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In research, solar collectors and photovoltaic systems (PV/T) are considered, which are one of the most
promising systems of renewable energy sources. Electricity, which is produced by photovoltaic panels, has
great potential, but there may be technological shortcomings, which do not give maximum efficiency. The
main goal of our research is to develop a universal model of heat exchange processes for optimizing the de-
sign features of PV/T systems at the stages of design and variability, which allows us to increase the term
of service of such systems and their efficiency. The expanded model allows you to change more practical
parameters for two coordinates of a flat collector, such as to change the consumption of thermal energy,
thermal support of the absorber plate, heat exchange, operating temperature, etc. The results of model in-
vestigations correlate with the experimental data. On the basis of the proposed model, a software product
for the modeling of PV/T systems was developed and tested on the experimental results of those ready-to-
wear PV/T systems. In the course of carrying out the expansions, depending on the basic parameters, the
heating was removed when one segment of the collector was passed by approximately 1.5 °C. The desig-
nated increase in temperature was reached at a heat transfer rate of 0.6 m/s, which allows high rates to be
achieved. The most optimal will be the heating when passing through the collector by 5 °C, which will al-
low to reduce the heat transfer rate to 0.2 m/s and significantly reduce the amount of electricity consumed
by the pump. The variation of the expanded model allows to implement a wide range of optimization tasks
at the stages of designing and optimizing solar collectors and PV/T systems, to take the optimal design pa-
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rameters to achieve the greatest efficiency and minimum occupancy.
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1. INTRODUCTION

Combined photovoltaic systems (PV/T), allowing the
generation of electrical and thermal energy, continue to
gain relevance. Such systems look attractive in terms
of increased overall efficiency and reduced area re-
quired for their placement. The efficiency of the most
advanced solar cells does not exceed 35 %, while the
efficiency of PV/T systems can reach 70 % [1].

However, the development of such systems relies
exclusively on experimental studies, and the optimiza-
tion of their design is carried out exclusively in prac-
tice. This leads to the impossibility of the rapid devel-
opment of this direction as a whole and is reduced to
solving particular problems.

We previously proposed a basic uniaxial model of
the heat balance of such a system [2], which takes into
account all significant parameters of the system. Such
a model allows solving optimization problems related to
thermal processes in the systems under consideration,
and its study has shown its efficiency. However, taking
into account the flowing coolant and more complex
processes in real systems requires an extension of the
model in consideration of processes along two axes.

Therefore, the purpose of this article was to create a
biaxial model of the heat balance of a PV/T system for
solving optimization problems of such systems in rela-
tion to real systems used in practice. The development
of a universal model will cover a wide range of tasks
and simplify optimization to improve the efficiency of
modern PV/T systems.

2. HEAT BALANCE MODEL

The temperature distribution in the direction of flu-
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id flow along the OY axis is a factor in taking into ac-
count the overall heat transfer of the fluid. The tem-
perature gradient created in the direction of the fluid
flow increases the heat loss from the collector and leads
to an increase in the heating of the fluid in one pass
through a pipe of a given cross section and length (giv-
en system geometry). Taking into account the heat and
mass transfer in the tube for the flowing liquid, the
difference between the temperature of the liquid at the
outlet and at the inlet to the collector is determined by
an expression that depends on a variety of system pa-
rameters.

The expression for the amount of heat that is trans-
ferred from the liquid absorber plate inside the tube
was obtained in the previous research [3]:

qu = WF'(I = Uy (Ty = To)), (eY)

where F’ is the collector efficiency from equation [3]:
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Ultimately, useful thermal energy from the collector
must be transferred to the fluid in the pipe. The re-
sistance to heat flow in the fluid is the result of the
interaction and resistance of the tube surface to the
fluid. The collector efficiency depends on the inner
diameter of the pipe, the heat transfer coefficient be-
tween the liquid and the walls of the tube, the conduc-
tivity of the material, which in turn depends on the
thermal conductivity and the geometry of the system,
i.e., the average thickness and width per unit length.
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Physical interpretation of F' is the result of the
analysis of equation (1). At a specific point, F' is the
ratio of the useful energy gain to the useful gain that
would be obtained if the absorption surface of the col-
lector was at a steady-state liquid temperature [3, 4].
For a given and most (but not all) geometries, the in-
terpretation of the parameter F' becomes clear when it
gets on that the denominator of equation (2) is the
resistance to heat transfer from the fluid to the sur-

rounding air. This resistance is symbolized ui The
0

numerator indicates the resistance to heat transfer
from the absorber plate to the ambient air Ui Thus, F'
L

is the ratio of these two heat transfer coefficients or the
efficiency of the collector fin:
I UO

F' = o 3)
The efficiency of the collector is nearly constant for
any collector design and fluid flow. U, to H, k,, to B, U,
to h, ratios and the parameter of rib efficiency F are
the only variables in equation (2) that can be functions
of temperature. For most collector designs, F' is the
most important of these variables in determining F’.
Factor F' is a function of U, and h,,, each of which has
some slight temperature dependence, but has a signifi-
cant impact when the liquid flows along the tube, that
is, the direction of the OY axis we have chosen.

4,AY

Tp

AY

]

Fig. 1 — Energy balance of liquid along the OY axis

The conductivity of a material can be very im-
portant in accurately describing the characteristics of a
reservoir. Whillier and Saluja [5] experimentally
showed that simply routing or fixing tubes to a sheet
result in low joint conductivity and a significant loss in
performance and efficiency. They concluded that it is
necessary to have good metal-to-metal contact in order
for the conductivity of the bond to be higher than
30 % It is expected that the efficiency of the collector

decreases with increasing tube center distance and
increases with both material thickness and thermal
conductivity. Increasing the total loss factor reduces F'.

Useful thermal energy per unit length, calculated
according to equation (1), is ultimately transferred to
the liquid. The fluid enters the collector at temperature
Tr; (inlet) and rises until Ty, (outlet). Referring to
Fig. 1, we can express the energy balance of a fluid
flowing through a single tube of length Y as

CCTrl, = QG T, ,, +4vau =0, @

y+4y
where m is the mass flow rate of the coolant in the
collector, n is the number of parallel tubes in the collec-
tor [2]. Dividing by y, finding the limit when y tends to
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zero, and substituting equation (1) instead of q;,, we get

dr
pd—yf —nWF'[I - U, (T; = T,)] = 0. (5)
Assuming that F' and U, do not depend on the posi-
tion [6, 7], the solution for the liquid temperature in
any position y (assuming that the liquid temperature at
the inlet is equal to Ty;) will be
T =T, L !
f~la UIL — ex (_ UL’TWF y>' 6)
Tfi-Ta~g; mep
If the collector has length L in the direction of flow,
the temperature of the liquid at the outlet Ty, is found
by replacing L by y in equation (6) Value nWF' =S is
the total area of the collector [2]:

1
Tro~Tag, ULSF'
—F =exp(———) )
Tfi—Ta—— mcC.
fi~la Ug, P

For convenience, let us define a value that relates
the actual efficiency of the energy (heat) of the collector
with the efficiency if the entire surface of the collector
was at the temperature of the liquid at the inlet. This
value is called the heat removal coefficient of the collec-
tor Fg. In the form of an equation, it is expressed [2]:

_ me (Tfo_Tfi)
SU=UL(Tfi~Ta))’
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R

The coefficient of heat removal from the collector
can be expressed as

Fop =% [M] _ G [[:i—“ﬁ‘m]‘[ULL‘(”"‘T“)]], 6)

Cosu ULL_(Tfi_Ta) SUL ULL_(Tfi_Tu)
or
1
nC T Tfo=Ta)
Fp=221———0f, (10)
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which from equation (7) can be expressed as
_mep[, _ suF’
Fp = U, »1 exp( ey )]. 11

It is convenient to enter and determine the collector
flow coefficient F” as ratio Fg to F' and write as

Fr = Fr _ mCp
= [
F SULF

SULF'

[1 —exp(— e, )]. 12)

This reservoir capacity factor [8] is a function of a
single variable, the dimensionless reservoir capacitance
me,
SULF”

Value Fy is equivalent to the efficiency of a conven-
tional heat exchanger, which is defined as the ratio of
the actual heat transfer to the maximum possible heat
transfer. The maximum possible increase in useful
energy (heat transfer) in a solar collector occurs when
the entire collector is at the temperature of the liquid
at the inlet; heat loss to the environment is minimal [9,
10]. The coefficient of heat removal from the collector,
multiplied by this maximum possible increase in useful
energy, is equal to the actual value of useful energy q;,,
normalized per unit area:

and shown in Fig. 2.
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qu = Fe[l = Uy (Ty; — T))- (13)
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Fig. 2 — Reservoir capacity factor as a function of .
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This is an extremely useful equation (12) applicable
to almost all flat plate collectors. It calculates the gain
in usable energy as a function of inlet fluid tempera-
ture. This is a convenient representation when analyz-
ing PV/T systems because the inlet fluid temperature is
usually known. However, the losses depending on the
temperature of the liquid at the inlet are too small,
since the losses occur along the entire length of the
collector plate, and the plate has a constantly increas-
ing temperature in the direction of flow. Influence of
the coefficient Fy is to take into account the change in
the value of useful energy from what it would be if the
entire absorber plate of the collector was at the tem-
perature of the liquid at the inlet, to what actually
happens. As the mass flow through the collector in-
creases, the temperature rise through the collector
decreases.

This results in lower losses as the average collector
temperature is lower and the usable energy increases
accordingly. This increase is reflected by an increase in
the heat sink coefficient of the collector F; as the mass
flow increases. It is logical that F; can never exceed
collector efficiency F'. When the flow rate becomes very
high [2, 11], the temperature rise from the inlet to the
outlet decreases to zero, but the temperature of the
absorbing surface will still be higher than the tempera-
ture of the liquid. This temperature difference is ex-
plained by the efficiency factor. The resulting ratio is a
convenient way to express the flow rate when the col-
lector area is a design variable, since increasing both
ratios will keep the value almost constant Fy.

To evaluate the performance of a collector, it is nec-
essary to know the total loss factor and the heat trans-
fer coefficients of the fluid. However, U,, and h, are
somewhat dependent on temperature. The average
temperature of the liquid can be found by integrating
equation (8) from zero to L:

1 (L
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3. APPROBATION OF THE MODEL

Based on the proposed model, software was devel-
oped for carrying out calculations, taking into account
all system parameters. The appearance of the main
program window is shown in Fig. 3.

An analysis of the obtained results confirms full
compliance with the results obtained for the particular
case of a uniaxial model [3] and the reference results
obtained in experimental studies [11-15].

Fig. 3 — Main window view of the developed program PV/T
model

When carrying out calculations using the parame-
ters indicated in Fig. 3, heating of the coolant was ob-
tained when passing through one segment of the collec-
tor for approximately 1.5 °C. The indicated tempera-
ture increase was achieved at a sufficiently high cool-
ant rate of 0.6 m/s. The most optimal will be to achieve
heating of the coolant when passing through the collec-
tor to 5 °C [16-18], which will reduce the flow rate of
the coolant down to 0.2 m/s and significantly reduce the
cost of electrical energy for the operation of the pump.

Using the model to optimize geometric parameters
will also allow achieving a more uniform temperature
distribution over the surface for using the collector
together with solar cells as part of a PV/T system.

4. CONCLUSIONS

Further development of the model of heat exchange
processes in plates of the heat collector absorber made
it possible to establish a full-fledged two-axis model of
the heat collector processes for operation as part of a
PVIT system. The model allows taking into account all
significant parameters of the system.

Based on the proposed model, a program was creat-
ed for express modeling of the parameters of the sys-
tem being developed. Basic calculations were carried
out, which confirmed the efficiency of the model, its
compliance with a uniaxial model investigated earlier,
as well as reference experimental data.

Using the advanced model will allow solving a wide
range of optimization problems at the stages of design-
ing and optimizing solar collectors and PV/T systems,
obtaining optimal design parameters to achieve the
highest efficiency and the lowest cost.
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JIBoBicHA MOI€JIb TEILJIOBOrO DAJIAHCY COHAYHOIO KOJIEKTOpPAa

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

Hauionanvruii mexuiunuii ynigepcumem «XapkiecobKuil nonimexniunuil incmumymn», eyn. Kupnuvosa 2,
61002 Xapxis, Vrpaina

B po6oti posrisganTees coHsSYHI KoJIekTopu Ta TepModoTroesrerrpudHi cucremu (PV/T), mo e oguumu 3
HAUIMEePCIIeKTUBHININX CHCTEM BIIHOBJIIOBAHUX JiKepeJs eHeprii. EiexTpoenepris, 1mo BupobiseTsest doroe-
JIEKTPUYHUMU TTAHEISAMHA, Ma€ BeJIUKHH MOTEHITAJ, ajie ¥ Mae TeXHOJIOTIYHI HeJIOIIKH, 10 He Jal0Th OTPH-
MATH MaKCUMAaJIbHY e(peKTUBHICTh. MeTo HAIIoro JOCTIIKeHHS € po3po0Ka yHIBEepCaJIbHOI MOIEJIl TEILI00-
OMIHHUX IPOIIECIB JJIS ONTHMI3allii KOHCTPYKTUBHUX ocobsmBocreit PV/T cuereMm Ha eramax IpOeKTyBaHHS
Ta BUPOOHMIITBA, IO JO3BOJIUTH 30LJIBIMTUTH TePMIH CIIyKOM TAKHUX CHCTEM Ta iX edpeKTuBHICTH. PospobieHa
MO/JIeJIb JI03BOJISIE BPAXOBYBATHU OLIIBIIICTh IPAKTUYHUX IIApaMeTpIiB 3a JBOMA KOOPAMHATAMU ILIIACKOTO KO-
JIEKTOpA, AKl BPax0BYIOTh BTPATU TEILIOBOI €Heprii, TEIJIOBUHM OIIip IIacTHHU abcopbepa, TemIo00MiH, pobo-
4l TeMIepaTypH, TOII0. Pe3ysibTaTé MpOBeIeHUX MOJEJIbHUX PO3PAXyHKIB KOPEJITh 3 eKCIIEPUMEHTAIb-
HUM gaHuMu. Ha OCHOBI 3ampoIrrtOHOBAHOI MOJEJIl PO3POOJIEHO MPOrPAMHUI MPOAYKT JIJIsI MOJIEJIIOBAHHS
PV/T cucrem ta mpoBemeHO HOro TecTyBaHHS HA BIIOMUX E€KCIEPHMEHTATIBHUX Pe3yJIbTAaTaX Ta TOTOBUX
PV/T cucremax. [Ipu mpoBeneHHI po3paxyHKIB 3 BUKOPUCTAHHSIM 0a30BHX IIapaMeTPiB OTPHMAHO HATPIBaH-
HS TEIJIOHOCIST TIPY ITPOXOJIPKEHH] OJTHOTO CerMeHTa KoJieKTopa mpuosiuano Ha 1,5 °C. 3asHadene 3pocTaHHs
TeMIIepaTypy JOCATaeThCs IIPH IIBUAKOCTI TertoHocls 0,6 m/c, 110 € JocuTh Besmkoo mBuakicTio. Haitbiapimn
ONITUMAJIFHUM 0Oyj1e JOCITHEeHHS HAaTPIBAHHS TEIJIOHOCIS IPH MIPOXOPKEeHH] yepe3 KosiekTop Ha 5 °C, mio 11o-
3BOJIUTH 3HU3UTH IIBUIAKICTH IIPOTIKAHHS TEIJIOHOCISA ax 10 0,2 M/C 1 3HAYHO 3HU3UTU BUTPATH €JIeKTPUYIHOI
eHeprii Ha pobory mommu. Bukopucranas po3po6sieHOT MOJIesIi JO3BOJIUTD BUPINIYBATH IIIUPOKE KOJIO OIITH-
Mi3aIifHUX 3aBIaHb HA eTarnax MPOeKTYBAHHS Ta ONTHUMI3arll COHAYHUX KojekTopiB Ta PV/T cucrem,
OTPUMYBATH ONTUMAJIBHI TapaMeTPy KOHCTPYKITI JJIS IOCATHEHHS HAMOLIBINOI e)eKTUBHOCTI Ta MIHIMAJb-

HO1 co6IBapTOCTI.

Knrouogri ciosa: Comsunuii kosexrTop, PV/T cucrema, Maremarmara mojesib, Omrrumisaris, EdbexTruBHICTb.
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