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This article presents the results of model studies of a photovoltaic thermal battery (PVTB) based on a thin-
film cadmium telluride (CdTe) module depending on the influence of environmental parameters: solar
radiation, air temperature, wind speed on the heating temperature of PVTB elements. A heat transfer scheme
in PVTB elements, a mathematical model of heat balance processes and a program in the algorithmic Python
language for calculating thermal and energy parameters were developed. The equations of thermal balances
were solved in the static state of the installation using the numerical method of Gauss-Seidel iterations. To
validate the model, the calculated simulation results were compared with experimental data. A comparison of
the values of the corresponding parameters is presented in graphical images. The adequacy of the model was
verified by the method of "assessment of agreement and standard deviation". The following values of RMSE
and determination coefficients were calculated for the parameters, respectively, for the temperature of the
photovoltaic cell, liquid and electrical efficiency R2=0.88, for thermal efficiency and power R2=0.99, for
power RMSE=2.56 W, RMSE deviation 5.72%. Using the SolidWorks Flow Simulation software was
performed CFD PVTB modeling, simulating the temperature dynamics of glass, PV and absorber depending
on environmental factors and the temperature dynamics of cooling water circulating in a copper heat
exchanger. The values of the parameters obtained from CFD modeling correspond to the experimental data.
The considered modeling methods make it possible to calculate the thermal and energy parameters of PVT
installations at the engineering design stage.

1 INTRODUCTION

Solar energy is a potential source for the production
of environmentally electrical and thermal energy.
Usually photovoltaic modules (PV) convert about
15-20% of solar energy into electrical energy the
remaining 80-85% of the energy is dissipated into
heat. As a result of heat accumulation, the PV will
begin to lose efficiency and productivity. The use of
photovoltaic thermal batteries (PVTB) technology
is an acceptable way for cooling of PV and using the
accumulated heat to generate heated water [1], [2],
[31, [4], [5], [6]- PVTB, by removing heat through
the circulation of liquid through a thermal battery,
cooling of PV and increase the efficiency of solar
energy conversion and also simultaneously produce
electrical energy and heated water. PVT research
focuses on technology development for improve
design solutions and the efficiency of solar energy
conversion [7], [8], [9]. Reducing the cost of
installations and the cost of a unit of energy

produced is an important task of photovoltaic
thermal installation technology. To perform such
tasks, we have developed a PVTB design based on
CdTe thin-film modules. In this paper is considered
mathematical and CFD modeling of the calculation
of thermal and energy parameters of the PVTB.

2 METHODOLOGY

The thermal and energy parameters of PVT can be
calculated using modeling. For this will develop a
scheme of thermal processes in PVT battery layers
and a mathematical model. Will write the heat
balance equations for each PVTB layer depending
on environmental factors: solar radiation, ambient
temperature, wind speed, geometric and thermo-
physical properties of materials, liquids. The
assumptions and limitations made during the
development of mathematical and CFD modeling as
follows:
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= heat is not lost at the edges of PVTB,;

= the thermo-physical properties of the
materials remain constant over the area;

= the effect of dust or partial shading is not
taken into account;

= the fluid flow rate is constant, 0.002 kg/s.

The initial temperature of the liquid at the inlet
at time t=0 is T =20°C. The PVTB installation
consists of a CdTe-based thin-film PV technology
and a thermal battery in the form of a "sheet-tube"
structural assembly. An absorber made of aluminum
sheet in the form of a box is attached to the back side
of the PVM, inside which heat-exchange copper
tubes covered with thermal insulation material are
placed. The "sheet-pipe” design of the PVTB is
shown in Figure 1.

Figure 1: Cross-section of the PVTB "sheet-tube" design.

The research of the authors of these works
relates to the development of a model of the PVTB,
which can assess the suitability of various design
parameters in any environmental conditions, which
can lead to improved performance of the modules.
Various configurations of PVTB have been
developed and their performance characteristics
have been studied depending on the optical,
geometric and thermo-physical properties of
materials, type of liquid, wind speed and direction,
solar radiation and ambient temperature.
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Figure 2: Scheme of heat transfer coefficients in PVTB
layers according to the "sheet-pipe" design in the section.

The name of the designations in the scheme in
Figure 2 as follow:

hg e conv — COefficient of convective heat transfer
from the front glass to the environment, hg ¢ rad -
coefficient of radiative heat transfer between the
front glass and the environment, hgp cond - heat
transfer coefficient between the front glass and the
photovoltaic layer, hy ghcond - heat transfer
coefficient between the photovoltaic (PV cell) layer
and the back glass, hgs aps cond - heat transfer
coefficient between the rear glass and the absorber,
habs i cond - heat transfer coefficient between
absorber and insulation, hg ¢ conv — coefficient of
convective heat transfer between tube and fluid,
ht i_conv— heat transfer coefficient between absorber
and insulation, hi e conv - coefficient of convection
between insulation and the environment, W — the
density of the solar radiation flux incident on the
front surface of the glass, Te — temperature of
environment or ambient-Ta, T, -front glass
temperature, T, - temperature of the photoelectric
layer, Tg, — rear glass temperature, Taps — absorber
temperature, T: — tube temperature, T¢ — fluid
temperature, T; — insulation temperature, Tey —
equivalent radiation temperature of the sky.

2.1 Mathematical Modeling

The mathematical model is based on the heat
transfer processes described in Figure 2. The
equations of thermal balances for the elements of
the PVTB will write down. Similar processes were
modeled in [10], [11], [12]. As is known from
thermal engineering and solid state physics, when
heat is applied to a body, its internal energy
changes, which is described by the following:
cdr_ g,
dt dt

M- body weight, kg; ¢ — body heat capacity, J/kg, K;
T - body temperature, K; U - internal energy of the
body, J.

Thermal balance between the front glass and the
photovoltaic (PV) layer:

dr,
Myc, dar hy-e-convSq(Te = Ty)

+ hg—e—radsg (Tsky - Tg) (1)
+ hg—p—conng

(T, = T,) + +S; a,W.

From (1) it is possible to express the temperature
of the front glass (2):

T = hg—e—coane+hg—e—radeky+hg—p—condTp+ ag (2)
g = ]

hg—e—conv"'hg—e—rad+hg—p—cond

where:
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b 2{5,7+3,8'UW,,£[IIH17W<5M/C
gme—com = 16,47 + vo’® , pna v, =5M/c

hg—e-raa = & 'G(ng + Tszky)(Tg + Tsky)v

where:
Toky = 0,00552 - T,°

1

hg—p—cond = 5. o,

s
g 14
g4~ glass emissivity coefficient, 0,88; &, —thickness
of glass, 0,0032 m and &, - thickness of PV,
0,0004 m, o - Stefan-Boltzmann constant,
5671078 W/m? - K*, Sg, Sgp, Sp, Saps - areas of the

front, rear glass, PV layer, absorber, 0,72 m?,

1
hg-p-raa =17

'U(ng + sz)(Tg + Tp)'
& &

where: ¢g,- the emissivity coefficient of the PV

layer, 0,10; (at),-absorption and transmission

coefficient of solar radiation of the PV layer,

a =0,9; t = 0,93; n,, —electrical efficiency of the
PV layer;

Nel = nstc[l - ﬁp(Tp - TStC)]'

The equation of the thermal balance between the
PV layer and the rear glass:

dTp _
Mycp = = hp-g-conaSp (Tg - Tp) +

+hp—gb—condsgb (Tgb - Tp) + (aT)p ’ Sp ’ (3)
W(l - 7Iel)-
From (3) express:

hg—p—condTp +hgb—abs—condTabs
Tgb =

(4)

hgb—p—cond+hgb—abs—cond

hp—g—cond = hp—gb—condl

1
hy_ g d=h—b— d = .
p—g—con, p—gb—con ag;b 6_1;
kgp Ky

The equation of thermal balance between the
rear glass and the absorber:

dT gp
Mgpcgp d_f = hgp—p—conaSgn (Tp - Tgb) +
hgb—abs—condsgb (Tabs - Tgb)- (5)

From (5) express:

_ hg—p—condTp +hgb—abs—condTabs

T,, = 6

gb hgb—p—cond+hgb—abs—cond ( )
here: h .
where: gb—abs—cond — 6!J_b+sabsl
kgb kaps

kg, kgp, - thermal conductivity of glases,

1,1 W/m:K and k,- thermal conductivity of
PV,140 W/m-K.

Heat balance equation between absorber and
tube:

daT
MgpsCaps dibs = habs—t—condsabs—t(Tt -
- abs) + habs—i—condsabs—i(Ta - Tabs) + (7)

+habs—gb—condsabs (Tgb - Tabs)

From (7) express:

habs—t—condSabs—tTt+ habs—i—cnndsabs—iTa+habs—gb—condsab5Tgb 8
Tabs =

habs-t—condSabs—t+Nabs—i-condSabs—i*thabs—gb-condSabs

1
haps—t-cona = 5
abs—t

2kabs—t

X — Doyt
Sabs—t=Tex

Sabs—t = OapsL

kqaps—+ - thermal conductivity of the absorber,
237 WIm-K; &4~ thickness of the absorber,
0,0006m; L - the length of the absorber,10,5 m;
X'is the pitch of the tube arrangement, 0,058 m,

1
habs—i—cona = 5
abs—i—cond

2 abs—i—cond

W1 — Dy
Saps—i = Sabs(Tex)
b . 1

abs—gb—cond — m

kgb kabs

The equation of the thermal balance between the
tube and the coolant-fluid:

dT;
Mtctd—; = ht—f—convStint(Tf - Tt) +
+ht—abs—condsabs—t(Tabs - (9)
_Tt)+ ht—i—condst_i(TL’ - Tt)

h _ Nufkf
e -_J 7
f—conv Dein ’

245



Proceedings of the 12th International Conference on Applied Innovations in IT (ICAIIT), March 2024

From (9) express:

Tt - ht—f—convst,intTf+ht—abs—condsabs—tTabs+h-t—i—wndst,iTi (10)
ht—f—canvst_int+ht—abs—condsabs—t+ht—i—condst_i

where Nu; — Nusselt number; D, ;,, — inner diameter
of the tube, m.

Nus = 4.36, Re; < 2300,
Nug = 0.023(Re;*°Prf*), Re; > 2300,

Re - Reynolds number; Pr- Prandtl number.

1
haps—t-cona = 5
2k¢

ht—i—cond = é‘il by, 61 > Dt.extl 6f y 61 —tUbe Wa.”
2k;

thickness and insulation layer, m; k. and k;- thermal

conductivity coefficients of the tube and insulation

material; D, .,; — external diameter of the tube, m.

Sei = (g + 1)D; o, L —internal area of the tube, m?

The equation for the coolant (fluid):

dar
Mycr d_tf = M convSt_int (Tt - Tf) -
My Cr (T = Trin)s (11)
Tf = O'S(Tfout + Tfin)l

Nurk
— frf
ht—f—conv -

Ll
Dt.in

Thermal balance equation of the insulation
layer:

dT;
Mic; d_tl = Raps—i—conaSi(Taps — Ti) +

ht—i—condSt_i(Tt - Ti) + hi—e—convsi(Te - Ti) (12)

From (12) express:

T, = habs—i-condSiTabstRt—i—condSt_i Ttthi—e—convSiTe (13)
‘ habs-i-condSitht—i-condhi-e—convSi
b _{5,7+3,8'UW,,£[J'IH v, <5m/s
i—e— - 7
trecom T 6,47 + v078 ,pna v, =5m/s

1
hi_i—cona = 5

abs—i—cond
Zkabs—i—cand
habs—i—cona = 5
abs—i—cond
2kabs—i—cond

Sei =G+ DDpexl,

The thermal efficiency of the installation can be
calculated by the following expression:

_ (T oy ~Trin)
r’th - s w [}
pvth

where, m, — fluid flow rate, 0,002kg/s; c; — heat
capacity of the  fluid, 4180J/kkg K;
Tf,.. — temperature of the fluid at the inlet to the
battery, K; T, - temperature of the fluid at the
outlet of the battery, 273,15 K. According to
formulas respectively, the changes in the electrical
and thermal efficiency of the PVTB were
calculated, the values of which are derived in the
form of graphs of graphs depending on T, - the
specific temperature decrease relative to the solar
radiation flux density, which is expressed as
follows.
Ttin—Ta
T, = fmT

where, T, — temperature of ambient.

3 RESULTS AND DISCUSSIONS

According to this mathematical model, a program
was compiled in the algorithmic Python language
(Spider  3.8.10-version) to calculate the
corresponding parameters of thermal processes of
HTP. Using the values of environmental parameters
and some thermal parameters, geometric
dimensions, the program solved the system of
equations from (1) to (13) numerically using the
Gauss Seidel iteration method and found the
temperature values Tg, Tp, Tas, Tr of the
corresponding layers and the energy parameters of
PVTB. According to the calculated simulation data,
graphs of the corresponding parameters were
plotted in Figure 3-7.
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Figure 3: Ambient parameters.
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Figure 5: Comparison of values of modeling and
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60
—+— Power-sim
#~ Power-exp
50
— RMSE%=5.72%
= » RMSE=2.56 W
2 R*=0.99
—
:
2 30
a
20
3
10

9 1w 1 L B B 5 B U 18
Time,[hours]

Figure 6: Comparison of values of modeling and
experimental powers.
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Figure 7: Graphs of efficiency.

Model were out validate with the experimental
data by the temperatures, powers, efficiency of the
PVTB of July 27, 2022. The accuracy of the
proposed model at each verification level was
evaluated using the methods of "agreement and
Root Mean Square Error (RMSE) estimation".
Therefore, we use a general analysis based on the
coefficient of determination (R?) and RMSE.

Yie1(Pe;~Pm;)

2
RE=1 27 (Pe;—Pe))
2
 (Pe,—Pm;
RMSE = Zles(PeyPmg) or
n
S (Pey—Pmy)
RMSE% = ~ -100%

2?=1P~‘3
n

where: n - number of measured data; P, and
P,,- electric power of the PVTB, experimental and
simulation-based model; P, - the average power
value determined by the experiment. Comparison of
results were out by RMSE and coefficient of
determination and is R2 =0,88...0,99.

4 CFD MODELING

For researching and engineering estimates of PVT
installations is we execute a CFD(Computational
Fluid Dynamics) simulation for analysis of the
temperature distribution in the elements of the same
PVTB, which studied by experiments and modeling.
Using the  SolidWorks.2020.SP1.0,  Flow
Simulation software, CFD calculation of the
temperature of the layers of the PVTB structure and
the coolant-water at the exit from the thermal
battery was performed. This program makes it
possible to predict the performance of the structure,
allows calculations at different values of input
parameters. The program makes it possible to avoid
numerous experiments and make accurate
measurements. CFD calculation data can be used to
create prototypes of the PVT structure and evaluate
these structures at the project implementation stage
and save time and finances. CFD calculation also
allows optimization of the design parameters and
operation of the prototype during its testing. The
figures show the results of the CFD analysis in solar
flux density 800W/m?, mass flow rating of fluid
0.002 kgfs.
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Figure 12: Temperature distribution in PVTB elements.

In Figures 8-12 presented dynamics of
temperatures in elements of PVTB. Changes of
values of temperature by materials give in Table 1.
Average values of the temperature of the elements
of the PVTB at the peak time of the sunshine
obtained by the calculation correspond to the
temperature values obtained by the mathematical
model and experimental results.

Table 1: Temperature values of PVTB elements.

i Temperature Temperature Max,
Materials
K °c K °c
S\'f‘ss of | 33704 | 6389 | 34864 | 7549
Aluminum
plate 335,44 | 62,29 348,64 75,49
(absorber)
Copper
(tube 310,69 3754 323,51 50,36
exchanger)
Fluid
(water) 308,64 3549 322,40 49,25

5 CONCLUSIONS

According to the mathematical model, a program
was written in the algorithmic Python language,
according to which calculations were carried out by
the numerical method of the corresponding
parameters. The calculated values of temperature
changes across the layers of the PVTB structural
elements, power, thermal and electrical efficiency
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of the installation are shown graphically.
Comparison the values of a few parameters
calculated by simulation with experimental data
showed the reliability of the model with a
determination coefficient by power, thermal
efficiency is 0,99, temperature, electrical efficiency
and fluid is 0.88. This model will be used to
calculate the energy and thermal parameters of the
PVTB for climatic conditions of different
geographical areas. CFD model also easy for
calculate of temperatures of elements of PVT
installations.
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