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GRAPHICAL ABSTRACT

ARTICLE INFO ABSTRACT

Keywords: The exploitation of solar energy using hybrid photovoltaic/thermal (PVT) system can represent a
Concentrating photovoltaic system CPVS viable choice for the rising energy demand. Due to the wide range of PVT applications, many
CFD simulations designs have been developed to improve the solar system global performance by cooling PV cells.
PV cooling The proposed system offers a practical heat gain in addition to the electrical efficiency

Optical water filter

OWF

Performance optimization
Nanofluid filter

enhancement. The integration of optical water filters (OWF) in photovoltaic systems could be an
advantageous solution for their performance improvement. In this work, three different optical
water filter models are evaluated using Cinematic fluid dynamics CFD modeling and their effect
on the global system operating is discussed. Three shapes of OWF models are considered. Model
(I) is an OWF under the PV cell. Model II is an OWF which passes over and under PV cells with
separated inputs. Model III consists of a double pass mode OWF. Results showed that the
maximum photovoltaic efficiency is corresponding to model (III) and reaches 12.08% at 14 h. The
paper highlighted the different impacts associated with different OWF models. The results showed
a significant increase in water outlet temperature. Consequently, an enhancement of the PVT
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system thermal efficiency is achieved. Finally, various water-based nanofluid (Al,O3, Cu, Ag, Au)
optical filters are elucidated. The optimal photovoltaic performance is obtained by the water-Au
nanofluid which allowed an electrical efficiency varying between 2% and 10%. Nanofluid filters
have thus been shown to improve the performance of the CPVS concentrated photovoltaic system,
not only because of the thermodynamic properties but also as a spectrally separated cooling
system.

Nomenclature

Symbol

G Solar irradiance, W/m?

h Convective heat transfer coefficient, W/m?K
k Turbulent kinetic energy, m? s?
CP Specific heat, kJ/kg K

m water mass flow rates, 1/s

T Temperature, °C

g gravitational acceleration, m/s>
Greek letter

MNel electrical efficiency

Nth thermal efficiency

A thermal conductivity, W/m K

p density, kg/m>

B thermal expansion coefficient, K~
Subscripts

amb ambient

el electrical

th thermal

Abbreviations

CFD Cinematic fluid dynamics

PV photovoltaic

PV/T Photovoltaic thermal

CPVS Concentrator photovoltaic system
OWF Optical water filter

Photovoltaic / thermal system PVT
cooling methods

——Water, air or both

L ——heating medium (oils, glycols ...)
——»| Heat extraction means
——Nanofluids

——Phase chage material PCM

Forced circulation
Heat extraction typeD—ENatural circulation

——With or without glazing

|——With or without absorber

|——With or without winglets

Configuration systeD;—Channel below / above the PV cells
f——One or multiple fluid inlet

—Heat pumping system

elective glass filter
Novel technology 9
optical filters Selective fluid filter

Fig. 1. Classification of PV/T cooling systems.
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1. Introduction

The exponential population growth leads to the increasing need for energy consumption. This increase is accompanied by envi-
ronmental problems due to the excessive use of non-renewable energy resources. For that solar energy is needed not only to cope with
the soaring demand but also because it’s a clean source which is no harmful environmental effects [1]. Many researchers have
developed various technologies to harvest solar energy using photovoltaic processes [2]. Despite the multiple advantages of photo-
voltaics, it can convert only about 15 to 20% of the captured sunlight into electricity while the remaining turns into heat [3]. The
photovoltaic system is heated as a result of indirect absorption with continuous work [4]. Solar cell efficiency is considerably affected
by the PV cell’s temperature increase as the electrical efficiency of any PV panel is inversely proportional to the temperature of the
solar cell [4]. Applying a cooling system may be one way to reduce this drawback. Photovoltaic thermal PVT systems are generally
classified according to the layout of the heat extraction [5], the working environment, and the final application [6].

In addition, PVT systems can be classified on the basis of their mounting into non-concentrating and solar-concentrating systems. A
broad classification of PVT cooling systems is illustrated in Fig. 1, which will be discussed in more detail. Many researchers have been
interested in these solar systems in recent years, and various designs of PV cooling system methods have been discussed. Researchers in
this area are making incessant progress in discovering methods to cool photovoltaic cells [8], which are also classified into active and
passive cooling techniques.

Passive cooling techniques are classified into three main categories: passive cooling of the air; heat pipe; or sink. The heat sinks are
indeed highly thermally conductive materials. Ahmed et al. [9] carried out a numerical simulation that looks at the thermal perfor-
mance of truncated multi-level fin heat sinks (MLFHS) profiles for PV cooling with natural convection. The concept is based on
preventing stagnation in the fin restricted area, or exchanger, to drive natural convection cooling [10]. Water immersion cooling is
another passive cooling technique reported in the literature [7]. When the appropriate submersion depth is used, this method
significantly reduces PV the module temperature and boosts the photovoltaic efficiency.

PCMs are materials that retain thermal energy to stabilize temperature. PCMs absorb latent heat when their physical state changes
[11]. The advantage of passive cooling is that, by limiting the size of the cooling system at high concentrations, the installation costs of
HCPV hybrid concentrator photovoltaic systems are considerably reduced [12]. Nevertheless, this temperature decrease must be
meticulously planned to keep heat sink costs to a minimum [13]. Besides, PCMs are substances that can continue to maintain thermal
energy. A simulation was used to study PCM cooling techniques by Karthick et al. [14], who analyzed the maximum and average
increase in power gain obtained for the PV-PCM panel. According to the final, the power output of the PV panel with PCM was shown to
be higher at 96.55 Whr. Even PCM could be a resourceful solution to reduce temperature and so to cool PV cells [15]. But the main
disadvantages of using PCMs are related to their long-term degradation by reactions with other materials. These reactions are like
oxidation, hydrolysis and thermal decomposition [16].

Active cooling requires a coolant that requires a fan or a pump power in order to control and maintain the system operating [17].
Extensive research has been conducted in this area, and the primary coolant used is air and other fluids such as water or glycols. Active
air cooling (forced air circulation) is considered as an effective PV panel cooling technique. Tonui et al. [18] carried out a study on the
improvement of heat extraction by low-cost modifications of their PV/T air system’s channels. The water immersion cooling technique
is another active PV cooling method. This consists of installing PV panels underwater [19]. Despite its low environmental impact and
high-temperature significant decrease potential, immersion cooling is not applicable to floating solar systems [20].

Previous research has shown that active water cooling is the most simple and productive cooling technique, and it should be
investigated further. However, active water cooling is not always feasible. For active water cooling to be meaningful, the environment
must have a consistent supply of cool water and the array to be cooled should be large enough to offset the energy consumption [21].
For that, scientists developed spectrum filter cooling (optical beam splitter) as a novel and sophisticated cooling method [22]. Various
liquids could be used in PV systems as selective absorbing fluids or as optical filters [23]. The main objective of optical filters is to
separate the useful wavelengths for photovoltaic conversion from the unwanted wavelengths, which leads to a rise in PV cell tem-
perature. The redundant wavelengths are filtered out for thermal uses. The principal cause of the increased temperature is that the PV
cells cannot convert all direct sunlight to electricity, so some of it is transformed into heat. Solar radiation has three spectra: 8%
ultraviolet UV (from 0.2 to 0.38 pm), 36% visible VIS (from 0.38 to 0.78 pm), and 46% infrared IR (from 0.78 to 2.5 pm) [24].
Furthermore, the thermophysical properties of silicon photovoltaic cells prove that the cells use the VIS and even some of the IR to
generate electricity. However, the UV and the rest of the IR are wasted and converted into heat in the cells. This heat brings down the
efficiencies of the PV panel. As a result, the optical filter absorbs the majority of the IR once it reaches the PV module. Compared to a
conventional PV module, this leads to limiting the percentage of the heat generated in the PV cells and reducing cell temperatures.

The optical liquid filter is composed of two main loops: thermal and electrical. The electrical loop consists of the PV panel. The
thermal loop is made up of a liquid tank with a high transmittance glass cover, which has the same length as the PV module. Al-Shohani
et al. [25] performed new experimental studies aimed at reducing heat accumulation in a photovoltaic module by an optical water
filter OWF with a thickness ranging from 1 to 5 cm. The OWF is placed above the photovoltaic module and is used to, at once, transmit
the visible spectra VIS to the photovoltaic module for electricity production and absorb the unwanted infrared spectra IR and convert
them to heat for domestic usage. The results show that there is a significant effect of the thickness of the water layer on the reduction of
the temperature of photovoltaic cells (14-30.2%). Similarly, many researchers, such as Yazdanifard et al. [5] and Looser et al. [26],
have used these liquid optical filter beam fractionation methods. Thanks to their characteristic infrared absorption spectrum, glycol,
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mineral oil, and liquid salt have demonstrated their precursory feasibility in dividing the solar spectrum into thermal and electrical
applications.

Wang et al. [27] described a new design of a revolutionary solar PVT system using a Fresnel Reflector Linear Concentrator (LFR)
and a nanofluid optical filter. The analysis of the system measurement shows that increasing the inlet nanofluids flow velocity as well
as the ambient temperature or decreasing the inlet nanofluids temperature or convection heat transfer coefficient, can enhance the
thermal efficiency of the PVT system. Recently, Mostafa et al. [28] established a numerical model of a concentrator photovoltaic
thermal system PVC/T using a liquid spectral filter. The effect of PV cell selectivity on the performance of the CPV/T system is
evaluated for varying solar concentration ratios (CR) depending on the thermal and optical characteristics of the liquid filters. It’s
concluded that the ideal optical water filter is obtained under high CR, which allows the best total energy efficiency of the system.
Nevertheless, at low CR, the spectral absorbance of the fluid filter should be increased throughout the intercepted spectrum. At the
same time, in terms of exergy efficiency, it is preferable to apply a fluid with a higher spectral permeability in order to utilize a wider
area of the solar spectrum. As a result, the ideality of thermo-optical properties is mostly determined by the operating circumstances as
determined by the aforementioned selection criteria.

On the other hand, the usual fluids like water and oils are not very effective in the PV/T system due to their thermal conductivity
and heat carrying capacity, which are relatively low [21]. That’s why researchers are focusing on different kinds of fluid with enhanced
thermal conductivity and heat carrying capacity: nanofluids. By dint of these properties, nanofluids are the best option for photovoltaic
cooling [29]. Nano-particle fluids also appear to be an occasion for liquid-absorbing photovoltaic/thermal systems [19]. Radwan et al.
[30] came up with a new concept for a concentrated PV/T system employing a microchannel heat sink with nanofluid. Various
concentrations of Al203/water and SiC/water nanofluids were considered, which were used as refrigerants. The researchers
concluded that the temperature of solar cells is shortened to a higher concentration ratio of nanofluid compared to water. Using
water-based and SiC nanofluids, a computational and experimental study was undertaken by Kazem et al. [31] to evaluate the
enhancement of a Web configuration PV/T system. Goel et al. [32] looked at a variety of applications of nanofluid-based direct ab-
sorption solar collectors. Goel et al. [32] furnished future views on the challenges and developments faced by nanofluids as direct
absorbers in hybrid PV/T applications. Xu and Kleinstreuer [33] proposed the use of a single-phase model of a CPV cooling system
based on Al,O3/water nanofluid. The findings revealed that nanofluids considerably enhanced the electrical and overall efficiency of
the investigated system. Another investigation was presented by DeJarnette et al. [34], who measured the spectral performance of a
CPV-based nanofluids system employing silica-coated, Au nanorods, and indium tin oxide (ITO) nanocrystals, as well as a combination
of ITO, CuSe, and Au nanorods as nanoparticles. The alternatives have been shown to provide good absorption and propagation
performance for GaAs batteries.

Lately, Selim et al. [35] arranged Ag-SiO; center shell bunches employing an adjusted Stober technique including an alkali

Table 1
Comparison between cooling techniques.
PV cooling method Advantages Disadvantages
Passive Heat-sink - Require additional energy. - Low efficiency compared to other techniques.
cooling - Ease of manufacture and installation. - The turbulent airflow makes the heat sinks unstable.
- Flexibility in the placement of solar cells. - The waste heat could be used for utilization
- Enhanced the performance of PV under natural
convection
Lifetime: Longer life
Transparent - PV cell temperature reduced drastically. - Heat reflected into space is wasted and might be used for
coating - No space requirement needed. domestic purposes instead.

- Economical solution.
Lifetime: Long

PCM - Capable of storing large amounts of heat in response to - In its solid state, paraffin has a limited heat conductivity.
modest temperature changes. - Segregation reduces the total active volume for heat storage.
- At a constant temperature, phase change occurs. - Less effective in cooler climates.
- Absorbed heat can be exploited to heat the buildings. - long-term degradation reactions with other materials
Lifetime: Long
Active Water immersion - Extremely effective. - On cloudy and rainy days, efficiency is reduced.
cooling - Financial. - The depth of submersion affects efficiency.

- On clear days, electrical efficiency improved.
- Safe for the environment.
Lifetime: Low due to ionized water reduces electrical efficiency.

Forced air - It is financially viable. - The efficiency of cooling with air is lower than that of cooling
circulation - Overall efficiency has improved. with water.

- Heated air may be utilized to heat houses. - Water cooling is more beneficial than air cooling in hot

weather.

Lifetime: Low due to corrosion of PV panel.
Optical liquid - Use a liquid as the optical filter between sunlight and - The optical filter systems exhibited some good results, but
filters solar cell. very limited studies are available.

- Significantly enhance PVT system performance. - Nanofluid filters are expensive.

- The filters deliver only useable spectrum to the PV cells
while others are filtered out.
Lifetime: Longer life
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catalyzed response. In all cases, the transmission electron microscope (TEM) review of the pre-arranged Ag—SiO2 groups illustrates that
nanoparticles can enhance total performance. Lee et al. [36] blended Ag-SiO; and Au-SiO; center shell nanoparticles through an
analogous approach. James Walsheet et al. [37] created a variety of luminous imidzo-phenanthroline-based nanofluid filters for
photovoltaic spectrum beam splitting. According to the nanofluid properties, the economic benefit of the acquired energy is boosted by
up to 61% as compared to the host base fluid alone. As a result, the organic molecules included may be successfully constructed as
high-performance, spectrally selective fluids for PVT applications.

The preceding studies showed that various experiments and numerical studies were conducted to test the effect of placing a liquid
filter above the PV module under various conditions. Some of these systems use a specific thickness of the fluid layer, a specific material
for the fluid container, and outdoor weather conditions. Table 1 provides a comparison between the different cooling techniques
discussed previously. The comparison is based on the advantages, disadvantages, and lifetime of each cooling technique.

From this literature survey, even with plentiful studies and publications on the use of water or nanofluids in photovoltaic cooling
applications. However, there are a limited number of studies associated with the shape of the filter and the exploitation of nanofluids as
an optical filter in the cooling of CPVS concentrator photovoltaic systems. Besides, this paper is a numerical study done at the lab-
oratory scale for non-commercial models. In addition, in the majority of experimental studies, the considered radiation is an artificial
one, so the spectral distribution is not the same and the proposed results are permanent. Therefore, the novelty of this study is to look
into the performance of a CPVS cooling system with optical filters and to put forward numerical relations. Also, the aim of the article is
to predict the module’s electrical, thermal, and overall efficiencies as functions of the investigated parameters.

The main objective of this paper, is to study three different shapes of optical water filter models. So, the thermal and electrical
performance of the concentrator photovoltaic system CPVS with and without the optical water filter were determined under controlled
weather conditions that have been validated before. Furthermore, the article proposes to investigate different water based nanofluid
filter combinations (water-Al,O3, water-Cu, water-Ag, and water-Au). This investigation aims to study the system behavior to figure
out the optimal nanofluid filter.

2. Methodology

2.1. System description practical

To validate the CFD model, the photovoltaic efficiency of the CPVS is compared to the experimental data previously carried out in
our research laboratory by M. Chaabane et al. [38]. The experimental investigations were performed throughout the month of May in
the Tunisian Saharan climate. Starting at 6:00 a.m., ng at 6 a.m., the PV cell temperature and photovoltaic efficiency measurement
values were continuously monitored every 1/2 h.

The considered system, as illustrated in Fig. 2, is an ordinary concentration photovoltaic system (CPVS). It is composed of a
concentrator and a photovoltaic panel. In order to acquire credible numerical validation results when modeling, one must focus on
available correlations and equations and choose the most appropriate ones to apply for the various properties of the fluids and ma-
terials. These parameters are essential to know when solving the governing conservation equations. These properties mainly relate to
thermal conductivity, viscosity, density, and heat capacity, on which the governing equations depend.

2.2. Mesh generation

The mesh generated in the entire field of this system, which is presented in Fig. 3, consists of hexahedral cells. A grid independence
study was also carried out and the optimum mesh size was obtained with 960864 cells. Once the configuration is defined and meshed
using Workbench, it has been exported to ANSYS 16.0 for the numerical simulation.

2.3. Assumptions

The assumptions considered in the calculation domain are listed below:

External Surfaces (Pressure outlet) e Insolation

PV Cells

Concentrator (Adiabatic wall)

J/ Covering Glass (mixed wall)

3.64m

1126m

Fig. 2. Description of CPVS and associated boundary conditions.
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Fig. 3. The generated grid for the CPVS system.

- Incompressible fluid.
- Boussinesq approximation is assumed to be valid for air, within the range of temperatures considered. The thermal properties of the
air are constant, except for the air’s density which varies linearly with temperature according to the Boussinesq approximation:

(p — Pair) = pairP (T- Tr,air) )

With: p,ir is the air density at the reference temperature Ty, air.
f is the thermal expansion coefficient of the air.

- The dirt and dust on the PV cell’s glass and the reflector are negligible.
- The whole system is initially assumed to be at the defined initial ambient temperature Tapp.

2.4. Governing equations

The Navier-Stokes conservation equations for a three-dimensional turbulent flow are considered taking into account the Boussinesq
hypothesis. For the closure of these equations, the standard K-¢ turbulence model has been considered which allows a fast calculation
time and a good prediction for such flow [39]. Five radiation models are available in ANSYS fluent software, but only the discrete
ordinate (DO) model is suitable for a selective material such as the photovoltaic cells. For that, the (DO) model was chosen as it allows
also to specify different values for the absorption coefficient and the reflection index in the materials panel for each one of the spectrum
bands previously defined. The governing equations of continuity, momentum, energy, turbulence, and radiation are provided in
Table 2.

2.5. Boundary conditions

For the climatic conditions, global irradiance and ambient temperature are taken from the experiments and introduced as inputs for
CFD simulations. These parameters are taken from the experiments which have been conducted in a Tunisian Saharan climate, in the
city of Tozeur, on the 31%'of May. The external sky temperature Tsy required for estimating the radiation exchange is introduced as a

Table 2
Summary of the governing equations.

the governing equations The continuity equation: @ 4 div () =02 p fluid density v \iector of velocity
of mass, momentum, and ot P static pressure 7 stress tensor
energy Equations Th . ) = T p.v: E energy transfer term
€ momentum conservation equation: ot +V.poo) ==V P+ V.7 +p. Kegr effective conductivity F external body force
g+F(3) h; the enthalpy of the species j

Tyy viscous stress tensor
ApE) = B Sh volumetric heat source
St +V.((pE+P)) = V. (KeffVT *ZthjH?effﬂ)) + S (4 Jj diffusion flux of the species j.
J

The energy conservation equation:

Gy generation of turbulence kinetic energy
Gy, generation of turbulence kinetic energy due
0 0o, . 0 e e &2 to buoyancy
ot (pe) + ox; lpetis) = ox; ((” +Z_:) E) +Geg (Gi +C3:Gp) — Czep % 75 © Yy contribution of fluctuating dilatation
K2 incompressible turbulence to the overall
He = Cu? @) dissipation rate. Sk and S, are the source terms.
J; is the turbulence viscosity
Cy» C1e, Coe, C3, Empirical constants of the
standard k —e model
The DO radiation Model - 4z , The DO model considers the radiative transfer
Equation = —(a+o)I(T,s) + a(g—) +2 /1(?, $)O(S,T )dQ (8) equation RTE in the direction 5" as a field
0 equation.
) wavelength a, spectral absorption coefficient.

Turbulence equations ﬁ(pk) +i(pk17f) :i [( +&) %} 4 Ge+ Gy — pe+ Yo + S (5)

ot 0x; 0x; oy 0X;
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user-defined function UDF. It is expressed as follows, according to the change in ambient temperature:
Tsky = 0.0552 Tamp 9)

The CPVS was south facing and 34° titled above the horizontal. The system description and the attributed boundary conditions are
illustrated in Fig. 2. The boundary conditions considered for the different components of the solar system are:

- The concentrator is defined as an adiabatic wall: heat flux = 0 w/m? (it is totally reflective)

- The PV cells are defined as coupled which allows introducing all the heat transfer modes in this surface.

- The glass covering the PV cells is defined as mixed in order to take into account the convection and radiation heat transfer at this
surface.

- The external covering surface is defined as a pressure outlet.

Based on the CFD simulation results; it was possible to have the temperature of the photovoltaic cells and to calculate the numerical
efficiency using the photovoltaic efficiency formula defined by Dubey et al. [40]. Equation (10) represents the traditional linear
expression for photovoltaic efficiency.

Npv = N1ref [1- Bref (Tpy-Trep)] (10)

With: n,y = photovoltaic efficiency.

The T, = reference temperature at the standard temperature condition STC, which is defined for solar radiation of 1000 W/mz,
Tref = 25 °C, nref = photovoltaic performance at Tref. #7,r and Pref are normally given by the PV manufacturer. fref depends not only on
the PV material but also on T,f, as well. It is given by the ratio:

ﬁref =1/ (TO‘Tref) an

In which Ty is the temperature at which the electrical performance of the module falls to zero. For monocrystalline silicon, this
temperature is chosen as To = 270 °C.

2.6. Numerical procedures

The given governing equations are solved by the finite volume method in the unsteady regime. The energy equation was selected as
a heat transfer model. To solve the mean flow equations, the standard k-¢ model was used as a computational method. Besides, the
radiation model DO was selected not only because it’s suitable for the selected material, like that of the photovoltaic cells, but also
because it is accurate and has a short computation time.

As for the precision of the result, the terms of continuity, velocity, and turbulence are solved by the convergence criteria of 1074,
while a value of 107% is imposed for energy. A 2nd order upwind scheme is chosen to discretize velocity, turbulent kinetic energy,
turbulent dissipation rate, and energy, while the Presto scheme is chosen for the pressure discretization. The problem is now ready to
be iterated as all the necessary input conditions have been set.

3. Numerical results

3.1. Numerical model validation

To examine the accuracy of the proposed model, the numerical solution is validated with experimental data from M. Chaabane et al.
[41] for a concentrator photovoltaic system (precise descriptions of the operating conditions can be found in M. Chaabane et al. [41]).

0.1

0.09 ‘@v
0.08 /

M
/

o
o
a

0.05

0.04 \
0.03

0.02 /

electrical efficiency

0.01 7
0
D A 4O S D R D X D N D A D A D N DL DR DA D
> A S N R N NN N N VN M DV N NC) UV AN I LN
N SN XN VY NS SN SN A SR I S NP
© @ N » o ¥ ? W & N N
Time [h]

—a—experimental results ~ —s—numerical results

Fig. 4. Validation of numerical results with experiments of the temporal evolution of the electrical efficiency of the CPVS.
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The reflector is considered opaque and non-selective with an absorptivity of o« = 0.05. The PV glass is a transparent wall with the
following optical properties, an absorptivity a = 0.02 and a transmissivity T = 0.95.

Fig. 4 shows the numerical photovoltaic efficiency compared favorably with the experimental data, with an average error of less
than 2%. It can be concluded that the proposed CFD model of the CPVS has acceptable accuracy in the numerical solution. For the
following part of this article, The CPVS is equipped with an optical water filter as a PV cooling method. Three different shapes of OWF
are investigated and compared to the base case model.

3.2. Effect of optical water filter OWF use

In this section, the effect of the addition of an optical water OWF filter on the CPVS is investigated for different OWF models. This
study aims to evaluate the performance of CPVS for three different OWF models. As described in Fig. 5, the modeled optical water filter
OWF consists of a glass tank with a cover having the same length and width as the PV module. The tank and cover are made of glass
with a 3 mm thickness and 91% transmittance. In this system, the solar spectrum passes over the water filter, which acts as a spectrum
window, and consequently, the incident radiation is split to meet the spectral response of crystalline silicon solar cells.

In order to discuss the effects of the addition of different optical water filters on the validated basic system, changes in the shape of
the filter are concerned, as shown in Fig. 6, and three different models of optical water filters have been used. In model (I), an optical
water filter was placed just below the photovoltaic cells. In model (II), the water passes over and under the photovoltaic cells with
separate inputs. Model (III) is characterized by a double pass mode. All three models are studied under the climatic conditions of the
Tunisian Sahara, and a comparative study is conducted to evaluate the electrical and thermal efficiency of the considered PV/T models.
For the study of all these models, the same simulation models used for the numerical validation were considered. The inlet water
velocity is fixed at 0.05 1/s.

The modeled optical water filter OWF consists of a glass tank with a cover having the same length and width as the PV module. The
tank and cover are made of 3 mm thick glass and 91% transmission. The breadth of the water filter is 5 cm. The purpose of this section
is to analyze the filter models described above and to evaluate their effects in terms of photovoltaic cell protection, which indeed helps
to improve their electrical performance and also recover thermal energy. The three filter models studied are used as a cooling system to
improve the electrical efficiency of the concentrated photovoltaic panel. Optical properties are important parameters that affect the
filters operating. The two most significant optical properties that generally evaluate the optical performance of filters are the trans-
mittance and the absorbance.

From that point, using a non-gray radiation model like the DO, the “Gray-Band Absorption Coefficient” and the “Gray-Band
Reflection Index” allow us to indicate alternate assimilation of the absorption coefficient and the reflection index on the materials
board for each band pecified in the radiation section. In this paper, both the absorption coefficient and the reflection index of the water
are characterized with the assistance of values given by Hale et al. [42], Buiteveld et al. [43], and Himanshu et al. [44].

Fig. 7 compares the electrical efficiency of the photovoltaic system without an optical filter and with the selected filter models. It is
shown that the photovoltaic efficiency rises from 6:30 to 13:00, remains relatively stable between 13:00 and 15:00, and drops from
14:00 to 18:00. It’s notable that the double-pass optical filter model (III) can achieve the highest photovoltaic efficiency, and its
photovoltaic efficiency has the smallest range of variation compared to other cooling modes throughout the day. This difference is due
to the coupling between two heat transfer modes: the forced convection for the upper part of the passage and the radiance applied to
the optical filter below the photovoltaic cells. The figure also shows the effect of circulating water for the filter models studied on the
daily variation of the electrical output provided by the CPVTS. It’s noteworthy that the exhibitions of the CPVS are upgraded with the
optical spectrum filter because of the evasion of the adverse consequence of temperature increase on PV cells. Indeed, the maximum
electrical efficiency achieved by the basic CPVTS is about 9.7%, while that corresponding to the systems with filters I, II, and III is
respectively 10.51%, 11.6%, and 12.08%. This rise in electrical efficiency, with the use of the OWF, is due to the reduction of the
negative effect of the PV temperature on the system efficiency. This system also presents the advantage of a significant thermal
production.

So, in addition to controlling the electrical efficiency to assess this contribution, the water outlet temperatures were also tempered
for the studied models. These results are illustrated in Fig. 8, which shows that the output temperature, which reaches 54 °C, is higher
in the water filter model (III), which was also associated with the maximum electrical performance. This is beneficial as PV’s efficiency
is reduced as PV temperature is increased. Indeed, the OWF is performing as a spectrum porthole that transmits the visible and a part of

} Insulation
PV cell —>

} Air gap

Glass
} Water filter

74°%N

Concentrated sunlight

Fig. 5. Schematic of the water optical filter.
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Fig. 7. Temporal evolution of the electrical efficiency of the CPVS.

the infrared radiation while filtering the ultraviolet and some of the infrared radiation, which is unaccustomed to the photovoltaic
conversion of solar radiation. This explains this global system performance enhancement.

4. Application of nanofluids in CPVS as an optical filter

It has already been shown in the previous part of this paper that the liquid filters can fractionate the spectral beam and absorb non-
useful bands for photovoltaic conversion, which has an impact on the enhancement of the electrical efficiency in addition to the
thermal production. To advance these hybrid systems, it is necessary to combine them with liquid filters capable of improving the
combined conversion efficiency by controlling their thermal and optical characteristics.

Heat transfer fluids such as glycols, motor oil, and water are commonly utilized. Additionally, employing these classic fluids re-
duces the need for heat exchangers. It might be increased by including particles like nanofluid attachment materials or hanging
substances into the base fluid, as well as enhancing heat conductivity in traditional fluids [45]. In general, nanoparticles have been
shown to greatly boost the thermal conductivity of the base fluid [46]. The study that follows is centered on determining the effects of
adding nanofluids to filter channels on the framework’s efficacy. Meanwhile, an analysis of the photovoltaic and thermal efficiency of
the CPVS-nanofluid is provided to evaluate the nanofluid filter’s productivity.

Nanofluid is a novel type of fluid suspension made up of nanoscale (100 nm) particles that are uniformly dispersed and suspended
in a base fluid. These fluid composites have attracted a lot of attention during the last decade compared to conventional fluids. This
increase in the use of nanofluids is due to their heat absorption capacity and their optical properties for the division of the complete
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Fig. 8. Temporal evolution of water output temperature for different studied model.

solar spectrum (PV band and thermal bands). In this part, it is proposed to study the influence of the concentration of nanoparticles
dispersed in a base fluid (water) on the electrical efficiency of the concentrated photovoltaic system studied in the previous part. To do
this, the model (III) was adopted as it showed the best performance. By following a numerical procedure similar to the one considered
in the previous section, the effect of the insertion of the nanofluid on the considered optical filter model is investigated.

To get solid numerical results when modeling, accessible correlations are considered to pick the most appropriate one to apply for
the different properties of a nanofluid [47]. These properties may incorporate thermal conductivity, viscosity, density, and heat
capacitance depending on what form the governing equations are written. Similar to any fluid mechanics and heat transfer problem
based on the resolution of the main conservation equations of flow, the numerical study of nanofluids with specific geometric shapes
can be carried out. When solving, CFD codes are based on the same governing equations described in the previous part of this article, in
addition to two-phase modeling. The multiphase mixture model allows the coupling between two or more non-miscible fluids by
solving the governing equations for the mixture and the volume fraction equations for the secondary phases. Typical applications of
this model include the transient motion of a liquid-gas, liquid-liquid, or liquid-particle mixture.

The mixture model is a method based on the notion of the volume fraction. This notion of volume fraction, denoted a, represents the
rate of presence of one of the fluids in each control volume. It varies between 0 and 1 for the phase under consideration. Let’s say a
phase p and a phase q:

e = 0; only phase p is present in the control volume.
e = 1; only phase q is present in the control volume.
e the volume contains both phases at once.

The follow-up of the mixture is carried out by solving the continuity equation for the density fraction oy for a phase q:

%(aqpq) + ( V. (aq/)q7q) =0 (12)

The nanofluid optical filter applied to the CPVS ought to change the sunlight-based lighting to transmit all photons inside the PV
spectral response bandwidth and retain different photons outside this interval. In such a manner, examining the thermal characteristics
and optical properties (absorption coefficient and reflection index) of the selected nanofluids and their effect on the productivity of the
CPVS system is viewed as a significant piece of this study. For the modeling of the nanofluid, the same boundary conditions described
above were considered, and the multiphasic model “Mixture” with two phases was activated. The first of which is the base fluid “water”

Table 3
Thermodynamic and optical properties of the selected nanoparticles.
Density (p) [kg. m3] Specific heat (Cp) [kJ. kg’1 K™Y Thermal conductivity (A) [W. mK] Optical properties
Water 997.1 4179 0.613 [42,43]
Al;03 3970 765 40 [48]
Cu 8960 385 401 [49]
Ag 10500 235 429 [50,51]
Au 19320 129 318 [52,53]
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and the second is the nanofluid. The numerical analysis was done using nanofluid for optical filtration through nanoparticles with a
volume fraction density af = 2%, a diameter of 5 nm, and the same speed as water at 0.05 1/s. Many considerations were taken to
evaluate the CPVS’s performance, like temperature gain through the nanofluid as well as electrical and thermal efficiencies. Table 3
summarizes the thermodynamic and optical properties of each selected nanoparticle.

The performance of the considered system was evaluated under a wide variety of nanofluid water-based filters. In Fig. 9, the
variation of the photovoltaic efficiency of the CPVS at different nanofluids is depicted. It can be seen that the photovoltaic efficiency
fluctuates widely when altering the different selected fluid filters with nanofluid. The main reason behind this is that the photovoltaic
efficiency enhancement is a result of the optical filtration, which boosts the solar obstruction and adversely impacts the electric output
of the CPVS conversion process. This is due to the tradeoff between illumination absorption in the lower filter and heat absorption in
the upper flow channel owing to heat dissipation to the filter and higher heat loss. This leads to a decrease in the heat transfer rate
between the filter and the PV, which in turn, leads to a decrease in the operating temperature of the PV cells. It can also be noticed that
the optimal thermal efficiency of the system is achieved by the water-Au filter on account of the enhancement of solar radiation
absorption rate, and the corresponding variation in the electrical efficiency is between 2% and 18%.

Similarly, the outlet temperature of the nanofluid filter is illustrated in Fig. 10. Results show that using a nanofluid as an optical
spectrum filter, compared with the water filter, uniquely enhances the outlet temperature of 2.9 °C, 4.5 °C, 8.2 °C, and 11.1 °C for
water-Al,O3, water-Cu, water-Ag, and water-Au filters, respectively. This temperature improvement is attributable to an increase in
the heat transfer coefficient due to the inclusion of nanoparticles in the optical filter. This makes it easier to have lower PV cells’
temperature for better photovoltaic efficiency and ensures better reuse of filter fluid for domestic or industrial recognizable customs.
From the results shown in Figs. 9 and 10, it could be concluded that the optimal photovoltaic efficiency is attempted for high solar
radiation (from 12 h30). Indeed, the nanofluid filter plays the role of a spectrum window that absorbs the waves of the unwanted
thermal wavelengths (outside the photovoltaic spectrum), transforms them into heat ready for use, and facilitates the cells’ temper-
ature reduction in their turn.

In addition to the electrical considerations, the water outlet temperature was also measured in order to evaluate the system’s
thermal efficiency. The thermal efficiency of the CPVS is illustrated for the considered water mass flow rates in the major advantage of
water optical filters, which is the protection of photovoltaic cells from unwanted frequencies in addition to its thermal production. The
thermal efficiency of the various studied nanofluid filters is calculated and plotted in Fig. 11, according to the ratio AT/G, which links
the increase in the water temperature to the solar flux G. An expected behavior for the increasing of the thermal efficiencies of all
studied cases is shown. It has also been noticed that the thermal efficiency decreases linearly with the variable AT/G. The thermal
efficiency of such a device is given by the following expression [54]:

A, AT)

oy =F (no—UcA—{_ = (13)

The overall coefficient of thermal losses Uc is determined from the slope of the instantaneous thermal yield curve given by U.F’ :—i’
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and originating F’'no. These systems’ efficiency factors and overall coefficient of heat loss are given in Table 4.

Based on the values presented in Table 4, the addition of nanofluid filters to photovoltaic cells improves the thermal efficiency of
the concentrator. However, it causes an increase in overall heat losses to the external environment. Regarding the efficiency factor of
the sensor, it remains almost invariant and very close to 1. This result is very predictable because the filter is thin and it is a good heat
conductor. This is mainly due to their particular thermo-physical properties like their high thermal conductivity, which is an essential
criterion for heat transfer enhancement as well as their important specific heat.

5. Conclusion

This paper is a numerical investigation using CFD tools into the performance of a concentrator photovoltaic system based on liquid
absorption spectral beam filters. Based on our experimental data and after the model validation, three different optical filter structure
models have been developed. The effects of the optical filter shape on the systems’ electrical and thermal performances are analyzed. In
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Table 4
Overall loss coefficient and efficiency factor of the concentrated photovoltaic sensor with different studied nanofluid filters.
Water Water-Al,03 Water-Cu Water-Ag Water-Au
Ue 48.2 50.1 51.6 53.8 55.7
F 0.93604 0.95618 0.96625 0.97813 0.98552

the current study, in order to improve the performance of the CPVS with an optical water filter, the addition of different nanofluids as
an optical filter is also proposed. The most important conclusions that can be drawn from this paper are as below:

- The article pointed out different effects associated with the use of OWF optical water filters of different models. The results showed
a significant increase in the outlet water temperature, reaching 54 °C for the water filter model (III), which is also associated with
maximum electrical performance.

- The maximum photovoltaic efficiency achieved by the basic CPVTS is approximately 9.7%, while that corresponding to the
systems with filter models I, I, and III are respectively 10.51%, 11.6%, and 12.08%. According to the performance analysis of the PV
system, the use of OWF was thus found to be extremely beneficial as it resulted in an increase in electrical efficiency.

- The addition of nanoparticles, with a volume fraction density fraction of af = 2%, a diameter of 5 nm, and the same speed as the
water (0.05 1/s), enhances the photovoltaic efficiency by up to 10%.

- Investigations of different water-based nanofluid combinations (water-Al;O3, water-Cu, water-Ag, and water-Au) were proposed.
The nanofluid filters upgrade the CPVS performance not only owing to their thermodynamic properties but also as beam splitters.
Compared to the reference case (optical water filter without nanoparticles), the best performance was obtained by using a water-Au
nanofluid optical filter.

This work has demonstrated that optical nanofluid filters can enhance PV/T system’s performance, resulting in hybrid solar systems
with higher thermal and photovoltaic efficiencies than alternatives based on standard PV/T systems that do not use spectral splitting
principles.

The most important limitation of this study is that it is a comparison of different nanofluid filters with different thermodynamic and
optical properties. An examination should be conducted to focus on the understanding of the influence these properties have on PV
system efficiencies. For further studies, a comprehensive method for identifying the appropriate and optimal liquid filters for each type
of photovoltaic cell should be proposed. Also, determining the efficiency limitations of spectrum splitting for photovoltaic cooling
systems would have to be done. As an optical filter depends on the type of liquid filter, the nature of the PV cells, and the PV/T ap-
plications, the objective is, therefore, to identify the ideal filter for a spectrum-separated PV/T cooling system.
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