kg/h. 
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owing to the mutual shielding, the radiation angle

equals 

The ratio of energy losses due to radiation ζ in the

PVM designs under comparison is  at

the equal temperature and emissivity of the walls; for
the TINOx photo-selective films,  Moreover,
the frontal walls form a semienclosed trough in which
the air f low heated by the walls rises by convection,
creates additional thermal resistance, and reduces
the convective heat losses by approximately 5%. This
results in the total heat losses in the innovative PVMs
that are 35% lower than the losses of known analo-
gous designs. Given this and considering the results
of testing the plant (see Fig. 3), the heat losses are
0.39 × (1.0 – 0.35) = 0.25 and, accordingly, the value
of the second experimental coefficient in Eq. (5) can
be taken as equal to ηh = 0.75 and, with a certain mar-
gin for further calculations, as equal to 0.72.

In the solar tracking system of the optical concen-
trator, Venture 850 actuators are used with a 55-W DC
gear-motor drive that creates a force of up to 3175 kg.
The frequency of switching on the tracking system for
15 s is 1 min. Therefore, the total operation time of the
electric drive is 7.5 min/h and the energy losses do not
exceed 10 W h. The power consumed to pump the anti-
freezing solution [сp ≈ 0.9 W h/(kg K)] by micropumps
is approximately 100 W h, that to circulate the water
used in the heat exchanger circuit is 120 W h, and that to
operate the automatic devices is 50 W h. The total power
consumption is 280 W h, i.e., 11% of the overall peak
power of the cogeneration system. The expenditure of
energy is completely covered by the solar cells that
operate at a single solar concentration.

Given the above information, the expression for
calculating the mean integral temperatures of the

( )0 .
2
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π +ϕ
ζ =

π

0.1.ε ≈
heat-transfer f luids  and solar cells tf can be written in
the form

(8)

(9)

In Fig. 4, the results calculated at tin ≈ 15°C are
represented in the form of graphs considering the
data on the climatic conditions in Almaty, according
to which Ed ≈ 1150 W/m2 in June. At the consump-
tion rate G ≈ 150 kg/h, for the first channel,

 ≈ 39°C and tf1 ≈ 15 + 4.7 ×

1150  ≈ 57°C. The difference between

the temperatures of the solar cells and the heat-trans-
fer f luid is 57 – 39 ≈ 18°C. The heat-transfer-fluid
temperature at the first channel outlet equals

 = 2 × 39 – 15 ≈ 63°C. For the second

channel,  ≈ 63 + 4.7 × 1150  ≈ 87°C and tf2 ≈ 63 +

4.7 × 1150  ≈ 105°C. The temperature

at the second channel outlet equals  =
 ≈ 111°C. At the heat-transfer-fluid con-

sumption rate G ≈ 150 kg/h, the temperature of the
solar cells at midday exceeds the standard-operation
temperature; therefore, the control system promptly
increases the heat-transfer-fluid consumption rate to
G ≈ 180 kg/h.

Consequently, the connection of the PVMs in
series allows for maintaining high electric efficiency of
the solar cells in the first channel and simultaneously
achieving a high heat-transfer-fluid temperature at the
second channel outlet at equal dimensions of the
channels, which makes the solar cell encapsulating
technology simpler.

CALCULATION OF THE PHOTOVOLTAIC 
MODULE PERFORMANCE

The output–input power balance in the PVM chan-
nels connected in series with solar cells placed on the
walls and a photo-selective film is written in the form

(10)

t
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Table 1. Parameters of the cogeneration plant

Wd and Wf are the direct and diffuse solar radiation;  is the sum of the direct solar radiation per day onto a horizontal panel, and
.

Parameter
Month

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

Wd, kW h/m2 37 47 89 137 191 212 203 171 116 68 40 28

Wf, kW h/m2 17 23 34 44 46 45 45 45 41 24 15 15

 kW h/m2 1.5 2.2 3.7 5.3 6.6 7.2 6.6 5.7 4.5 3.1 1.9 1.3

Ed, kW/m2 0.39 0.51 0.75 0.95 1.12 1.15 1.12 1.02 0.87 0.68 0.46 0.3

х' 0.46 0.49 0.38 0.32 0.24 0.2 0.2 0.26 0.34 0.35 0.37 0.5
Nd, h 3.85 4.31 4.93 5.58 5.89 6.26 5.89 5.59 5.17 4.56 4.13 4.3
τm, h 92 91 118 145 171 185 181 168 134 100 87 95

,dDW

dDW
' f dx W W=

Fig. 5. Average monthly specific (1) electricity and (2) heat
output of the cogeneration plant. 
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where Sf is the area of a solar cell; Q1 and Q2 are the
available heat power of channels 1 and 2; ηh1 and ηh2
are the heat efficiency coefficients of channels 1 and 2;
Pj1 and Pj2 are the peak electric power of the solar cells
with sun radiation concentration; and Pi1 and Pi2 are
the peak electric power of the solar cells without sun
radiation concentration.

To simplify the calculations, the mean annual
value  = 0.3 can be adopted. Upon transforma-
tions and substitution into (10) of the measured tech-
nological parameters of the developed design, the
analytical expressions for calculating the average
monthly peak electric P and thermal Q power (kW) of
the cogeneration plant take the form

(11)

(12)
To determine the average monthly performance of

the system, one has to know the number of the hours
with the solar radiation intensity Ed. In Table 1, the
climate data are presented [19] according to which the
average monthly technological variables of the cogen-
eration plant were found.

According to the data of the table, the average
annual direct solar radiation is Ed av = 0.78 kW/m2;
hence, the average annual peak power of the cogene-
ration plant will be  =  =
11.4 kW/m2. The maximum daily peak solar radiation
hits the mirror surfaces from 12 a.m. to 1 p.m. each
month and equals

where ϕIN is the latitude (deg) of the installation site
and δ' is the solar declination (deg).

The number of the hours per day with the maxi-
mum radiation intensity Nd can be found by the cli-

f dE E

1 2               2.9 ;  dР Р Р E= + =

1 2     1  1.   .7 dQ Q Q E= + =

maxdW ( ) avav 14.6    dР Q Е+ =

( )ϕ ±
=

δ
max

max
IN

 
,

соs      '
d

d

W
E

THERMAL ENGINEERING  Vol. 67  No. 10  2020
mate data [19] considering the total average monthly
daytime radiation. The number of active hours per
month is τm = nmNd, where nm is the number of bright
days per month.

For the cogeneration plant prototype with ϕ = 50°
and the focal distance f = 1.7, the projection of the
mirrors on the x-axis equals xN = 1.6 m and the total
length of the mirrors for two PVMs considering the
cosine losses and a distance between the solar cells of
0.001 m is l ≈ (2n + 4) × 0.125; hence, the area of the
mirrors’ optical aperture Sa = 2хNl = 24.2 m2. The
average monthly specific output (kW h/m2) is OP =

2.9 τm = 0.12Edτm for electrical energy and OQ =

11.7 τm = 0.47Edτm for heat energy.

In Fig. 5, the graph of the average monthly specific
output of the cogeneration plant prototype is shown for
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Fig. 6. Schedule of the (1) hourly consumption and (2) stor-
age of the daily amount of heated water. 
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the latitude of Almaty. The annual specific electricity
output is  = 160 kW h/m2 and the annual specific

thermal power output is  = 629 kW h/m2. For
comparison, we should note that, at a lower southern
latitude of 37° in California, the specific electrical out-
put of Cogenra Solar plants, which are the closest ana-
logues to the plant in question, is 168 kW h/m2 and
their specific thermal energy output is 657 kW h/m2.

COGENERATION PLANTS 
FOR HOT WATER SUPPLY

According to the requirements of the hot water
supply standard, per capita daily consumption of water
with a temperature of 55°C is 120 dm3 [20]. Given the
heat losses, such figures can be achieved under effi-
cient heat exchange between the heat-transfer f luids in
the heat exchanger at an outlet temperature of 70°C at
least. The heat losses in the section from the heat
exchanger to the heat-insulated container were reduced
by approximately 10% by eliminating long f lexible
pipelines. According to Eq. (12), the equation of the
peak power balance during the transmission of the
energy from the heat-transfer f luids to the consumed
process water has the form

(13)

where t1 and t2 are the water temperatures (°C) at the
heat exchanger inlet and outlet and G2 is the water
consumption rate (kg/h).

At the preset level of heating the process water Δt =
50°, the average monthly consumption per hour G2 is
calculated by Eq. (13). Based on the data of Table 1,
the number of active hours per day Nd is found and
then, the average monthly mass M of the process water
accumulated during a day for hot water supply is cal-
culated as M = G2Nd. Figure 6 shows the graph of the
average monthly consumption rate per hour and the
total daily amount of process water heated to 65°C.

To provide a farmer family of five persons with hot
water considering their economic activity, the volume
of water V = 850 dm3/day is required. The cogenera-
tion plant completely meets the hot water demand
from May to September (see Fig. 6); in the other
months, additional heat energy sources are needed,
such as boilers or diesel generators.

The transportation of hot water under direct conver-
sion of heat energy is affected using thermosiphoning in
the closed heat-exchanger loop that includes an insu-
lated container with water. The required level and tem-
perature of the water in the container are maintained
during the day by a controller. The water for the hot
water supply is withdrawn from the upper point of the
container and the cold water is refilled at the lower
point; due to this, the maximum difference between the
mean temperatures in the heat exchanger and the return

OP

OQ

( )2 2 10.9 11.7       ,d рE с G t t× = −
pipeline is achieved. After the sunset, the cold-water
inflow is stopped for the time the container is emptied.

During the heating, the density of water decreases
and, as a consequence of the difference between the
mass of the water in the heat exchanger and that in the
return pipeline, natural circulation of water occurs
with the dynamic differential pressure

(14)
where g is the acceleration of gravity (9.81 m/s2), h is
the distance (m) between the central point of the heat
exchanger and the insulated container (see Fig. 1), and
ρh and ρr.p are the length-average densities of water
(kg/m3) in the heat exchanger and the return pipeline.

The density of the water in the heat exchanger at a
mean temperature of 50°C equals 988.1 kg/m3 and
that in the return pipeline is 999.5 kg/m3 at a mean
temperature of 18°C [21]. At the mean height in the
plant prototype h = 4.5 m, according to Eq. (14), the
maximum dynamic differential pressure will be ∆p =
500 N/m2.

Part of the heat energy generated by the solar cells
is converted into mechanical energy when the heated
water is transported in the circulation circuit with a
length L' and a diameter d. The friction resistance F1
under laminar f low of the f luid is determined by the
expression

where  is the friction resistance coefficient and

u is the velocity of the process water in the heat
exchanger.

For a prototype with L = 27 m, d = 0.15 m, and the
Reynolds number Re ≤ 1500, the friction resistance is
F1 ≤ 20 N/m2 and ξ ≤ 0.26. When the fluid flows through
turns and along convergent and divergent sections of the
circulation circuit, local resistances F2 ≤ 25 N/m2 occur.
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As a result, the dynamic differential pressure ∆p com-
pensates for all hydraulic resistances and ensures inten-
sive natural hot water circulation.

Under varying solar radiation intensity over the day,
the specified performance of cogeneration systems is
maintained by adjusting the position of the mirrors, the
heat-transfer-fluid consumption rates, and the refilling
of the cold-water circuit. Special attention is paid to the
development of the algorithms and corresponding pro-
grams for controlling the technological process and
selecting efficient and reliable actuators.

Based on the experience of manufacturing labora-
tory facilities using components acquired on-line, we
can estimate the production costs of a cogeneration
plant prototype with an aperture area of 25 m2 at
approximately $4900; hence, the cost of the average
annual installed capacity may be estimated at 0.43 $/W.
For comparison, the cost of the installed capacity of
the closest analogue of the plant in question, a
Cogenra Solar system, is 2.34 $/W. According to the
incentive rate of selling the electrical energy generated
using renewable energy sources [22], the selling price of
electrical energy is 0.108 $/(kW h). The annual revenue
from selling the electric energy generated by the plant in
question will be $432. With a thermal energy rate for
remote localities of 0.034 $/(kW h), the annual revenue
from selling electric energy is estimated at $534. As a
result, from selling electrical and thermal energy, the
consumer will earn a revenue of $966. In this case,
the expenses of the buyer of the plant will pay off in
5 years. Compared with conventional solar panels
and hybrid solar systems, the pay-off period of the
solar systems is reduced more than twofold. In
remote localities for which, in fact, the cogeneration
systems are developed, the electrical and thermal
energy rates are considerably higher; therefore, the
pay-off period is reduced to 3–4 years.

CONCLUSIONS

(1) Using the Inventor 10 software, the design of
linear photovoltaic modules has been optimized. Ana-
lytical expressions for calculating the working compo-
nents of the optical concentrator with the face-to-face
positioned frontal walls with silicon solar cells in the
focal spot have been derived for the first time. The use
of high-quality materials and components available on
the market allows for the construction of light and reli-
able supporting frames for f lat mirrors and for optical
efficiency of the concentrator of approximately 0.83 to
be achieved.

(2) Owing to the mutual shielding of the heat radi-
ation from the frontal walls and formation of a protec-
tive thermal layer in the trough-shaped channels, the
heat losses have been reduced by 35%, the coefficient
of thermal efficiency of the Ʌ-shaped photovoltaic
modules has been increased accordingly, and the tem-
THERMAL ENGINEERING  Vol. 67  No. 10  2020
perature of the heat-transfer f luids in the channels
could be increased to 85°C.

(3) The technology (know-how) developed for
encapsulating the solar cells on the frontal walls with a
low thermal resistance and maintaining the collinear-
ity between the former has allowed for a considerable
increase in the reliability and efficiency under a high
photocurrent.

(4) The complicated engineering problem of trans-
porting electrical and thermal energy from movable
photovoltaic modules to a fixed energy storage system
has been solved using patented engineering solutions
and technological know-how.

(5) Considering the conversion of the solar radia-
tion intensity into that at equal geographic latitudes,
the specific output of the innovative cogeneration sys-
tems exceeds that of known analogues.

(6) The calculations show an almost twofold
increase in the temperature of the heat-transfer f luids
compared with analogous plants under identical oper-
ating conditions of the photovoltaic modules. This
increases the intensity of the heat-transfer processes in
the heat exchanger and has allowed for the first time
for the efficient transportation of heat energy to the
storage system under natural f low of the consumed
process water in the circulation circuit.

(7) Given the selling rates for energy generated
from renewable sources currently existing in Kazakh-
stan, the pay-off period of the innovative cogeneration
plants is estimated at 5 years. The solar panels with sil-
icon solar cells produced in Kazakhstan or Russia, pay
off over 10–12 years.

(8) A distinguishing feature of the cogeneration
plants with Ʌ-shaped photovoltaic modules is that the
amount of the generated thermal energy exceeds the
amount of the generated electrical energy almost
threefold. At a considerably lower cost of thermal
energy, the economic revenue from selling it proves to
be higher than that from selling electricity. The rates
for electric and thermal energy are increasing every
year while the market prices of solar system compo-
nents are decreasing by 4%; therefore, the business of
manufacturing and installing cogeneration systems
has good prospects.
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