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Abstract. The research is focused on realizing a comparative analysis regarding the parameters
of an active water-cooling solution for improving the efficiency of monocrystalline silicon
photovoltaic (PV) panels. The efficiency of the photovoltaic panels is dependent on the climatic
conditions, varying especially with the change of the intensity of the solar radiation and of the
operating temperature. The cooling of the photovoltaic panels is a viable solution for both fixed
and variable positions of the system. Numerical modelling was carried out on a photovoltaic
panel integrated into the facade of a buildings. The water-cooling solution consist in using a
water film heat exchanger attached on the backside of the PV panel. The parameters of the heat
agent analysed were the temperature, velocity and width of the water film. The optimal water
film heat exchanger solution was obtained for a thickness of 3 mm of water film, a velocity of
0.01 m/s and an operating temperature of 20 °C. In this case, the thermal power extracted by the
film exchanger reaches values of 140.8 W, with an overall heat exchange coefficient of 48.6
W/m?K. During the study, the global heat transfer coefficient and the raise off efficiency is
determined for each case.

1. Introduction

There are studies in the literature on the dependence between conversion efficiency and operating
temperature of photovoltaic (PV) panels [1, 2]. A linear inversely proportional variation between
temperature and efficiency has been proved [3]. The reduction in efficiency can be considered to be
about 0.3% ... 0.5% for each degree of temperature rise above 25 °C (known as STC temperature).
Skoplaki E. et al. present different methods and equations for calculating the dependence between
conversion efficiency and photovoltaic cell temperature [4].

Efficiency can be increased by reducing the operating temperature of the photovoltaic cell, as it is
more difficult to control or modify other important parameters, such as solar radiation or tilt of the
surface. For example, in the particular case of placing photovoltaic panels on the facades of the building,
which are vertical and fixed surfaces, the direction and intensity of solar radiation are uncontrollable
values.

Different strategies for cooling photovoltaic panels are presented in the literature and the most used
solutions are the use of air cooling [5, 6] and water cooling [7, 8]. Almost every solution used for
photovoltaic cooling provides the extracted heat for other uses, so that the recovery time is shorter than
that of ordinary photovoltaic systems.
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BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



The 7th Conference of the Sustainable Solutions for Energy and Environment IOP Publishing
IOP Conf. Series: Earth and Environmental Science 664 (2021) 012025  doi:10.1088/1755-1315/664/1/012025

A possibility for cooling photovoltaic panels by using water as a heat transfer agent is presented in
[9]. This study presents a hybrid photovoltaic panel. Behind the panel is attached a functional graded
material (FGM) with a coil inside it for water circulation. This circuit has the role of extracting heat
from the PV panel and also from the solar collector. This type of systems is known in the literature as
hybrid photovoltaic or PV/T photovoltaic-thermal solar collector [9, 10].

A widespread solution to improve conversion efficiency consists in integration of photovoltaic (PV)
panels in building facades, a technology known as integrated photovoltaic building (BIPV). Photovoltaic
panels replace areas of exterior or interior windows, creating active walls and active cold or warm
facades [11].

By using the BIPV technique, the facade of buildings can be used, taking into account that in crowded
areas, buildings have an important tendency to grow vertically [12]. At the same time, it is difficult to
obtain a sufficient horizontal surface on building for the placement of photovoltaic panels.

2. Problem description

The aim of the study is to determine the energy efficiency of a PV panel under water cooling conditions,
using a water film heat exchanger, located at the back of PV. The conversion efficiency of the
photovoltaic panel is compared for the various operating temperatures resulted.

The operating temperature of the photovoltaic panel is evaluated according to the velocity and
temperature of the heat transfer agent in the inlet section of the water film heat exchanger and its
thickness. A photovoltaic panel with an area of 0.25 m? (0.5 m x 0.5 m) integrated in front of a building
is analyzed.

2.1. Water film heat exchanger
The water film heat exchanger is an assembly consisting of two metal plates, with a small space between
them, through which circulates the heat transfer agent - water [7, 8]. The heat exchanger allows the
extraction of thermal energy from the rear area of the photovoltaic panel. The contact area between it
and the photovoltaic panel is made of copper, a material with a high thermal conductivity.

The use of water as a cooling agent for photovoltaic panels is a solution analyzed in different studies
[9, 13, 8]. The hybrid photovoltaic panels studied in literature have attached a water coil with the role
of both cooling the PV panel and solar collector. Most water-cooling techniques are placed in the
category of active cooling solutions and are superior to air cooling, but more expensive. Taking into
account the positive existing results, during the implementation of the present project, an innovative
technology of water cooling will be tested, by using a water film heat exchanger attached to PV. The
proposed technology presents qualitative and quantitative advantages over the ones analyzed in
literature: the uniformity of the heat flow extracted and the reduction of the water flow requirement for
cooling, due to the low speeds and the reduced dimensions of the water film created [14].

The dimensions of the water film heat exchanger are:

l-h-g=0,5m-05m-(0,001...0,01)m 1)
where, | - length of the water film heat exchanger [m];
h — height of the water film heat exchanger [m];
g — width of the water film [m].

The input data for the calculation are:

- position of PV panel: - vertical, on the facade of the building;

- constant intensity of solar radiation: Gmes = 500 W/m?;

- dimensions of the water film heat exchanger: 0,5 m x 0,5 m;

- width of the water film: g = 3...10 mm;

- inlet temperature of the heat transfer agent: from 20 °C to 30 °C, with 1 °C steps;

- PV panel solar radiation absorption coefficient, o = 0,8 [15, 16];

- inlet velocity of the heat transfer agent: variable: 0,001 m/s, 0,002 m/s, 0,003 m/s, 0,004 m/s, 0,005
m/s and 0,01 m/s, according to the following flow rates: 0,09 I/min, 0,18 I/min, 0,27 1/min, 0,36 I/min,
0,45 I/min and 0,9 I/min.
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Parameters analyzed:
- t, — average operating temperature of the photovoltaic panel,
- n — efficiency of PV panel.

3. Numerical approach

The numerical study on the variation of the average operating temperature of the photovoltaic panel is
performed using the ANSY S-Fluent software. The geometry and discretization of the computing domain
is performed within the ANSYS platform, by using the Design-Meshing and Design-Modeler programs.
The simulation of solar radiation is performed using the Solar Ray Tracing model of the Fluent program.
The sketch of the model studied in the paper is presented in Figure 1.

Outlet section

1= 500 W/m'’

~ Water film
“ heat exhanger

Inlet section

Figure 1. The PV panel with water film heat exchanger studied numerically
where, Gmed — the intensity of solar radiation [W/m?];
ti, te — heat transfer agent temperatures in the inlet and outlet section [°C];
Vi, Ve — heat transfer agent velocities in the inlet and outlet section [m/s];
tp, — average temperature of the photovoltaic panel [°C].
During the simulations, different configurations and operating parameters of the water film heat
exchanger were analyzed, by varying the thickness of the water film, temperature and flow.

4. Results

4.1. The influence of the velocity of the water in the heat exchanger
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Figure 2. Average variation of the operating temperature of PV panel as a function of velocity and
inlet temperature of the heat transfer agent for a) d =3 mm and b) d =5 mm
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Figure 2 and Figure 3 show the results obtained for the simulations at constant thicknesses of the water
film, at variable temperatures and velocities of the water in the inlet section.
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Figure 3. Average variation of the operating temperature of PV panel as a function of velocity and
inlet temperature of the heat transfer agent for a) d =7 mm and b) d = 10 mm

4.2. The influence of water film thickness

Figures 4 - 6 show the results obtained for simulations at constant velocities of water in the inlet section,
for variable temperatures and the four thicknesses of the water film.
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Figure 4. Variation of average operating temperature of PV panel as a function of water film
thickness and heat transfer agent temperature at velocity of a) vi = 0,001 m/s and b) vi = 0,002 m/s
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Figure 5. Variation of average operating temperature of PV panel as a function of water film
thickness and heat transfer agent temperature at velocity of a) vi = 0,003 m/s and b) vi = 0,004 m/s

It can be seen that the cooling effect of the photovoltaic panel is directly proportional to the velocity
of water entering the water film heat exchanger and inversely proportional to its temperature, Figures 4
- 6. Also, the temperature of the photovoltaic panel has a significant decrease when the water velocity
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in the inlet section is increased from 0.001 m/s to 0.002 m/s, with values between 4.2 ... 3.1 °C, for d =
3 mm, respectively 1.4 ... 1.1 ° C, for d = 10 mm, being also dependent on the water inlet temperature.
This effect is diminished as the inlet velocity increases, so that the temperature difference between the
speed of 0.005 m/s and the double value of 0.01 m/s is about 1 ° C.
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Figure 6. Variation of average operating temperature of PV panel as a function of water film
thickness and heat transfer agent temperature at velocity of a) vi = 0,005 m/s and b) vi = 0,01 m/s

4.3. The global heat transfer coefficient for the studied configurations
For all the configurations studied, the thermal energy extracted and the global heat transfer coefficient
of the water film heat exchanger were determined. The calculation was performed taking into account

the average parameters of water, air and photovoltaic panel. The results obtained are centralized in
graphical form, in Figures 7 - 9.
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Figure 7. Values of the (a) global heat transfer coefficient — K [W/m?K] and of the (b) thermal energy
extracted — Q [W], depending on velocity, at constant temperature t; = 20 °C
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Figure 8. Values of the global heat transfer coefficient — K [W/m?K] and of the thermal energy
extracted — Q [W], depending on velocity, at constant temperature t; = 25 °C
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Values of K [W/m*K] for t,= 30 °C
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Figure 9. Values of the global heat transfer coefficient — K [W/m?K] and of the thermal energy
extracted — Q [W], depending on velocity, at constant temperature t; = 30 °C

4.4. The efficiency of the photovoltaic panel with water cooling

The average temperature of the photovoltaic panel, in the base case (without using the water film heat
exchanger), reaches values of about 75 °C, in the same conditions of solar radiation [5]. Therefore, the
photovoltaic conversion efficiency can be determined for the base case and for the cases when the
temperatures are lower due to use the water film changer. In order to improve the working temperature
of the photovoltaic panel and including the conversion efficiency, it is cooled to temperatures close to
the operating one under standard conditions, respectively 25 °C.
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Figure 10. The increase of the efficiency of water-cooled PV panel compared to the base case, for
different water inlet temperatures and water film thicknesses

Figure 10 shows the efficiency increases compared to the base case, obtained for the various

thicknesses of the water film and inlet temperatures.

The influence of the panel temperature on its conversion efficiency is presented numerically in
Tables 1 - 3, for the studied cases, for the water inlet temperature of 20 °C, 25 °C and 30 °C.

In Table 1 it can be observed that by using cooling with water at 20 °C it is possible to obtain a power
increase between 25.78% and 30.60%, compared to the case.
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Table 1. The increase of the efficiency of PV panel depending on the water film thickness and inlet
velocity for t; = 20 °C

Case Vwater q tp [%0] ] P elspec Pel Raise
[m/s] [Wmin] [°C] ofPn  [%] [W/mY] [W] [%%6]
Base - - 750 775 11,37 56,9 14,22 -
0,001 0,09 306 975 1430 71,6 17,89 25,78
0,002 0,18 264 994 1458 729 18,23 28,22
0,003 0,27 248 100,1 14,69 73,5 18,37 29,18
d=3mm 0,004 036 239 1005 14,74 738 1844 29,67
0,006 045 234 100,7 14,78 739 1848 29,96
0,01 090 223 101,2 14,85 743 1857 30,60
0,001 0,15 279 98,7 1448 72,4 18,11 27,35
0,002 030 251 1000 14,66 734 18,34 28,97
0,003 0,45 24,1 1004 14,73 73,7 18,42 29,55
d=5mm 0,004 060 236 100,7 14,77 739 1847 29,87
0,005 0,75 23,2 100,8 14,79 74,0 18,50 30,08
0,01 1,50 226 101,1 1483 74,2 18,55 30,43
0,001 021 270 991 1454 72,7 18,18 27,87
0,002 0,42 249 100,0 14,68 73,4 18,36 29,09
0,003 063 242 1004 14,73 73,7 1842 29,53
d=7mm 0,004 084 238 1005 14,75 738 1845 29,73
0,005 1,05 23,6 100,7 14,77 73,9 18,47 29,87
0,01 2,10 23,1 100,9 14,80 74,0 18,51 30,14
0,001 030 26,7 992 1456 72,8 18,21 28,05
0,002 0,60 253 999 14,65 73,3 18,33 28,89
4= 10 mm 0,003 090 248 1001 14,69 735 18,37 29,18
0,004 1,20 245 100,2 14,70 73,6 18,39 29,32
0,006 150 243 1003 14,72 736 1841 29,44
0,01 3,00 240 1005 14,74 73,7 18,43 29,61
Nominal
(STO) - 25 100 14,67 73,4 18,35 29,03

For water inlet temperatures of 25 °C and 30 °C, the power increase is between 23.69 ... 27.84% and
21.57 ... 25.08%, respectively. The decrease of the conversion efficiency of the photovoltaic panel
considered in the calculation is -0.45%/°C, at temperatures higher than 25 °C.
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Table 2. The increase of the efficiency of PV panel depending on the water film thickness and inlet

velocity for ti = 25 °C

Case Vwater q tp [%6] ] P elspec Pel Raise
[m/s] [Wmin] [°C] OofPn  [%] [W/m3 [W] [%6]
Base - - 750 775 11,37 56,9 14,22 -
0,001 0,09 342 959 14,06 70,4 17,59 23,69
0,002 018 306 975 1430 716 1789 2578
0,003 0,27 29,2 98,1 14,40 72,0 18,01 26,62
d=3mm 0,004 036 285 984 1444 723 1807 27,03
0,005 0,45 28,0 98,7 1447 72,4 18,10 27,29
0,01 09 271 991 1453 72,7 18,18 27,84
0,001 0,15 315 971 14,24 71,3 17,81 25,26
0,002 030 295 980 1437 719 1798 2642
0,003 0,45 28,6 984 1443 72,2 18,05 26,94
d=5mm 0,004 060 282 986 1446 724 1809 27,20
0,005 0,75 279 98,7 1448 72,4 18,11 27,35
0,01 1,50 27,3 99,0 1452 72,6 18,16 27,70
0,000 021 312 972 1426 714 1784 2546
0,002 0,42 29,4 98,0 14738 72,0 17,99 26,51
0,003 063 288 983 1442 722 1804 26,85
¢=7mm 0,004 0,84 284 985 1445 72,3 18,07 27,06
0,005 1,05 28,2 98,6 14,46 72,3 18,09 27,17
0,01 2,10 27,8 98,7 1449 72,5 18,12 27,41
0001 030 31,0 973 1427 714 1785 2555
0002 060 297 979 1436 718 17,96 26,30
d=10mm 0,003 090 293 981 1439 720 17,99 26,54
0,004 1,20 29,1 98,2 14,40 72,1 18,02 26,68
0,006 150 289 982 1441 721 1803 26,77
0,01 300 287 984 1443 722 18,05 2691
Nominal
(STC) - 25 100 1467 734 1835 29,03
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Table 3. The increase of the efficiency of PV panel depending on the water film thickness and inlet
velocity for ti = 30 °C

Case Vwater q tp [%6] ] P elspec Pel Raise
[m/s] [/min] [°C] of Pn  [%] [W/m?Z] [W] [%6]
Base - - 750 775 11,37 56,9 14,22 -
0,001 0,09 379 942 1382 69,2 17,29 21,57
0,002 018 348 956 1402 70,2 1754 23,34
0,003 0,27 335 96,2 1411 70,6 17,65 24,10
d=3mm 0,004 036 330 964 1415 708 17,69 24,42
0,006 045 326 966 1417 709 17,72 24,62
0,01 090 318 969 1422 712 17,79 25,08
0,001 0,15 36,0 951 13,95 69,8 17,45 22,67
0,002 030 339 960 1408 705 17,62 23,86
0,003 0,45 332 96,3 14,13 70,7 17,68 24,30
d=5mm 0,004 060 328 965 1416 70,8 17,71 24,50
0,005 0,75 326 96,6 14,17 70,9 17,73 24,65
0,01 1,50 32,1 96,8 14,20 71,1 17,76 24,91
0,001 021 354 953 1399 700 1750 23,02
0,002 0,42 339 96,0 14,09 70,5 17,62 23,89
0,003 063 333 963 1412 70,7 1766 24,21
d=7mm 0,004 084 331 964 1414 70,7 17,69 24,36
0,005 1,05 329 965 14,15 70,8 17,70 24,47
0,01 2,10 325 96,6 14,17 70,9 17,73 24,68
0,001 030 353 954 1399 700 1750 23,08
0,002 0,60 342 959 14,06 70,4 17,59 23,69
4= 10 mm 0,003 090 338 960 1409 705 17,62 23,92
0,004 1,20 33,7 96,1 1410 70,5 17,64 24,01
0,006 150 335 962 1411 706 1765 24,10
0,01 3,00 333 96,3 14,12 70,7 17,66 24,21
Nominal (STC) - - 25 100 1467 734 1835 29,03

The meaning of the terms in Tables 1 - 3 is as follows:

Pn — electrical power produced at 25 °C [W];

Pelespec — Specific electrical power [W/m?];
S, — the surface of the photovoltaic panel [m?];
P« — the electrical power produced by the studied panel [W].

5. Conclusions

Cooling photovoltaic panels is an advantageous solution to improve their conversion efficiency.
Reducing the operating temperature by using water as a heat transfer agent has multiple advantages.
Thus, the cold water from the supply system can be used, being a cheap energy source and with optimal
parameters for extracting the surplus energy stored in the mass of the photovoltaic panel. By using a
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water film heat exchanger and storing or harnessing the extracted thermal energy, the energy efficiency
of the entire system, evaluated globally, is superior to the efficiency of the photovoltaic system itself.

The numerical modeling aimed at determining the most advantageous solution for cooling the
photovoltaic panel with water, using a water film heat exchanger. The variables studied for the water
film heat exchanger are the thickness of the water film, the velocity and the temperature of the water in
the inlet section. The optimal solution was obtained for a thickness of 3 mm of water film, a velocity of
0.01 m/ s and an operating temperature of 20 °C. In this case, the thermal power extracted by the water
film heat exchanger reaches values of 140.8 W, with an overall heat exchange coefficient of 48.6
W/m?K. Under the same conditions, the temperature of the photovoltaic panel is maintained at about
22.3 °C, and the efficiency is 30.6% higher than in the base case. The most disadvantageous case is also
recorded for the width of 3 mm of the water film, the velocity of 0.001 m/s and the water temperature
of 30 °C, when the temperature of the photovoltaic panel is reduced only to 37.9 °C.

References

[1] Xiao R, Jing L, Dongsheng J, Datong G and Gang P 2020 Temperature-dependent performance
of amorphous silicon photovoltaic/thermal systems in the long term operation Appl. Energy 275
115156

[2] Jafari Fesharaki V, Majid Dehghani and Jafari Fesharaki J 2011 The effect of temperature on
photovoltaic cell efficiency Proc. Int. Conf. ETEC (Iran) p 6

[3] Dubey S, SarvaiyaJ N and Seshadri B 2013 Temperature dependent photovoltaic (PV) efficiency
and its effect on PV production in the world a review Energy Procedia 33 pp 311-321

[4] Skoplaki E and Palyvos J A 2009 On the temperature dependence of photovoltaic module
electrical performance: A review of efficiency/power correlation J. Sol. Energy 83 pp 614-624

[5] Popovici C G, Hudisteanu S V, Mateescu T D and Chereches N C 2016 Efficiency improvement
of photovoltaic panels by using air cooled heat sinks Energy Procedia 85 pp 425-432

[6] Hudisteanu S, Mateescu T D, Chereches N C and Popovici C G 2015 Numerical study of air
cooling photovoltaic panels using heat sinks, Romanian Journal of Civil Engineering 6 pp 11-20

[7] Hudisteanu SV, Mateescu TD and Popovici CG 2015 Comparative study of water film heat
exchangers for cooling photovoltaic panels Bulletin of the Transil Univ of Brasov 8 pp 365-370

[8] Hudisteanu S V 2014 Cooling of photovoltaic panels by using water film heat exchanger
Proceedings of the Second International Conference for PhD Students in Civil Engineering and
Architecture Technical University of Cluj-Napoca pp 445-452

[91 YangDJ, Yuan ZF, Lee P Hand Yin H M 2012 Simulation and experimental validation of heat
transfer in a novel hybrid solar panel Int. J. Heat Mass Transf. 55 pp 1076-1082

[10] Armstrong S and Hurley W G 2010 A thermal model for photovoltaic panels under varying
atmospheric conditions Appl. Therm. Eng. 30 pp 1488-1495

[11] Roberts S and Guariento N 2009 Building Integrated Photovoltaics: A Handbook (Basel) p 192

[12] Attoye D E, Tabet Aoul K A and Hassan A 2017 A review on building integrated photovoltaic
facade customization potentials Sustainability 9 2287

[13] Sajjad U, Amer M, Ali H M, Dahiya A and Abbas N 2019 Cost effective cooling of photovoltaic
modules to improve efficiency Case Stud. Therm. Eng. 14 100420

[14] Hudisteanu S V 2016 Efficiency of the photovoltaic panels integrated in buildings with double
skin facade Doctoral thesis “Gheorghe Asachi” Technical University of lasi p 288

[15] Santbergen R 2008 Optical absorption factor of solar cells for PVT systems (Eindhoven
University Press) p 184

[16] Hull R 1999 Properties of crystalline silicon Series No 20 (London: INSPEC IEE) p 1016

Acknowledgments

This work was supported by a grant of the Romanian Ministry of Education and Research, CCCDI -
UEFISCDI, project number PN-111-P2-2.1-PED-2019-1294, within PNCDI I1I.

10



	2.1.   Water film heat exchanger
	4.1.   The influence of the velocity of the water in the heat exchanger
	4.2.   The influence of water film thickness
	4.3.   The global heat transfer coefficient for the studied configurations
	4.4.   The efficiency of the photovoltaic panel with water cooling

