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The paper considers photovoltaic (PV) systems, which are one of the most promising systems of renew-
able energy sources. The electricity produced by PV panels has great potential, but also has technological
shortcomings that do not allow obtaining maximum efficiency. The aim of our study is to reduce technolog-
ical shortcomings, which will increase the service life of PV systems and the amount of electricity received.
The obtained model allows considering the technical parameters that take into account the heat loss and
thermal resistance of the absorber plate. The results of the calculations performed coincide with the exper-
imental data. The main aim of the proposed research is to consider a method for increasing the efficiency
and lifetime of PV systems. This article briefly presents theoretical methods for increasing the efficiency of
such systems, as well as increasing the service life, by simulating the cooling parameters of the absorber
surface of such systems and tracking the maximum power. Modeling and the obtained theoretical model
will allow in the future to select the most suitable technical solutions for the maximum energy output of
PV systems for various design solutions.
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1. INTRODUCTION

Photovoltaic (PV) systems, which convert solar en-
ergy into electricity, are promising systems among
renewable energy sources. The electricity produced by
PV panels has great potential, but at present, there are
technological shortcomings that prevent them from
increasing their efficiency. Moreover, eliminating these
shortcomings can increase the service life of PV sys-
tems and the total amount of electricity produced.

The efficiency of modern PV cells (SC cells) cur-
rently ranges from 10 to 38 % under standard condi-
tions. The efficiency of PV panels is less than that of
the PV cells used to create them. Thus, one way to
increase efficiency is to find new suitable design solu-
tions. An example of optimization of PV panels is the
creation of PV/T panels [1, 2]. This can be achieved by
improving processes and models of heat balance [3, 4],
the results of optimization research and methods are
given in this article.

In earlier works [5-7], only options for heat removal
from the tube along its surface were considered without
losses when passing through the heat absorber plate
that is a kind of heat absorber (absorber on which the
tube is installed) and heat loss of the adsorbing surface.

2. ADVANCED MODEL

The heat sink absorber usually consists of round
tubes connected to a flat absorber plate. The plate ab-
sorbs heat that enters the solar cell when exposed to
sunlight and transfers it to the coolant circulating in
the tubes [8]. The absorber and tubes are made of ma-
terials with high thermal conductivity (copper, alumi-
num) to optimize heat transfer to the liquid and reduce
losses. Fig. 1 shows a cross section of the absorber.

The minimum temperature (7p) in the absorber is
observed over the cooling tube. The maximum tempera-
ture is observed in the middle between the tubes
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(x=0), that is, at the same distance from the tubes.
The temperature gradient at this point is zero, and the
temperature profile is symmetric. If the gradient is
zero, then according to Fourier's law, there is no heat
transfer at this point. Based on this, we can assume
that the absorber plate is a normal edge of the radiator
at x = 0 and length (W - D)/2 (Fig. 2).
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Fig. 1 - Absorber of the solar thermal collector
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Fig. 2 — Temperature distribution in the absorber along the
X-axis

Assume that the material of the absorber plate is
thin and has a high thermal conductivity, and then the
temperature above the tube can be considered as ho-
mogeneous at Tp. To simplify the analysis and evaluate
heat transfer only in the x direction [9-11], we suppose
that there is no temperature gradient in the y direction
(along the tube). Under these conditions, the absorbing
section between the middle (x=0) and the surface
above the tube (x = (W - D)/2) can be considered as a
classical problem (Fig. 3).
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Fig. 3 — Heat balance in any part of the absorber

To analyze the configuration of the reduced areas,
we apply the law of heat balance of a unit area [12, 13]
(steady-state energy balance of an element) and obtain
the following equation:

dT

AxI] — AXUL(TX - Ta) + <_kabsHa |X) -

dT
- (_kabsHa |x+Ax) =0, ¢))]

where I is the absorbed thermal energy (W/m?), H is
the collector plate thickness (m), U, is the loss factor
(W/m2 K), kas is the thermal conductivity of the ab-
sorber material (W/m ‘K), Ta is the ambient tempera-
ture, Tx is the temperature of the absorber at the point
X, qfin is the heat transferred in the x direction at
x = (W — D)/2 per unit length of the tube (W/m).
Calculating the above equation with respect to Ax
and finding the limit when Ax approaches to 0 [14, 15],
equation (1) can be reduced to the following form:

a’r _ U,

Ax?  kepsH (Tx —Ta— ULL) @

As discussed earlier, if we do not take into account
the heat transfer at x = 0 and temperature 7T, above the
tubes is constant [16], the following boundary condi-
tions can be specified:

daTr

dx U = O'T|x=(W—D)/2 = Tp, 3)
2 __U
m- = kabsH, (4)
i
¥ = (Tx—Ta—U—L). ()

Equation (2) is simplified to:

azy
dx?

-m?¥ = 0. (6)

The marginal requirements of expression (3) are
transformed as

ay
az =0,

dxly=0 ~

1

lp|x:(W—D)/2 = Tp —Ta— U_L

M

Expression (5) 1s a second-order linear differential
equation. His general solution:

Y = C, shmx + C, chmx. 8

Applying the first boundary condition, we find

a = C;shmx + Cochmx|,—g =Cim=0. (9)
dxlx=g

From the first boundary condition m # 0, therefore
C1 = n, we obtain

—T, — 4 = Cych (m(W — D)/2), (10)

Vly=w-n);2 = Tp v =
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1
Tp—Ta—U—L
2= ch (m(W-D)/2)’ 11
From relations (5) and (8) we obtain
1
Tx—Ta—U—L _ ch(mx) (12)
T,-Ty——  ch(m(W-D)/2)’
pfa yp
_ 1 _ _ 1 ch(mx)
Le=Ta+ UL + (Tp Ta UL) ch(m(W-D)/2)’ 13)

Equation (13) allows us to calculate the tempera-
ture distribution in the absorber plate (Fig. 2) [17].

Heat qf;,, which is transferred to the collector area
above the tube at x = (W — D)/2, can be calculated from
equation (13) using Fourier's law [18, 19]:

_— dar _ I
Afin = _kabsHaL:WZ_D - _kabsH (Tp —Tq _U_L> X
y sh(mx) B
m o (W = D) =
¢ 2 w-D
*=2
, Sh(m(W—D))
= —kqpsH (Tp Ty — U_L) m Ch(m(v;—n)) s (14)

KapsH
Qfin = "2 m (1=, (1, - 7)) th (m(W — D)/2).(15)
Assuming that m? = - ULH, we obtain
abs
_ w-D) th (m(W-D)/2)
Gpin = 52 (1= U(T, ~ 1)) T (16)

Relation (16) can be used to calculate the heat
transferred to the area of the collector above the tube,
when x = (W - D)/2, on one side of the tube [20].

Let us define F as the efficiency of the edge, i.e.

_ th(mw-D)/2)

(m(w-0)/2) ’ an
and substitute Finto (16)
, w-D
Gpin =22 (1- U (T, - Ta) ) F. 18)

Equation (18) is the equation of the efficiency of the
edge (F). The efficiency of the edge is the ratio of the
heat entering the area above the tube (gf;,) to the heat
obtained at a constant temperature 7. This ratio sim-
plifies the calculations and allows you to calculate the
useful energy using a single temperature 7).

If the heat transferred from the adsorber is known,
it is possible to calculate the heat transferred to the
coolant from both edges of the absorber.

Useful heat q;, is the heat that is transferred from
the absorber plate to the liquid inside the tube. g,, can
be obtained from the energy balance for the element
shown in Fig. 4 [21]:

2 Qi+ D1 =D (1= U(T, = T,)) — g1, = 0,
g =(W=D)F +D)(1-U,(T, - To)).  (19)
In real conditions, the temperature 7, is unknown,;

therefore, it is necessary to calculate the efficiency
depending on the temperature of the liquid, which is
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known. Heat efficiency is the ratio of heat transferred
from the area above the tube to the liquid coolant. If
the communication resistance R, is known, then q;, can
be written relative to the temperature of the liquid Tr.

[ (Tp_Ta)
G =

T, = qLR, + Ty.

DI D Uy (I,-T.)

N/
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Fig. 4 - Heat balance of the absorber area above the tube with
the coolant

Communication resistance R, is the thermal re-
sistance between the absorber plate on the tube and
the liquid (associated with the technological type of
connection of the tube with the absorber) [22-24]. The
first term takes into account the heat transfer between
the inner side of the tube and the liquid and also takes
into account the inner diameter of the tube. The second
term takes into account the heat transfer from the
plate above the tube (the size of the contact is equal to
the outer diameter of the tube). Communication re-
sistance can be written in the following form (inverted
into heat transfer):

1 H
Ry=—+—
P h,oD-2B) + kD’

(20)

where h,, is the heat transfer coefficient between the
inside of the tube and the liquid (W/m2K), H is the
thickness of the layer on the tube (m), k,, is the ther-
mal conductivity of the site (W/m ‘K), B is the tube wall
thickness (m).

Substituting (20) into equation (19), we obtain

1

G (1-u(1;-1)) @
and
F' = Yo (22)
wlsmrar o)
Given the above expressions, we get:
g =WF (1-U,(T; - T,)). (23)

Relation (22) is the collector efficiency equation (F").
The efficiency of the collector is the ratio of the actual
energy transferred to the liquid (q;,) [25] to the energy
obtained at a constant temperature of the absorber and
temperature of the liquid 77 This ratio simplifies the
calculations and allows you to calculate the useful en-
ergy using one unknown temperature 77. Coefficient F’
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is similar to the efficiency of the edge F, because it
connects the heat transfer characteristics with the
coolant temperature.

Equation (23) can be used to calculate the useful
energy collected per unit length of the tube in the y
direction.

3. TESTING THE HEAT BALANCE MODEL OF
THE SOLAR COLLECTOR

Based on the results of mathematical analysis in
the mathematical package PTC MathCAD, a corre-
sponding model was built. Using this model, the maxi-
mum achievable values of the temperature difference
when using the classical reservoir layer were deter-
mined (Fig. 5). The following input data were used for
the calculation: Tq =298 °C, I =1000 W/m?2, Ty= 283 °C,
W=0.125 m, H=0.0005m, D=0.12 m, and the corre-
sponding parameters of thermal conductivity of copper.
From the figure you can see that in the classical solu-
tion of the collector absorber plate, the temperature
difference reaches 7.15 °C, which is quite important for
using such a solution in PV/T systems.

Te(x.0.01)

Fig. 5 - Temperature distribution on the collector absorber
plate according to Fig. 2

The use of the developed model for solving optimi-
zation problems will allow, at the design stage of solar
collectors and PV/T systems, to choose their optimal
parameters to achieve maximum efficiency and mini-
mum cost. For example, to select the parameters of the
absorber for use in PV/T systems, it is necessary to
change its geometric parameters. Fig. 6 shows an ex-
ample of modeling a change in the diameter of the tube
with the coolant, from which you can see a significant
effect of the tube diameter on the temperature differ-
ence along the surface of the absorber.

From Fig. 6, it can be seen that the developed model
can be used to solve optimization problems in the de-
sign of solar collectors and PV/T systems with further
development to multiparameter problems, and the
results correspond to the experimental results.

4. CONCLUSIONS

Based on the results of the analysis of heat ex-
change processes in the plates of the absorber of heat
collectors, a mathematical model of the operation of the
specified absorber is developed. The proposed model
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Fig. 6 — Results of modeling the influence of the diameter of
the tube with the coolant on the temperature distribution on
the absorber surface
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OpauoBicHA MOJ€JIb TEILJIOBOTO 0aJIAHCY COHAYHOIO KOJIEKTOpA

K.O. Minaxkosa, P.B. 3aiies

Hauiornanvruii mexniuHull yrigepcumem «XapKi8CoKUL NOJIMEXHIYHUL ITHCMumymn,
eyn. Kupnuuosa 2, 61002 Xapkis, Yrpaina

B poGoti posrismaiorses doroenexrpruni (PV) crcreMu, ki € OMHMUMA 3 HANIIEPCIEKTUBHIIIMX CHCTEM
BIIHOBJIIOBAHUX JyKepes1 eHeprii. Eiexrpoenepris, mo Bupobiserbesas PV mamersMu, Mae BeJIUKNNA ITOTEHIII-
aJI, ajle ¥ TeXHOJIOTIYHI HEeIO/IIKH, AKI He JAITh OTPUMATH MaKCUMAaJIbHy edeKTuBHicTh. Llens Hamoro goc-
JIPKEHHST — 3MEHIIIEHHS TeXHOJIOTTYHUX HeJI0IKIB, 10 JO3BOJIUTE 30LIBIITATH TePMIH ciayskbou PV cucrem Ta
KIJBKICTh OTpUMAHOI esiekTpoeHeprii. OTpuMaHa MOIeJIb T03BOJISIE PO3IJIANATHA TEeXHIUHI TapaMeTpH, SKl
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BPaXOBYIOTH BTPATH TEILJIOBOI €HEPTii Ta TEIJIOBUIA OITip IacTuHH abcopbepa. PeayabraTu pospaxyHKIB, 1110
OyJIM TIPOBeIEeHi, CIIIBIIAMAIOTh 3 eKCIepUMeHTAIbHUM JaHuM. OCHOBHOI METOI0 3aIlPOIIOHOBAHOIO JIOCIIi-
IUKEHHS € PO3IJIS] METOAy IIIBHUINEeHHS eeKTHUBHOCTI Ta TepMiHy ciay:kbu PV cucrem. V crarri KOpoTKO
IpecTaBJIeH] TEOPETUIHI METOHM MIBUINEHHA e)eKTUBHOCTI TAKUX CHCTEM, & TAKOK 301JIbIIeHHSI TePMIHY
CITy*KOM TIUITXOM MOJIEJTIOBAHHS IIapaMeTPIB OXOJIOIKEHHS IMOBEPXHI MOTJIMHAYA TAKUX CHCTEM Ta BiJcTe-
JKeHHS MaKCUMAaJIbHOI TOoTy:KHOCTI. MoIeTI0BaHHS Ta OTPUMAaHA TEOPEeTHYHA MOJEJb JTO3BOJIATh y MaM0yT-
HBOMY BHOpATH HANOLIBIN X0 TeXHIYHI PIIeHHS IS MAKCHMAJIFHOTO BUX0ay eHeprii PV cucrem
JIJISI PISHUX KOHCTPYKTUBHUX PIITE€HB.

Kmouosi ciosa: @oroenexrpuuni cucremu, Consuna emeprisi, PV/T naueuri, Tertonposiguaicts, Temmepa-
TypHUI rpagieHT, COMSYHMA TEIIOBUM KOJIEKTOp, TermmoooMiH.
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