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ARTICLE INFO ABSTRACT

Keywords: Research on reducing the working temperature of PV modules is gaining attention to improve
Solar PV their electrical performance, efficiency, and life especially in warm climatic conditions. This study
Photovoltaic converter describes the use of novel heat-protective film based on holographic coating with a total internal
Thermal protection reflection prism layer applied to maintain the operating temperature of the photovoltaic module.

Regression analysis

A mathematical model of thermal protection based on the holographic film is described. MAT-
Math model

LAB/Simulink simulation was used to estimate the current-voltage and output power-solar
irradiance characteristics of a photovoltaic module with and without holographic film. Regression
models were developed based on field testing to determine a relationship between the temper-
ature of heat-protected/unprotected PV panels and ambient temperature. The results showed that
a temperature reduction of 3.54 °C is obtained for solar modules with thermal protection film
compared to the one without holographic film. The modeling and field performance results
confirm the effectiveness of the thermal protective film in reducing the temperature and
improving the photovoltaic panel performance in hot climates.

1. Introduction

In recent years, the use of photovoltaic systems to generate electricity has increased around the world. This in fact can be explained
by rapid growth in silicon semiconductor technology together with the support of steady market growth and continuous demand for
low-cost electric energy. Besides, photovoltaic energy is green energy, meaning that the solar power plants generate no pollution
during energy extraction and save conventional fuel [1]. Solar panels are usually made up of photovoltaic cell materials manufactured
using semiconductor technology. The progress in photovoltaic technologies includes a wide range of accomplishments starting from
monocrystal silicon to organic nano-sensitized solar cells [2]. New perovskite photovoltaic cells have efficiency up to 25%, but they are
unstable with changes in temperature and humidity [3]. Further, at high operating temperatures the perovskite solar cell charac-
teristics deteriorate, which prevents it from being widely used.

The efficiency of commercial photovoltaic devices usually depends on several factors, including solar irradiance, operating tem-
perature, and wind speed [4]. The heating up of the solar panel during the photovoltaic conversion of solar irradiance into electricity
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Fig. 1. General view of holographic film.

leads to a faster rate of degradation and a decline in energy efficiency. According to the product specifications, most of the photovoltaic
modules degrades up to 80% from the initial state after 25 years of operation [5]. Nevertheless, the time-dependent degradation
reported by multiple sources provides different results, indicating the importance of investigating solar panel reliability under various
operational conditions for economic reasons.

According to previous research [5], the analysis of PV panel efficiency and durability is critical for proper financial planning,
efficient electricity production, and solar energy plant penetration. Maintaining the operating temperature of the PV cell will increase
energy generation efficiency and durability, according to experimental data published in Refs. [6,7]. Therefore, it is important to
investigate the factors influencing the generation of photovoltaic energy in various climatic conditions.

The paper presents a novel method to reduce the thermal degradation of photovoltaic modules with the use of holographic film. The
study aims to develop a temperature-based thermal model of photovoltaic modules with and without thermal protective film in warm
climatic conditions. The objective of the simulation is to explore the influence of thermal protective film usage on the effectiveness of
electric power generation.

2. Influence of ambient temperature on photovoltaic cell efficiency

Solar photovoltaic energy production is directly proportional to the amount of solar irradiance falling on the panel surface. Some
portion of this irradiance is converted into electric energy and the rest of the solar energy heats up the solar panel. This energy has to be
removed from the solar panel which can be used for water heating or other useful purposes. The solar irradiance varies with time due to
the change in sun movement and cloud cover [8]. High solar irradiance causes overheating of the photovoltaic cells which in turn
reduces the conversion efficiency and can lead to the thermal stress of solar panels. As a result, solar irradiance has a highly significant
effect on long-term electricity generation.

Meanwhile, optimal solar panel orientation is required for effective solar energy conversion because the energy output is highest
when the photovoltaic cell surface is perpendicular to the incoming solar rays [9].

During the photovoltaic conversion process, the majority of incoming solar energy is converted to heat, with only a small portion is
converted into electricity. It is well-known that high temperature negatively acts on the energy conversion efficiency of fixed ground-
mounted solar panels [10].

Consequently, at higher solar irradiance and with high ambient temperature, the photovoltaic cells get overheated. It is very
significant in warm and hot climate conditions, where the temperature of silicon cell temperature can reach up to 80 °C [11]. In this
case, the probability of failure of solar cell increases additionally reducing the output power and decline in the lifetime of the solar
panel So. the temperature of the photovoltaic module (T},) is one of the most important factors which influence the effectiveness of
electric power generation.

Photovoltaic module temperature can be found according to (1) [12]:

NOCT — 20
NOCT - 20 -

T,.=T,
m ot 800

@
where NOCT - Nominal Operating Cell Temperature according to cell material, °C; T, — ambient temperature, °C; G — solar irradiance
W/m?,

The performance of a photovoltaic cell varies with temperature due to changes in the diode’s voltage and current [13]. The voltage
and output power of solar cells decrease as the temperature increases for constant solar irradiance.

3. Description of the thermal protection (Holographic) film for solar panels

Many of the heat removal techniques from the solar module are complex in design. A holographic film based on prismatic con-
centrators known as “prismacons” made of a translucent material containing holographic lenses of infinitely small dimensions is being
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Fig. 3. Flow chart of the experimental study.

researched. To reduce module temperature and avoid overheating of photovoltaic modules, a special holographic film is proposed in
this work as an alternative technique for protecting solar modules from high temperatures. The basic theory of a holographic film is
that the sun’s rays strike the module’s surface, while part of the spectrum - infrared rays - is reflected from the film’s metalized top
layer, preventing the module from overheating. These prisms have equal edges connected to each other according to Fig. 1. The key
internal structure of the holographic film is a layer of tiny mini pyramids/spectral concentrators that absorb light rays and refract them
multiple stages before directing them on the solar cell due to internal reflection, regardless of the angle of incidence [14]. The prism
dimensions are chosen according to Ref. [15] to provide the maximum power output and energy generation efficiency. This structure
of holographic film used in the research is at both the experimental stage and mathematical modeling. Several types of holographic
foils and patterns have been tested in various applications.

4. Materials and methods

The experimental and simulation studies of PV module with and without the filter is described in the following section.

4.1. Experimental setup of PV module used in the research

The experimental work is aimed to study the influence of thermal protection film on PV panel operating temperature in real
conditions.

Experimental research was carried out in July 2019 in the Tajikistan Republic. The experimental site is located near Qurghonteppa
(officially known as Bokhtar) with coordinates 37°50'N 68°46’E. The setup consists of two identical monocrystalline modules man-
ufactured by DELTA (20-100 MONO) with a rated power of 100 W. Both the PV modules were mounted to a fixed stand at an
inclination angle of 45° to experience similar operating conditions. The general view of the experimental setup and the measuring
instruments used for the research is shown in Fig. 2. One of the modules was equipped with holographic film, while the other one was
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Table 1
Percentage of Uncertainties.
Instruments Range Accuracy Make/Model Percentage uncertainties
Digital multimeter 20A +0.2% + 5 CHY Victor VC890D +0.03
200V +0.5% + 3
2-point infrared thermometer -60 °C-1000 °C +1%or 1 °C Dostmann 5020-0490 +0.09
ScanTemp 490
Thermometer with air humidity measurement function -50 -70 °C +1°C TH-90 +0.8
10-99% RH +5% +0.9

without the film. The ambient temperature was measured using a thermometer with the function of measuring air humidity TN-90
(£1 °C) and data from a smartphone in real-time. The surface temperature of the modules was measured using a two-point
infrared thermometer Dostmann, ScanTemp 490 (+1 °C). The load current and voltage are measured using digital multimeters
CHY Victor VC890D (+0.2% and +0.5%). Two 12 V/45/40 W incandescent lamps were connected directly to the modules as load. The
readings were recorded for the entire duration of sunshine hours from 7 a.m. to 6 p.m. The experiment was repeated on consecutive
days with very little variation in the climatic conditions. The collected data were averaged and processed in Excel. Following the data
collection and processing of the measured data, a regression model has been developed to determine the relationship between the
panel and the ambient temperature.

The methodology of the research work is presented in a simple flowchart as shown in Fig. 3. The study includes the simulation
modeling of the PV panel with and without the filter. A comparative analysis of the PV panel temperature with and without thermal
protective film is carried out along with the simulation model.

4.2. Experimental uncertainty

Usually, uncertainty arises based on various conditions like the selection of instrument, its calibration, working environment,
accuracy, and observation of an experiment. Generally, the reliability of an experiment is supported with the help of uncertainty
analysis. So, in this study, a detailed uncertainty analysis has been carried out to fix the uncertainty of the experimental results. The
same is displayed in Table 1.

The uncertainty of a sum is the square root of the sum of the squares of the un-certainties of the summed quantities

=VA(Tm)2+(Vm)2-+(Im)?}
=VA)?+(0.2)%+ (0.5)%
—4+1.1%

Based on the accuracy and precision of the instrument used, the overall uncertainty in the analysis is around + 1%. The above
indicates that reduced uncertainty has been obtained in the observations.
4.3. Simulation model of PV cell used in the research

The simulation model was developed based on the equations presented in the [19].
The output current of PV cell is:

1= Ipv - Id - Isha (2)

where I, — photo-current, I; — diode current, I, — shunt current.
Photo-current mostly depends on irradiance and temperature and can be determined according to the following equation:

G
Ip\' = (Ipv.n + KIAT) 67 3
where I,,, , — photo-current at standard conditions (25°C, 1000 W/mz), K; - current-temperature coefficient, Ay — difference between
standard and actual temperature), G — irradiance, G, — standard irradiance, 1000 W/m?.
Diode current defines by the next equation:

V+ R
Idzlo[exp< = )] @

where I, — diode saturation current, V — load voltage, R, — drop voltage on serial resistance, n — coefficient of idealization, describing
the difference between real and ideal volt-current curve, V; — thermal voltage.
Saturation current can be determined from the equation described in the [19]:

Isc,n + KIAT

hy=—F——, (5)
Vocn+KvAr
exp( nV; )
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Fig. 4. Model of PV cell with thermal protective film.

Thermal voltage is

V.= KT}, ®)

where K — Boltzmann constant, T — temperature, g — electron charge.
And the last equation is the current through the shunt that is
V+ Rl

Iy, = ,
i R, @

This model was used as the base for comparative analysis of two models explored, with and without thermal protective film. Both
the model was tested in similar conditions, with equal applied load.

4.4. Simulation modeling of a photovoltaic module with and without thermal protection film

In order to demonstrate the effectiveness of thermal protection film usage, the simulation model of the solar panel was developed in
MATLAB/Simulink. The characteristics of modeling conditions are as follows:

— irradiance is equal to the standard condition of 1000 W/m?;

— PV cell is loaded by the resistance that is variable during simulation;
— internal resistance is 0.5 OhM;

— standard temperature condition (STC) is +25 °C;

— ambient air temperature is +45 °C.

Fig. 4, presents the complete structure of the Simulink model of PV cell with a protective film to estimate the PV cell temperature
depending on ambient temperature, and solar insolation. A similar model was constructed in MATLAB for the simulation of solar cells
without thermal protective film.

The model is built according to the following assumptions: irradiance concentration in total reflection prisms is 3.3 according to
Refs. [18,22]; ambient temperature is 25 °C and 45 °C

5. Results and discussion

5.1. Thermal model of PV module with and without thermal protective film

Experimental results indicated that the holographic film with a total reflection prism layer helps to reduce the temperature of
photovoltaic cells and increase the energy output [16]. The data obtained during experimental research with the holographic film were
used to derive relationships between photovoltaic temperature (as dependent variables) and ambient temperature (as the independent
variable) [17]. The module operating temperature was found to vary between 35 °C to 75 °C without holographic film. All the results
were processed in Microsoft Excel [18].

Fig. 5 (a) and (b) shows the temperature of a photovoltaic module with and without holographic film at various ambient tem-
perature. This result allowed us to estimate the relation between PV temperature and ambient temperature at different operating
conditions. The module operating temperature was found to vary between 32 °C to 65 °C with holographic film. Based on the data
distribution presented in Fig. 5 (a) and (b), the regression model of the thermal protective film was developed to determine the
temperature difference of the solar module with a thermal protective film which is presented in Fig. 5 (c).

The performance of photovoltaic modules at different ambient temperatures with and without a thermal protective film is pre-
sented in Table 2.

In this work, important correlations with holographic thermal insulation film were obtained based on experiments without major
assumptions or simplifications. The thermal model used in predicting the temperature of the PV module is important as the module
temperature affects its power output. The relations obtained are useful to determine the module temperature in arid continental
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Table 2
Effect of a thermal protective film on power and temperature of photovoltaic modules.
Ambient Photovoltaic module Photovoltaic module Maximum power of PV Maximum power of PV PV power
temperature, temperature without film, temperature with film, Tpy module without film, P,y module with film, Ppax difference, (%)
Tamb.temp. (°C) Tey (°C) °0) W) w)
15 28.67 27.63 101.3 101.4 0.098
20 38.02 35.86 100.10 100.4 0.298
25 45.27 42.25 99.16 99.58 0.423
30 51.19 47.47 98.53 98.93 0.405
35 56.20 51.88 97.96 98.45 0.50
40 60.54 55.70 97.44 98.02 0.595
45 64.37 59.08 96.96 97.62 0.68
50 67.79 62.09 96.51 97.24 0.756
55 70.89 64.82 96.10 96.90 0.832
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Fig. 6. Volt-current and output power without thermal protective film at STC 25 °C and 45 °C

climates for the mono-crystalline module. The thermal model equation obtained in this study can be used in simulation modeling of a
solar energy power plant based on photovoltaic panels temperature. The model accuracy is verified with the closeness of the fit and
MATLAB simulation values. R-square measures the strength of the relationship between the model and the dependent parameter. R?
value of 0.75 shows the strong positive linear relationship between ambient and module temperature. The model strength can be
further enhanced by considering solar radiation and wind speed data. Further, it can be used to evaluate the power output and per-
formance of the solar module with long-term experimental data. It is recommended that the proposed simple thermal models need to
be improved to predict more accurately the temperature and power output of PV modules with and without thermal protective film.

5.2. Simulation results

The temperature of the solar panel increases with ambient air temperature, in some cases on a hot sunny day the surface of the solar
cell can reach 45 °C and more. As a rule of thumb, as the module operating temperature rises by 1 °C, the output power of silicon PV
cells decreases by 0.4%. It means the photovoltaic module, rated for 200 W output power at 20 °C, produces only 180 W [20,21].
During the simulation modeling, the volt-current and output power curves were obtained (Fig. 6). These characteristics do not take



LM. Kirpichnikova et al. Case Studies in Thermal Engineering 30 (2022) 101744

120
7
Ta=25°C
6 100
5| \ w“
< =
= 4 i
E £ 00
53 &
O 40
2
20
1}
0
00 5 10 15 20 25 ¢ 2 L L aL =
Voltage, V Voltage, V
7 120
Ta=45 °C Ta=45 °C
6 100
5t
80
« z
= 4 &
= L 60
e 3
Ei ~
Q 40
2
20
1
0 0
0 5 10 15 20 25 0 5 10 15 20 25
Voltage, V Voltage, V

Fig. 7. Volt-current and output power with thermal protective film at STC 25 °C and 45 °C.

into account the thermal protective film and are estimated for the STC conditions of 25 °C and ambient air temperature of 45 °C.
According to the proposed model, the temperature of the PV cell surface reaches 43.73 °C at an ambient air temperature of 25 °C,
and 58.47 °C at an ambient air temperature of 45 °C. The volt-current and output power curves at STC and 45 °C with the thermal
protective film are presented in Fig. 7. For example, at the ambient air temperature of 25 °C, the PV cell temperature raises up to
45.27 °C. At this condition, the power losses and decline of efficiency of the solar panel are not very high. But if the ambient tem-
perature gets warmer up to 45 °C, the efficiency of the solar module reduces. The silicon surface temperature reduction is 3.54 °C,
according to the data analyzed in this work. According to simulation findings, even a small temperature difference of 3.54 °C improves
electric power generation performance significantly in larger solar systems under hot and warm climatic conditions. The temperature

analysis of this study is in line with other studies which also highlight the importance of filters, cooling, and thermal modeling of the PV
modules [23-25].

6. Conclusions

This paper presents a thermal model of a photovoltaic module with heat-protective film for temperature analysis in an arid con-
tinental climate. The following are the main conclusions that can be formulated from the research study:

1. According to several published studies in various environmental conditions and the present study, the temperature of the
photovoltaic module is greatly influenced by the ambient air temperature. It is the most significant factor affecting the efficiency
and power output of PV modules.

2. Simple, very thin, a flexible protective film presented in this study resulted in 3.54 °C temperature reduction compared to solar
modules without film. The novel holographic thermal film can be laminated on any type of PV panel including thermal-
photovoltaic devices and is expected to act as the thermal filter.

3. The decrease in temperature of photovoltaic modules with film occurs due to the sputtering of rare earth metals located on the
upper side of the holographic film which reflects and absorbs infrared radiation from the solar spectrum.

4. Based on the aforementioned research, regression models for modules with and without thermal protective film are obtained,
which describe a linear relationship. The thermal protective film’s effectiveness in hot and warm climatic conditions was validated
using a thermal model created in the MATLAB/Simulink environment, which yielded consistent results.

5. The thermal models need to be improved to be able to predict more accurately the temperature and power output of PV modules
with filters in other climates. The effect of sunlight is not considered in the model is a major limitation of the developed model

6. In the near future, the economics of thermal protection film for large-scale solar PV plant applications should be evaluated.
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7. The performance of the holographic films on different types of modules in various other climate conditions can be taken up as
future scope of study with research collaborations at the International level.
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