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 ABSTRACT 

Currently, 10 to 25% of the solar energy that reaches the PV unit surface is 

transformed into electricity, with the rest being dissipated as heat. The efficiency of 

converting the incident solar radiation into electrical power is greatly influenced by the 

heat accumulation on the photovoltaic modules. Coupling the PV module with optical 

filters are considered to be one of the most promising techniques to dramatically raise 

the electrical efficiency. In the present investigation, two optical filters employing 

different static working fluids coupled with a PV module are designed and compared 

with the stand-alone PV module experimentally. The results find that the efficiency of 

the optical filter using water reaches to about 60.02%, which is higher than the optical 

filter employing glycerin by implementing the Monte Carlo approach. When the optical 

filters are combined with the PV unit, the electrical power output is increased by around 

60 and 64%, respectively, when compared to the PV module without the optical filter. 
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1. INTRODUCTION: 

Renewable energy resources have been found to be an optimal solution to 

eliminate the adverse impacts of fossil fuels on the environment along with facing 

the significant elevation in the gap between the energy demand and production 

resulting from the considerable increase of the world population. These resources 

include solar radiation, wind, geothermal, wave, and biofuel energies. Renewable 

energy usage has been dramatically elevated since 1950. The Photovoltaic module 

installed capacity has been expanded from approximately 14.8 to 150.83 TWh 

throughout the last 10 years, with an equal share to that of the wind energy, where 

both represent the highest share percentage among the renewable energy 

installations globally [1]. Thus, the recent increased installation of photovoltaic 

modules as a renewable and environmentally safe energy source with low 

maintenance costs is a motivating factor to devote significant attention for further 

efficiency improvement [2]. Unfortunately, only around 10 to 25% of the solar 

energy that strikes the PV unit surface is converted into electricity, with the excess 

being wasted as heat [3-5]. Whereas, this excess heat leads to a substantial PV 

surface temperature increase which is a main factor for the PV module power output 

reduction [6, 7]. The generated power and electrical conversion efficiency of the PV 

unit are declined by around 0.65 % and 0.4 to 0.65 %, respectively, for each one 

degree rise in temperature [8, 9]. Moreover, the portion of solar radiation which can 

be converted in to electricity lies in the wave length range of 400 ~ 1100 nm, 

however the wave lengths that range from 1100 to 2500 nm are converted to waste 
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heat [10, 11]. Spectrum beam splitting technology is one of the most promising 

approaches for overcoming the PV module performance constraints [12]. Whereas, 

absorptive-based filters are considered to be a reliable method that utilized an 

optical filter represented in a fluid located between the sun light and the PV module 

surface [13]. These filters are operated such that the spectrum is divided by enabling 

only certain wavelengths to flow through them, then directly transmitted to the PV 

cell, while the rest is absorbed directly by the filter as heat, and this is the portion 

that cannot be converted to electricity by the solar cell [14]. Furthermore, when a 

suitable match can be identified between the available liquid filter and the solar cell, 

a spectrally selective liquid absorption filter provides a reduced cost potential as a 

spectrum beam splitter in the PV/T systems [13].  

A wide variety of studies were performed in the previous years that concerned 

about the selection criteria of the absorptive-based filters and their influence on 

either the PV or PV/T modules performance. For instance, Chendo et al. [15] were 

the first who investigated the liquid optical filter for use in solar energy conversion. 

Their findings indicated that cobalt sulphate salt may be a preferable option for 

PV/T modules that utilized silicon solar cells. Also, Barnett and Wang [16] 

constructed and optimized a spectrum beam splitting PV system for GaInP/GaAs, 

Si, and GaInAsP/GaInAs cells using dichroic filtering, attaining a 39.1 % efficiency 

at a concentration ratio of 30. Additionally, Sabry et al. [17] reported that an ideal 

fluid filter may significantly improve the efficiency of a solar cell by approximately 
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30% and 40% of the solar radiation that can be captured as a thermal energy by the 

filter. Likewise, the durability of different heat transfer fluids was investigated by 

Looser et al. [18] over UV radiation exposure at 75 and 150°C. Among the proposed 

fluids, the industrial-grade propylene glycol with a chemically inert red dye was 

shown to be the optimum filter. Latterly, a filter that combines a dichroic solid filter 

(SiO2/TiO2) and a heat transfer fluid was further developed by Mojiri et al. [19]. For 

silicon cells, their preferred spectral range was 600-1125 nm. The thermal absorber 

received the remaining 54.5 % of the focused light, which was then converted by 

the filter to electricity with a percentage of 26.1 % and sent to the cells.  Based on 

the brief previous literatures, it can be found that several investigations have 

examined and compared numerous optical filters whether being associated with the 

PV or PV/T structures aiming to demonstrate their effectiveness and influence on 

the overall performance along with indicating the generated thermal or electric 

powers.  

Consequently, the Monte Carlo method is adopted for the purpose of evaluating 

and comparing the performance of two different optical filters implemented with a 

PV module. Both configurations are designed such that the PV module is coupled 

with a static working fluid enclosed between two layers of an optical glass named 

as K9, which is the optical filter. Moreover, one of the proposed structures utilizes 

water as a working fluid between the glass layers, while the other uses glycerin. 
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Else, the generated electrical power and efficiency are compared for both of the 

suggested configurations and the stand-alone PV unit.  

 2. SYSTEM DESIGN AND EXPERIMENTAL PROCEDURES 

In this section, the specifications of the suggested modules, the experimental 

setup description and the governing equations used in the current analysis are 

discussed in details. 

2.1. System description 

The proposed structures are created by locating the optical filter just above the 

PV panel. The optical filter consists of two layers of an optical glass named as K9, 

with the space between them filled with a static fluid, which is suggested to be water 

or glycerin in the current research. Thus, a PV unit with dimensions of 32 x 23 cm2 

is adopted in the present work, where the optical filter has similar dimensions to 

those for the PV panel positioned below it. In addition, each layer of the optical 

glass has a thickness of 6 mm, besides that the space between both glass layers that 

is filled with a static fluid possess a 4 mm thickness. It should be mentioned that the 

compositions of the K9 optical glass are 𝑆𝑖𝑂2,  𝐵2𝑂3, 𝑁𝑎2𝑂, 𝐾2𝑂, 𝐵𝑎𝑂 and 𝐴𝑠2𝑂3, 

respectively, with percentages of 69.13, 10.75, 10.4, 6.29, 3.07 and 0.36 %. The 

stand-alone PV module is labeled as (PV-I), while the structure with an optical filter 

using water is named as (PV-II) and that employing glycerin is denoted by (PV-III).    

As shown in Fig. 1, the experimental setup consists of 6 lambs for the purpose 

of achieving a constant radiation source using tungsten halogen lamp. The height of 
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the radiation source is 60 mm from the optical filter and the optical filter is located 

above the PV panel which has a thickness 16 mm. The lowest part is the PV panel 

which has a thickness of 30 mm. 

 

Figure 1. Schematic diagram for the proposed configuration. 

Table 1 shows the measuring instruments used in the present experimental 

work.: 

Table 1 List of the measuring instruments. 

Measuring Instruments 

Digital Multimeter UT136+Series 

Digital Temperature Sensor DS18B20 

Pyranometer RIKA RK-200-03 sensor with output signal mV 

Arduino Mega 2560 
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2.2. Governing equations 

According to the Mie scattering theory, optical filters could be able to absorb a 

portion of the spectrum, they can also be efficient selective absorbers by utilizing 

the appropriate base fluid [14]. Excellent heat absorption in spectrum regions that 

the PV cells are unable to capture is provided by the fluid synergy. The following 

equations can be used to compute the spectrum fraction transmitted to both the PV 

cells and optical filters [19-21]: 

𝐺𝑡ℎ(𝜆) = 𝐺𝑖𝑛(𝜆)𝛼𝑂𝐹(𝜆) (1) 

𝐺𝑃𝑉(𝜆) = 𝐺𝑖𝑛(𝜆)𝜏𝑂𝐹(𝜆) (2) 

𝐺𝑟𝑃𝑉(𝜆) = 𝐺𝑖𝑛(𝜆)𝛾𝑂𝐹(𝜆) (3) 

Where 𝛼𝑂𝐹(𝜆) and 𝜏𝑂𝐹(𝜆) refer to the absorptivity and transmittivity of the 

optical filter, respectively, whereas 𝐺𝑖𝑛(𝜆) is the incident spectral energy 

distribution. Moreover, the spectral fraction absorbed by the thermal absorber is 

indicated by 𝐺𝑡ℎ(𝜆) and 𝐺𝑟𝑃𝑉(𝜆) is the spectral fraction reflected to the PV cells, 

while the reflectivity of the optical filter is given by the symbol 𝛾𝑂𝐹(𝜆). It should 

be clarified that the absorbed solar energy by the optical fluid can be indicated by 

integrating 𝐺𝑡ℎ(𝜆) over the wavelength range of 280–4000 nm. 

By using the electric power equation and electrical efficiency for as the 

following [5]: 
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ɳ𝑒𝑙𝑒 =
𝐸𝑒𝑙𝑒

𝐸𝑠

= ɳ𝑟𝑒𝑓[1 − 𝛿𝑠𝑐(𝑇𝑠𝑐 − 𝑇𝑟𝑒𝑓)] 
(4) 

𝐸𝑒𝑙𝑒 = ɳ𝑠𝑐𝐴𝑠𝑐𝐺𝑠𝑐[1 − 𝛿𝑠𝑐(𝑇𝑠𝑐 − 𝑇𝑟𝑒𝑓)] (5) 

Where 𝐸𝑒𝑙𝑒 is the produced electric power from the PV module, ɳ𝑠𝑐 refers to the 

PV cell efficiency at the reference temperature, 𝐴𝑠𝑐  is the PV cell surface area, 

𝐺𝑠𝑐refers to the portion of incoming solar radiation that reaches the PV cell by taking 

into account the solar cell absorptivity, the above layer transmissivity, and the PV 

module packing factor. 𝛿𝑠𝑐 is the temperature coefficient for the crystalline silicon 

cell. 𝑇𝑠𝑐  and 𝑇𝑟𝑒𝑓 refer to the solar cell temperature and the reference temperature, 

respectively. 

2.3. Experimental procedure 

An experimental setup is established with the intention of monitoring the PV 

surface temperature in order to be able to calculate the PV generated electrical 

power and the efficiency of a stand-alone PV module along with both the explored 

layouts employing water and glycerin as working fluids. Thus, a 200 W constant 

radiation heat source is developed and mounted at a height of 60 mm above a 10 W 

PV panel by utilizing the current-voltage and current-power curves supplied by 

SOLARTECH company as shown in Fig. 2. 
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Figure 2. Experimental setup. 

2.3. Monte Carlo approach 

The Monte Carlo Method is a broad category of computational techniques that 

involves periodic random sampling to get numerical results. The fundamental 

concept is to use randomness to solve problems that, in principle, may be 

deterministic.  

They are commonly used to solve mathematical and physical issues, and they 

are incredibly beneficial when using different approaches that would be difficult or 

impossible to be solved. Where Monte Carlo methods are most commonly used in 

three problem classes of numerical integration, creating draws from a probability 

distribution, and optimization. For the purpose of determining the efficiency of a 

fluid as a band-pass filter, the following partitioned integral can be drawn [22, 23]: 

ɳ =
∫ 𝐸𝜆𝑇𝜆 𝑑𝜆

𝑙𝑜𝑛𝑔𝜆

𝑠ℎ𝑜𝑟𝑡𝜆

∫ 𝐸𝜆 𝑑𝜆
𝑙𝑜𝑛𝑔𝜆

𝑠ℎ𝑜𝑟𝑡𝜆

−
∫ 𝐸𝜆𝑇𝜆 𝑑𝜆

𝑠ℎ𝑜𝑟𝑡𝜆

0

∫ 𝐸𝜆 𝑑𝜆
𝑆ℎ𝑜𝑟𝑡𝜆

0

−
∫ 𝐸𝜆𝑇𝜆 𝑑𝜆

4µ𝑚

𝑙𝑜𝑛𝑔𝜆

∫ 𝐸𝜆 𝑑𝜆
4µ𝑚

𝑙𝑜𝑛𝑔𝜆

 

 

(6) 



Essam M. Elgendy/ Engineering Research Journal 175 (September 2022) M1- M19 

Where 𝐸𝜆 describes the amount of solar irradiance per unit wavelength with its value 

obtained from Gueymard [24]. A perfectly transparent filter (T=1) between the short 

and long wavelengths that differs according to the type of cell will achieve an 

efficiency of 1. Accordingly, this objective function can be used for filter 

optimization. Consequently, the present study utilizes a simple Monte Carlo 

approach to randomly generate volume fraction combinations which can be referred 

by ɳ  to find the optimum filter [22]. Relying to the previously mentioned concept, 

the efficiency can be estimated by using this equation. However, it should be 

realized that this equation was developed on the basis of ideal filter which covers 

the entire spectrum for various types of PV cells. 

3. RESULTS AND DISCUSSION 

The performance of two distinct optical filters combined with a PV module is 

evaluated and compared in the present study using the Monte Carlo approach. The 

PV module is associated with a static working fluid encapsulated between two 

layers of an optical glass known as K9, which serves as the optical filter in both the 

proposed setups.  

The water is utilized as a working fluid in one module, while the glycerin is used in 

the other one. Additionally, the electric power and efficiency for both modules with 

optical filters are analyzed and compared with those for the PV unit with no optical 

filter experimentally.  

The ambient temperature changes significantly from 25°C at the beginning of the 

experiment to increase by about 2°C after passing 600 seconds. 
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3.1. The optical properties for the proposed arrangements  

The changes in the percentages of absorbance for water and glycerin as optical 

filters are shown in Fig. 3 across the spectrum wavelength that ranges from 190 to 

2500 nm. It is clearly obvious from this figure that the absorbance percentage is 

increasing at the wavelength region from 190 to 300 nm for both filters, which is a 

favorable absorbance for UV range as this can cause an elevation in the temperature 

of PV cell. Whereas, a sharp reduction happens throughout the range from 360 to 

1200 nm which is a beneficial range for the purpose of generating the electricity 

from the crystalline PV cells. On the other hand, the water as a working fluid reveals 

a significant lower absorbance percentage than that for the glycerin in the IR range.  

Fig. 4 presents the variations in the transmittances for water and glycerin. As 

depicted from this figure, both working fluids have a slightly similar transmittance 

 

Figure 3. Variations in the absorbance of water and glycerin between 190 and 

2500 nm. 
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percentage across both the UV and IR ranges, which are very low. It should be 

emphasized that both of these ranges are unfavorable since they considerably raise 

the PV cell temperature. However, from 360 to 500 nm it nearly for each other and 

from 500 to 1000 nm the bottoms and domes get a differences form water and 

glycerin with the last range from 1000 to 1500 nm the difference is much bigger 

than before. Also, the data measured by JASCO Spectrophotometer V-570 which 

has a wavelength accuracy for UV/VIS region ±0.1 nm (at a spectral bandwidth of 

0.5 nm) and for NIR region ±0.4 nm (at a spectral bandwidth of 0.2 nm)  

 

Figure 4. Changes in the transmittances of optical filters between 190 and 2500 

nm. 

 It is clearly obvious from Fig. 5 that the spectral irradiance of both filters is 

dramatically less than the total spectrum with a slight difference between the 

investigated filters, as the total spectrum accounts for a perfect transmittance which 

equals to 1, whereas the transmittances of both filters actually do not reach to 1. It 
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is apparently shown from this figure that the average area under curve for the (PV-

II) module is somewhat greater than (PV-III) with values of 637.4 and 631 W/m2 

for (PV-II) and (PV-III) layouts, respectively, along the wavelength range from 280 

to 2500 nm. 

 

Figure 5.  The spectral irradiance of the proposed filters and AM 1.5 total spectrum 

between 280 and 2500 nm. 

Fig. 6 displays the trend of variation of the spectral irradiance for the Monte 

Carlo ideal filter and total global spectrum Am 1.5. Firstly, the Monte Carlo concept 

for ideal filter can be found in the working range for the crystalline PV cell. 

Moreover, the range at which the cell can be capable to convert the falling spectrum 

for every wavelength in to a useful electrical power is from 360nm to 1100nm. It 

should be noted that every optical filter should be compared to the ideal filter 

presented by the Monte Carlo concept. Thus, Monte Carlo ideal filter should first 

be displayed in order to assess the effectiveness of the optical filters that are 
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discussed in the current research. Additionally, this approach assumes that the ideal 

filter has a perfect transmittivity for the solar cell spectrum range which in the 

present study ranges from 360nm to 1100nm. Consequently, the efficiency of the 

optical filter adopting water is dramatically higher than that using glycerin with 

values of 60.02% and 53.8% for water and glycerin, respectively, using the Monte 

Carlo point of view as depicted in Eq. (4). 

 

Figure 6. The variations of spectral irradiance for the total spectrum and Monte 

Carlo ideal filter in the range between 280 to 2500 nm. 

3.2. Performance evaluation 

The changes of the PV module surface temperature with time for the modules 

with optical filters and those without are illustrated in Fig. 7. It is clearly obvious 

from this figure that the temperature significantly boosts with time for all modules. 

As the optical filter using water greatly absorbs the unfavorable band of spectral 

irradiance, the lowest PV surface temperature is revealed via this module. After 
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passing 100 sec, the temperatures for the modules with optical filters are slightly the 

same with values considerably lower than those offered by the stand-alone PV 

module. However, the (PV-I) module achieves the highest surface temperature 

followed by the (PV-III) and (PV-II) configurations, respectively, with values of 

150.8, 67.4 and 61.65 °C, after passing 600 sec.  

 

Figure 7. The temperature variations with time for the PV module surface of 

the investigated layouts. 

Fig. 8 illustrates the electrical power variations with time for the presented 

configurations. It is significantly shown from this figure that the electrical power 

dramatically enhances with time for all structures. The highest electrical power is 

provided by the PV module adopting water followed by that employing glycerin and 

the stand-alone PV module, respectively.  

The reason for this is that the temperature declination greatly raises the PV module 

output electrical power. After 600 sec, the generated electrical powers are 
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approximately 1.54, 2.47 and 2.53, respectively, for the (PV-I), (PV-III) and (PV-

II) arrangements.  

 

The electrical efficiencies are obviously reduced with passing time for all modules 

as seen in Fig. 9. This because of the significant declination of the electrical power 

as shown in Fig. 8 for the reasons mentioned previously. Thus the (PV-II) structure 

acquires the highest electrical efficiency that reaches to about 4%, followed by the 

(PV-III) and (PV-I) layouts, with values of 3.91 and 2.42%, respectively.       

 

 

Figure 8. The generated electrical power variations with time for the suggested 

arrangements. 
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 4. CONCLUSIONS 

The impact of locating an optical filter above the PV module is studied and 

compared with the stand-alone PV unit in the current research. Both arrangements 

are obtained such that a static working fluid that is placed between two layers of K9 

optical glass. Likewise, glycerin is used in one of the suggested systems, while the 

other includes water as the working fluid between the glass layers. Else, the PV 

module electrical power, surface temperature and efficiency are compared for the 

proposed configurations and the stand-alone PV module. The following conclusions 

can be drawn: 

1- The efficiency of the optical filter adopting water is marginally greater than 

that using glycerin by applying the Monte Carlo approach.  

2- The water as a static working fluid provides a lower absorbance percentage 

than that for the glycerin in the IR range. 

 

Figure 9. The electrical efficiencies variations with time for the presented setups. 
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3- Following the stand-alone PV module with values of 150.8, 67.4 and 61.65 

°C, respectively, the configurations incorporating optical filters with glycerin 

and water obtain the greatest surface temperatures. 

4- The structure employing water as an optical filter acquires the highest 

electrical efficiency that is 4%, followed by the layout using glycerin and the 

PV unit with no optical filter, with values of 3.91 and 2.42%, respectively. 
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