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Abstract: Conventional photovoltaic cells are able to convert the visible light spectrum of solar
radiation into electricity; the unused wavelengths of the solar radiation spectrum are dissipated as heat
in the system. On the other hand, certain types of transparent solar cells are able to utilize the rest of
the solar radiation spectrum. The integration of transparent solar cells with conventional photovoltaic
cells enables the system to absorb and utilize both wavelengths of the solar radiation spectrum. In this
paper, two models for integrating transparent solar cells with conventional photovoltaic cells are
proposed, simulated, and analyzed theoretically. ANSYS software was used to obtain the results for
the proposed models. It is an initial theoretical study that shows some first results; it is almost a work
in progress. The results showed that the highest efficiency was for the model that had two cooling
spaces. The efficiency was increased as the ambient air temperature decreased and the mass flow
rate increased. The percentage drop in photovoltaic (PV) cell efficiency decreased as the mass flow
rate increased and the ambient temperature decreased, and it had the lowest value when air/water
was used for cooling. The efficiency of the transparent solar cell (TSC) increased as the transparency
decreased; in order to have higher efficiency, PV efficiency should be high, with low transparency.
When added, the transparent solar cell was supposed to increase the harvested energy due to the
utilization of the unconverted solar radiation, but it left two negative side effects. The first negative
side effect was the reduction of the transmitted radiation to the conventional solar cell due to the
transmissivity of the transparent cell. The second negative impact was the increase in the conventional
cell temperature due to the additional thermal resistance, which reduced the effectiveness of cooling
the cell from above. The proposed models were verified by comparing the results of the standalone
PV that were available in the literature with the two models that are proposed in this paper.

Keywords: transparent solar cell; integrating cell; efficiency; photovoltaic cell

1. Introduction

Energy harvesting is considered a mutual interest nowadays. Harvesting the energy that solar
radiation possesses is one of the most important fields of energy harvesting. Solar radiation has three
main parts: 46% visible light with a wavelength of 750 to 380 nm, 47% infrared light (IR) with a
wavelength of 750 to 1 mm, and 7% ultraviolet light (UV) with a wavelength from 10 to 380 nm [1].
Both IR and UV light are generally invisible to human eyes. In past years, scientists have come up with
several ways to harvest the energy of light, where the most efficient way is solar cells. Those solar
cells convert the light’s energy to electrical energy by allowing photons of light to knock electrons free
from atoms to generate electricity [2]. The unused wavelengths (ultraviolet and infrared) do not have
enough energy to dislodge the electrons and are absorbed by the system as a loss. This part of the
energy can be utilized by integrating transparent solar cells with conventional photovoltaic cells that
enable the system to absorb both wavelengths of the solar radiation spectrum.

Sustainability 2020, 12, 7483; doi:10.3390/su12187483 www.mdpi.com/journal/sustainability


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0001-5580-0476
https://orcid.org/0000-0003-3710-9344
http://dx.doi.org/10.3390/su12187483
http://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/12/18/7483?type=check_update&version=2

Sustainability 2020, 12, 7483 2 of 22

Any conventional photovoltaic (PV) cell is able to convert certain wavelengths of solar radiation
into electricity with a certain efficiency. As such, scientists have continuously tried continuously to
increase the efficiency of PV cellsin various ways. One of these ways is using different materials in the
cell. The first solar cell was introduced by Charles Fritts in 1883 using selenium on a thin layer of gold,
with an efficiency of less than 1%. The first practical silicon solar cell was announced by Bell Labs in
1954, with an efficiency of 6%.

There are many types of PV cells that have been developed over the years; the oldest one is the
monocrystalline silicon PV cell. In this cell, a thin layer of pure silicon crystal is used, and it is capable
of converting up to 26% of the light’s energy. However, in the past, it had a high initial cost, as well
as poor aging properties [3]. Moreover, the polycrystalline silicon PV cell had higher durability and
a lower initial cost. It used thin plates of solidified silicon, which has many impurities that make it
possess slightly lower efficiencies (within a range of 12%). Additionally, it is known as polysilicon and
multisilicon. Furthermore, hydrogenated silicon is one of the alternatives for a PV cell, but this type has
particularly low efficiency due to a thinner absorbing layer and light degradation issues [4,5]. When it
comes to the world market, cadmium telluride is placed second after the crystalline silicon; it represents
5% of the world’s market due to its low production cost compared to other types. It has a laboratory
efficiency of 22.1%; however, its commercial module has an efficiency of 16.1% [6]. Eventually, scientists
succeeded in reaching an efficiency of 29% by using a compound of gallium and arsenide with a few
micron layer thickness; however, it is considered to be an expensive material.

Despite the continuous studies to increase the efficiency of different PV cells, there is always
one challenge regarding the cooling of the PV. PV devices can lose up to 0.5% of their maximum
power for each 1 °C increase in its temperature. This can cause a long return on investment period,
which makes it inefficient. This problem was solved by hybrid PV thermal cells, which introduced
water cooling systems. It improved the thermal module’s efficiency, but it was complicated and
expensive. Different types of cooling techniques have been tried. Some were simple, such as using
water and air, and some were based on inductive cooling and phase-change material cooling [7,8].
However, a few years ago, the efficiency of these cells reached around 40% under ideal conditions,
but this efficiency dropped to its typical value of around 30% under practical usage. Even though the
previous efficiencies are considered relatively high, the main drawback remains that conventional
PV cells have the ability to convert only visible light into electricity. This was solved in August 2014
by MIT researchers when they created a fully transparent solar cell (TSC). Transparent solar cells are
capable of converting the invisible portion of solar radiation into electricity [9]. A transparent solar cell
consists of organic salts, which are complex cyanine derivatives used with glass, unlike traditional
solar cells. It allows visible light to pass through, making it possible to see through it. TSCs have an
estimated efficiency of 4%, which still not enough to use by itself. In pure silicon, the electrons have the
ability to absorb light that is emitted towards them to move from one place to another (conventional PV
cell). However, this is not the case with TSCs, where glass is used. Glass is considered to be silicon
dioxide and will not have the same light absorption properties as pure silicon, which means that sun
rays will be able to pass through TSCs without getting absorbed [10].

In the literature, there are many papers that have studied the conventional standalone photovoltaic
cells, with and without a cooling system. Numerous papers have studied the standalone transparent
solar cells experimentally, numerically, and analytically. The TSC simulated experimentally by
Suzuoki et al. [11] consisted of layers of polyethylene and ethylene-vinylacetate copolymer (EVA).
A comprehensive review of transparent solar photovoltaic technologies is provided by Alaa et al. [12],
while Da et al. [13] proposed a comprehensive study to increase full-spectrum solar energy utilization
in PV-TE (photovoltaic-thermoelectric) cells. Additionally, Karima et al. [14] modeled and simulated a
typical single-pass hybrid photovoltaic/thermal (PV/T) air collector. A comprehensive review of the latest
literature on PV power generation was compiled by Hosenuzzaman et al. [15], and Kaiyang et al. [16]
presented an analysis of the mechanical properties of transparent conducting oxide, indium tin oxide,
and indium zinc oxide thin films on the glass substrates. Shukla et al. [17] provided a detailed design
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of a standalone solar PV system. It outlines the detailed procedure for specifying each component
of the standalone rooftop solar PV system and its performance analysis using simulation software.
Betancur et al. [18] proposed a study for light-harvesting recovery to bring the photon-to-charge
conversion up to almost 80% of that of its opaque counterpart.

An overview of the cost analysis of PV cells and their environmental impact was presented by
Tyagi et al. [19], while Sarhaddi et al. [20] investigated the thermal and electrical performance of
a solar photovoltaic thermal (PV/T) air collector. A detailed thermal and electrical model has been
developed to calculate the thermal and electrical parameters of a typical PV/T air collector. Additionally,
Parket et al. [21] investigated the electrical and thermal performance of a semitransparent PV module
that was designed as a glazing component. A study for the use of reflecting panels with conventional
solar collectors and photovoltaic panels was provided by Pucar and Despic [22], while Karthick et al. [23]
provided a study for the semitransparent photovoltaic module that is used in glazing materials of
the skylights in residential buildings. A hybrid model of a concentrated photo-thermo chemical
photovoltaic system was proposed by Wang et al. [24]. Additionally, Schiro et al. [25] presented a study
to investigate the possibility of adding a cooling system to existing photovoltaic units without changing
the original module structure. Yin et al. [26] proposed a method for a concentration spectrum-splitting
photovoltaic-thermoelectric hybrid system. An investigation of the behavior of the solar power
generation system that consists of a concentrated photovoltaic/thermal system that utilizes an organic
Rankine cycle integrated with a geothermal condenser and an energy storage unit was provided
by Al-Nimr et al. [27]. Additionally, Li et al. [28] investigated optimum thermoelectric geometry
for the optimum performance of a photovoltaic—thermoelectric device and a solar thermoelectric
generator. Manokar et al. [29] introduced a work to study the performance of a PV-panel-integrated
solar still. In addition, Osam et al. [30] provided a comparison study between ST and PV solar
technologies for industrial applications. Katsura et al. [31] proposed a new, low-cost insulation
method using slim transparent panels with structured cores for the windows of existing buildings.
Alrashidi et al. [32] investigated experimental semitransparent cadmium-telluride-based BIPV for
windows, characterized using outdoor test cells in the temperate UK climate.

Based on this review, it seems that from the authors’ viewpoints, no one has studied this new
combination of conventional PV cells with TSCs. The objective of this research paper is to introduce a
new model of transparent solar cells integrated with conventional photovoltaic cells (TSC/SC) that
able to absorb and utilize both wavelengths of the solar radiation spectrum: the ultraviolet, infrared,
and visible light spectrum. Two combination systems will be modeled, simulated, investigated,
and analyzed, with two different working fluids as a coolant. Air or water will be used as a cooling
fluid in order to achieve the highest efficiency. The present results will be compared with the results of
conventional photovoltaic cells. This study does not take economic aspects into consideration, and these
aspects will be the focus of an upcoming study after commercializing the transparent TSC/SC cell.

2. System Description and Thermal Model

The integrated system of transparent solar cells (TSCs) with conventional photovoltaic cells (PVs)
will be able to convert both visible and invisible portions of wavelengths of solar radiation spectrum
into electricity. Traditional PV cells are capable of absorbing only 46% of total light energy. Therefore,
to achieve more efficiency, several parameters must be taken into consideration, including the efficiency
of traditional PV cells and TSCs, the working fluid, TSC transparency, and the space between the TSC
and the PV cell. Conventional PV cells deal with visible light, while transparent solar cells convert
infrared and ultraviolet light using a certain mechanism.

This combination will affect the overall thermal model efficiency in two ways: first, less radiation
will be received by the conventional PV cells since some of the sun rays will be blocked by the TSC,
which will reduce the output power compared to the standalone PV. Second, the difficulties of cooling
this new system will be a new challenge. As mentioned early, cooling has a massive effect on the
efficiency of the PV; this combination can result in the heating of both TSC and PV cells, which will



Sustainability 2020, 12, 7483 40f 22

result in lower efficiency. To achieve the highest efficiency for the new solar model, the problem of the
heating of the system should be solved. The first proposed model is shown in Figure 1a. In this model,
the TSC is placed facing the solar radiation beam, and then the PV cell is attached directly to the TSC
cell without any space between the two layers. Then, a transparent duct with 50 mm depth for flowing
fluid is attached to the back of the PV cell for cooling purposes. The second proposed model is shown
in Figure 1b. In this model, the TSC is placed facing the solar radiation beam, and there is a certain
space of 100 mm depth for cooling purposes. The PV cell is attached directly to this transparent duct,
and then another space for cooling fluid is attached to the back of the PV cell, with 100 mm depth.
This is an important approach to magnify the role of the cooling fluid in decreasing the temperature
of both the TSC and PV cells. This will definitely increase the overall efficiency. Air and water were
individually used in the duct to obtain the effect of the cooling fluid on solar cell temperature.
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Figure 1. Schematic cross-sectional view of the two models: (a) Model 1; (b) Model 2; (c) an elemental

length, dz, of flowing fluid inside the duct.

Allowing air or water to flow between the two solar cells has an essential role in providing the
required cooling of the model. This is a very important geometric parameter regarding the efficiency
of the TSC and the overall efficiency of the model. The space will play a major role in preventing the
overheating of the TSC and the conventional PV cell. As such, this new model of the integration of the
PV cell with the TSC can be optimized.

The models were simplified by using electrical analogy regarding conduction, convection,
and radiation heat transfer (thermal resistances), as shown in Figures 2 and 3 for Models 1 and 2,
respectively. This representation will be exploited in the analysis and the problem-solving.
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Figure 3. Thermal resistance circuit of Model 2.

Regarding the geometry, both models have a width (W) of 1 m and a length (L) of 2 m. The x-axis
is along the width of the model, while the z-axis is along the length of the model and the y-axis is along
the depth of the model. The origin of the coordinate system is at the left top of the rear corner of the
model. The applied analysis is based on standard conditions, where the solar radiation is assumed to
be 1000 W/m? and the velocity of the ambient air is assumed to be 1 m/s. Different values of mass flow



Sustainability 2020, 12, 7483 6 of 22

rate inside the duct will be simulated to determine the effect of the velocity of the working fluid on the
cooling process and efficiency. All properties have been taken at a temperature of 25 °C.
The modeling and analysis were made based on the following assumptions:

1 The thermal model is in steady-state conditions.

2 The temperature of the thermal model varies only along the length of the model (one-dimensional
analysis); no temperature change along the width of the model.

3 The ambient temperature is the same in all directions relative to the model, and the heat losses

are only from the model’s front and back sides to the ambient air.

The flow in the duct is incompressible, uniform, steady, and fully developed.

Flowing fluid has constant properties.

Forced convection has been taken into consideration only.

Wind speed is uniform above and below the model.

N O U1 W=

Side losses are negligible.

3. Governing Equations and Mathematics

Considering an element of flowing fluid inside the fluid duct of Model 1, with a width of W
and a length of dz and by applying the energy balance principle on this element [33], as shown in
Figure 1c, then

mCydTf = Wez[(Tys — T¢) = Uexa(T = Tapp)] 1)

where 711 is the mass flow rate of the flowing fluid. For Model 1, U,y is the overall heat transfer
coefficient at the bottom of the PV; U,,» = hy, is the convection heat transfer coefficient of the wind at
the outside surface of the thermal model since the back of this model is not insulated; C,, is the specific
heat capacity of the working fluid; h is the convective heat transfer coefficient from the back surface
to the working fluid. For the convection heat transfer coefficient, the relation that was introduced
by Ozisik [34] can be used for flow over a flat plate: h = 0.036%Pr0'43(Re0'8 —9200). Where k is the
thermal conductivity of the fluid, L is the length of the surface. T, Ty, Tgyp is the temperature of the
working fluid, back surface of the PV, and ambient temperature, respectively.
Applying the energy balance principle on each element of the collector of Model 1 yields [35]

Gth1 + Gh2 = qu + uexl(Tfo - Tamb) + uexZ(Tf - Tamb) 2

resulting in
Jem + G2 = qu + (hrg + hw)(Tfo - Tamb) + hw(Tf - Tamb) ®3)
Then
Ju = Gen1 + Gen2 — (hrg + hw)(Tfo - Tamb) - hw(Tf - Tamh)

Since the bottom surface of the TSC is in contact with the front surface of the PV, then Ty, = T,
where T, is the PV cell’s front surface temperature, Ty, is the TSC’s bottom surface temperature, Ty is
the PV cell’s bottom temperature, T, is the organic TSC’s front temperature, gy;; is the heat generation
rate on the surface of the TSC, gy, is the heat generation rate on the surface of the PV cell, g, is the
amount of useful heat removed by the fluid, and U, is the overall heat transfer coefficient of the top
side, including hye and hy.

Applying the energy balance principle on Model 2 results in the following equations [35].

ko
Grn1 + TboL_D =+ Tambuexl
Tfy = -
L, + uexl

)
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B Tbshrd + Tf2h4 + TompUex2

T, = 5
! hrd + h4 + uexZ ( )

where k, is the thermal conductivity of organic TSC, L, is the thickness of the organic TSC, T, is the
mean temperature of the fluid inside the lower duct between the bottom of the PV and the insulation
material, T; is the temperature of the insulation material, /,; is the radiation heat transfer coefficient
between the bottom of the PV and the surface of the insulation material, and #4 is the convection heat

transfer coefficient at the insulation surface.
Applying the energy balance principle on an element of fluid of Model 2 in the top fluid duct:

m CpndT sy = Wez[l(Tpo = Tp1) = ha(Tgs = T )] ©)

Additionally, applying the energy balance principle on an element of fluid of Model 2 in the
bottom fluid duct:

T;ZZCPZdeZ = WdZ[hg,(TbS - sz) - h4<Ti - sz)] (7)

where the energy balance on the cell of Model 2 is

g1 + G2 = Gua + qu2 + uexl(Tfo - Tumb) + uexZ(Ti - Tumb)

_ ®)
Gu1 + Gu2 = G + G2 — uexl(Tfo - Tamb) — Uex2(Ti = Tomp)

where U, for Models 1 and 2 is

Uex1 = hrg + hy )
while U,,, for model 2 is
L 1\"
1
N e A 1

uexZ (kl + hw) ( 0)

where 17.11 is the mass flow rate in the duct between the TSC and the PV; 7;12 is the mass flow rate in
the duct between the bottom of the PV and the surface of the insulation material; T; is the mean
temperature of the fluid inside the upper duct between the front of the PV and the TSC; hy is the
convection heat transfer coefficient at the bottom of the TSC; h; is the convection heat transfer coefficient
at the top of the PV; T; is the PV front surface temperature; g, is the rate of thermal energy absorbed
per unit area of the TSC by the fluid in the upper fluid duct in Model 2; g, is the rate of thermal
energy absorbed per unit area of the PV by the fluid in the lower fluid duct in Model 2; ki, is the
radiation heat transfer coefficient between the TSC and the sky. A layer of insulation has been taken
into consideration in Model 2.

hy =28 +3Vy (11)

Vw, hy, is the wind speed and the convection heat transfer coefficient of the wind, respectively [14].
The radiation heat transfer coefficient between the bottom of the PV and the surface of the insulation

material is
(Tps + Ti)(Tbsz +T72)

1 1
a—Fa—l

where ¢ is the Stefan—-Boltzmann constant, ¢; is the emissivity of the PV, and ¢; is the emissivity of the
insulation material. Since both of the models will have same hrg, then

(Tro + Taty)(T7 + Tot?)(Ty0 = To)
Tfo = Tamp

hrg = 0&TsC (13)

where Ty, = 0.0552 T2 [14]
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According to the solar radiation percentage part, as mentioned above, the solar radiation absorbed
by the TSC for Model 1 or 2 is equal to G(1 — 71s5c&), while the part of electrical power that the TSC
cell can convert is

Ersc = G(1 = 1rscé)arscnrsc (14)

where £ the percentage of the visible light, Esc is the generated electrical power of the TSC, arsc is
the absorptivity of the TSC, 115¢ the transparency of the TSC, and 77sc is the efficiency of the TSC.
The remaining part that the TSC unable to convert to electrical power will dissipate as heat in the TSC
cell as follows:

g = G(1 —t7sc&) (1 — arscnrse) (15)

The part of the radiation that absorbed by the PV is equal to G(17sc<&), and the part of the electrical
power that the PV cell will convert is

Ppy = Gtpy&apynpy eff (16)
PV

Npveff = n? (17)

Ppy = Gtrscapynpy (18)

The other part that the PV cannot convert to electrical power will dissipate as heat in the PV cell.

G2 = Gtrsc(&—apynpy) (19)

Ppy is the generated electrical power of the PV, apy is the absorptivity of the PV, 7py is the transparency
of the PV, npy is the efficiency of the PV cell, and G is the incident solar radiation; the thermal efficiency
of the model is [14]

L Qu

Mh = G4
where Q, is the amount of the useful heat, and A is the model surface area.
In order to make sure that the integrated TSC/PV produces more power than the PV alone
(under the same incident solar radiation), we intended to find the ranges of TSC transmissivity and
efficiency that help in attaining this objective. Hence, to calculate the minimum requirements of TSC
efficiency and transparency, the electrical output power of TSC and PV should be summed up and
compared with the output electrical of the PV standalone as follows:

(20)

nrsc nTsc
arsc—— + trsc|lapy — Earsc——] =1 (21)
npv npv

Equations (1)—(3) can be used to calculate the temperature of the surfaces and the cooling fluid
along the thermal model (Model 1). In other words, data points can be obtained to generate a
relationship between the mass flow rate of the cooling fluid and the surface temperature of the model.
The same analysis is used for Model 2 by using Equations (4)—(8). However, Equations (14)-(19) were
used to calculate the heat generation within the solar cell and to calculate the output electrical energy of
both the TSC and the traditional PV cell in both models. Whereas Equation (20) indicates the thermal
efficiency regarding the amount of fluid that can be used for domesticating the purpose, Equation (21)
represents the relationship between the PV and TSC efficiencies, which can be used to determine the
optimum output between the two cells. Based on Equation (21), optimizing the thermal model can
be done through manipulating TSC transparency and thus its efficiency with the PV. Additionally,
the relationship between the temperature coefficient of maximum power efficiency is approximated as
Karima et al. [14]

i Mmp,ref ﬁ

me,re f

(22)
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where the subscript ,;, indicates the maximum power point, f (the voltage temperature coefficient) =
—0.077 V/K, and y (the temperature coefficient of maximum power point efficiency) = 5.6 x 107 K~1.

Mmp = TNmp,ref + V(Tc - Tc,ref) (23)

where 1, ref (the electrical efficiency at maximum power point at reference condition) = 15%, Vi, rf is
the output voltage at maximum power point at reference condition (V), T, the cell temperature(K),
and T, s (the reference cell temperature) = 298.15 (K) [14]

. p mp,ref Imp,ref Vmp,ref
NMmp,ref = AG AG

(24)

Ly, ref is the output current at maximum power point at reference condition (A); G reference solar
radiation = 1000 (W/m?).

4. Results and Discussions

ANSYS software was used to obtain the results for the proposed models. The TSC is modeled
with the same properties as glass. The PV is modeled with the same material properties as a traditional
PV cell: a layer of glass, EVA (ethylene-vinyl-acetate copolymer), and silicon. Table 1 shows the
properties of the PV cell and the TSC that are simulated, and Table 2 shows the values of the design
parameters that are used for Models 1 and 2, where air and water are used as flowing fluid. The back
layer (Tedlar layer) of the PV is excluded from the simulation software due to its small thickness
compared to other major parts.

Table 1. Materials properties used in this work.

Material Density Specific Heat Thermal Conductivity Thickness Emittance
(g/cm®) (/kg.K) (W/m.K) (mm)
Insulation 0.160 100.00 0.038 50.0 0.75
Glass (TSC) 2.700 780.33 1.700 3.0 0.88
EVA 0.930 3135.00 0.235 0.8 -
Silicon 2.285 710.08 148.000 0.4 0.85

Table 2. Values of the design parameters for Models 1 and 2 used in this work.

Parameter, (Unit) Value Parameter, (Unit) Value
L, (m) 2 Li (cm) 5
W, (m) 1 Lo (mm) 3
Cooling space depth, 50 Cooling spaces depth, 100
Model 1, (mm) Model 2, (mm)
Lpv, (mm) 50 Cp, Air, (kJ/kgK) 1
Vw, (m/s) 1 Cp, Water, (kJ/kg K) 4.18

The first case simulated is the integration of the TSC with the PV without a cooling space. Figure 4
shows a comparison of the simulation result of the standalone PV with the result of Model 1 without
cooling. This figure shows extensive overheating of both solar cells since no cooling fluid is allowed
to flow between the two solar cells of Model 1. As a result, the forced convective heat transfer is
terminated, which results in extremely low efficiency since the voltage will drop linearly. The same
result can be concluded for power production as power is generated through the difference in energy
for the electrons that exist in the core material. When the solar panel is overheated, then the difference
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between solar energy and the remaining energy (solar cell) will be low, which will result in a reduction
of output power. This makes Model 1, integrating the TSC with the PV without cooling, inefficient.

ANSYS

R19.2
Academic

0250 o750

B6.677
66,008
65.5
64.911 Min

0.000 0.500 1.000 {rmy
1

0.250 0.750

(b)

Figure 4. Temperature contours (°C): (a) standalone PV; (b) Model 1 without cooling.

The effect of using air as a cooling fluid inside the duct that is attached below the conventional
PV cell for Model 1, with no spacing between the TSC and the PV cell, is shown in Figure 5. It can be
observed that the temperature had dropped down but was still not in the operating range.

ANSYS

R19.2
Academic

0000 0500 1.000(rm) z/k %
S Ee— )

0.250 0.750

Figure 5. Temperature contours (°C) of Model 1 with air cooling.

Water can be used instead of air inside the duct as a working fluid to improve the cooling process
since water has higher heat capacity and a higher convection heat transfer coefficient. Figure 6 shows
the contours of the temperature for this case, which is still relatively high and above the optimum
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operating temperature. Table 3 shows the maximum and minimum values of the temperature for
Model 1 as a comparison with the standalone PV cell. The results provided in this table validate
this model.

B soamt

H aram
24,096
40.000
M
34534
3346
28159
24971 Min

A

Figure 6. Temperature contours (°C) of Model 1 with water cooling.

0.000 0500 1.000 (m)
1

0250 0730

Table 3. The maximum and minimum temperature of the PV for Model 1. Trax s tan dalone = 69.50 °C;
Tmin, s tandalone = 65.16 °C.

Temperature (°C) Stand{:lg;ne PV, Without Cooling Air Cooling Water Cooling
Max. T?cr)rg:};erature 69.45 70.21 63.15 53.66
Min. Te(zncp)erature 65.10 64.91 24.97 24.97

Another important factor in the cooling process is the ambient temperature. This can directly
affect the surface temperature of both solar cells, resulting in lower output power as it becomes high.
As such, to study the effect of this parameter in the efficiency of Model 1, a mass flow rate of 0.5 kg/s
of the working fluid, with different ambient temperatures, is used for this model. The required TSC
efficiency, just to have the same output power as the standalone PV, is shown in Figure 7. To maximize
the efficiency of this model, two factors should be satisfied: low ambient temperature and the use
of efficient cooling fluid such as water. The worst scenario is without cooling and higher ambient
temperatures. Obtaining a low surface temperature for both cells is a very important factor regarding
the efficiency of the model. This can be obtained by increasing the flow rate of the fluid inside the
bottom duct. The higher the flow rate, the higher the fluid velocity inside the duct and the higher the
convection heat transfer coefficient. Figure 8 shows the required TSC efficiency just to have the same
output power as the standalone PV, with the same mass flow rate. The same conclusion is valid for the
conventional PV since the flow rate will affect the TSC cooling rate, which means it should also affect
PV cell efficiency. Additionally, Figure 9 shows the mass flow rate effect in the percentage drop in PV
cell efficiency.

The improvement in PV efficiency is represented as the percentage drop in PV efficiency.
The percentage drop decreases as the flow rate increases due to the higher heat transfer rate, which means
lower surface temperature and better efficiency. It is noted that TSC efficiency is related to conventional
PV efficiency since TSC efficiency is dependent on the ambient temperature due to its direct effect on
the surface temperature and power production. Therefore, the ambient temperature will affect PV
efficiency as well. This trend is shown in Figure 10, and it shows a comparison between Model 1 and
the standalone PV cell. This figure shows that Model 1 without cooling is in good agreement with the
standalone PV cell, while using a cooling process in this model will improve the results. This figure
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shows the validation of the present model since the results of the standalone PV are in good agreement
with Model 1 without cooling.
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Figure 7. Effect of the ambient temperature in TSC efficiency for Model 1, mass flow rate = 0.5 kg/s.
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Figure 8. Effect of the mass flow rate of the flowing fluid in TSC efficiency for Model 1. T,,,;, = 25°C.
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Figure 9. Effect of the mass flow rate of flowing fluid in percentage drop in PV cell efficiency for Model
1. Tppp = 25°C.

The required TSC efficiency, namely, to have the same output electrical power as the output
electrical power of the standalone PV cell when using water, is higher than using air or without cooling.
That is because the drop in PV efficiency is the lowest, as shown in Figure 10. When using air or without
cooling, the difference in the output electrical power between the standalone and the integrated PV is
low, which means low 7175¢c needs to cover this difference.
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Figure 10. Effect of ambient temperature in percentage drop of PV efficiency of Model 1 and the
standalone PV [36]. Mass flow rate = 0.5 kg/s.

According to the remarks from the previous figures, it is obvious that air or water flow through a
single fluid duct below the conventional PV is not enough for cooling the solar model to its optimum
operating temperature. For that reason, power production will be low. Another proposed model is to
have another cooling space between the conventional PV cell and the TSC, beside the space under the
PV cell. This can provide a higher heat transfer rate for both cells, causing the temperature of the cells
to drop significantly.

Comparing the results in Figure 11 to that in Figure 4, it is clear that the temperature of both
cells dropped significantly. Therefore, this suggested modification of using cooling fluid in the space
between the PV and the TSC cell has improved the model. This can decently increase the convective
heat transfer coefficient and thus lower the temperature of the cell, as shown in Figure 12.

0.000 0500 1,000 (m)
_ S—
0250 0750

oox 0500 1.000 (m)
[ Se—  S—
050 [E:7]

Figure 11. Temperature contours (°C) of Model 2 without cooling: (a) PV cell; (b) TSC cell.
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Figure 12. Temperature contours (°C) of Model 2 with air-air cooling. Top: PV cell; bottom: TSC cell.

Using water as a cooling fluid in the bottom space instead of air, while maintaining airflow in
the fluid duct between the two solar cells, can produce a noticeable improvement in the results on
the PV cell’s surface temperature. However, the TSC cell temperature will not be affected as much
since the fluid is in direct contact with the bottom surface of the PV cell. Figure 13 shows the PV cell’s
temperature distribution.

ANSYS

R19.2
Academic

1.000(m) Z/K %
1

Figure 13. Temperature contours (°C) of Model 2 with air-water cooling of the PV cell.

A comparison of the maximum and minimum temperatures of the proposed Model 2 is shown in
Table 4. As well known, increasing PV temperature will decrease PV efficiency. Therefore, PV cell
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temperature must be reduced to increase PV cell efficiency. As such, Model 2 is a good model as it
compares with Model 1 or a conventional PV cell.

Itis important to mention that conventional PV cell efficiency is set to 15%. However, this efficiency
can be obtained if the cell operates under optimum conditions, including a surface temperature of
the cell of about 25 °C. When it comes to real-life conditions, the surface temperature is a bit far from
the optimum one, which will have reduced efficiency when compared with that of a PV cell at a
temperature of 25 °C. Moreover, the mass flow rate of the cooling fluid can still play an important
role in the cooling process, where lower temperatures can be achieved with higher velocities or higher
mass flow rates. As such better efficiency can be obtained, a comparison of the percentage drop in PV
efficiency at the ambient temperature of 25 °C for Models 1 and 2 is shown in Figure 14.

Table 4. The maximum and minimum temperature values of the PV and TSC cells of Model 2.
Tmax, s tandalone = 69.41°C; Tmin, s tandalone = 65.63 °C.

Temperature °C Cell Standalone PV Without Air—Air Air—Water
P [36] Cooling Cooling Cooling
. PV Cell 69.45 62.92 46.74 46.64
Maximum Temperature
(°O) TSC Cell - 64.15 47.35 47.59
.. PV Cell 65.10 61.54 39.66 33.63
Minimum Temperature
(°C) TSC Cell - 64.02 45.63 45.64
25
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Figure 14. Comparison of the percentage drop in PV efficiency for Models 1 and 2 for different mass
flow rates. Ty, =25 °C.

For the TSC, the required efficiency just to have the same output power as the standalone PV will
increase with the increase in mass flow rate, as shown in Figure 15. Since increasing the mass flow
rate will achieve higher PV efficiency, based on Equation (21), the required efficiency of the TSC must
increase as well.

Figure 16 shows the effect of the ambient temperature on the required TSC efficiency just to have
the same output power as the standalone PV of Model 2 and provides a comparison with Model 1.
High ambient temperature results in low overall power.

Moreover, the ambient temperature can play a major role in dropping the efficiency, as shown
in Figure 17. From this figure, the percentage drop in PV efficiency drops down with an increase in
ambient temperature. This parameter can contribute to selecting the required PV; therefore, Figure 17
shows different ranges of temperature through which PV efficiency can change. It is important to note
that with different ambient temperatures, the selection of the transparent solar cell will differ since the
PV efficiency will vary. Additionally, Figure 17 shows a comparison of the percentage drop in PV cell
efficiency for the standalone PV with Models 1 and 2. This figure shows that the best model is Model 2
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with air-water cooling. Moreover, this figure shows validation for this study. The result of Model 1
without cooling is consistent with the result of the standalone PV, which provides verification of the
proposed model. In addition, this figure shows the validation of the present model since the results of
the standalone PV are in good agreement with Model 1 without cooling.
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Figure 15. Comparison of TSC efficiency of Models 1 and 2 for different mass flow rates. Tj,,;, = 25 °C.
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Figure 16. Comparison of TSC efficiency of Model 2 and Model 1 for different ambient temperatures.
Mass flow rate = 0.5 kg/s; transparency = 0.75.

It is important to indicate that the TSC will block a small portion of the sun rays that the
conventional PV cell will receive. This means that choosing an appropriate TSC to be integrated
with the conventional PV cell is very important. In order to optimize the integration of the TSC
with a traditional PV cell, three parameters should be taken into account in this model. According to
Equation (21), the parameters are TSC transparency, TSC efficiency, and PV cell efficiency. Figure 18
shows the efficiency of the TSC with the transparency of the cell for different PV efficiency rates.
This figure indicates the values of TSC transparency and efficiency that must be used with the conjugate
efficiency of the conventional PV cell to achieve an optimum integration of TSCs with PV cells.

The previous results indicate that Model 1 without flowing fluid is considered to be a poor thermal
model. For example, Figures 7 and 16 show the relationship between the required TSC efficiency in
order to have the same output power as the standalone PV and the ambient temperature. The TSC has
an efficiency of 0.07 for the first model, while the second model has an efficiency of 0.073 with water
cooling at an ambient temperature of 25 °C. The difference might not be that large, but it certainly
affects the efficiency of the conventional PV as well.
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Figure 17. Comparison of the percentage drop in PV efficiency for Model 1, Model 2, and the standalone
PV cell [36]. Mass flow rate = 0.5 kg/s, transparency = 0.75.
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Figure 18. TSC efficiency vs. transparency for different PV efficiency rates.

It is obvious that Figure 10 has a higher slope, which means lower PV efficiency since the
y-axis represents the absolute difference between the optimum efficiency and the resultant efficiency.
Using the same logic, we observe from Figure 14 that the slope is more decaying compared to Figure 9,
which indicates that PV efficiency will get closer to the optimum efficiency as the flow rate of the fluid
increases in Model 2, rather than in Model 1.

The minimum TSC efficiency just to have the same output of electrical power as the standalone PV,
at 75%transparency and 25 °C ambient temperature, without cooling, is equal to 0.063519 for Model 1
and 0.066119 for Model 2. Note that the efficiency needed in Model 2 is higher than that in Model 1
because the space between the TSC and the PV in Model 2 means better cooling. Then, the output of
electrical power of the PV will be higher and the required TSC efficiency just to have the same output
of electrical power as the standalone PV will be higher.

5. Validations

The proposed model was validated by comparing the results of the standalone PV that were
available in the literature [36] with the two models that are proposed in this paper. Tables 3 and 4
show the results of the maximum and minimum temperatures of the standalone PV with Model 1 and
Model 2 without cooling. The results are in good agreement. Additionally, Figures 10 and 17 show
the percentage drop in the voltage of the standalone PV with the present models. The results of the
standalone PV are in good agreement with the present models without cooling.
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6. Conclusions

In this paper, integrating a transparent solar cell with a conventional PV cell (TSC/SC) was
theoretically proposed, simulated, and analyzed. This study does not take any economic aspects into
consideration and these aspects will be the focus of an upcoming study after commercializing the
transparent cell. The objective of this research is to achieve higher electrical and thermal efficiencies
than with conventional PVs. The results showed that integrating a transparent solar cell with a
conventional photovoltaic cell (TSC/SC) enabled the system to absorb and utilize both wavelengths of
the solar radiation spectrum; the ultraviolet, infrared, and visible light spectrum. Although adding
the transparent solar cell was supposed to increase the output energy due to the utilization of
the unconverted solar radiation, at the same time, it had two negative side effects. The first effect
was reducing the transmitted radiation to the conventional solar cell due to the transmissivity of
the transparent cell. The second effect was increasing the conventional cell temperature due to the
additional thermal resistance, which reduced the effectiveness of the cooling of the cell, so integrating
TSC and SC is not always beneficial. To summarize, this paper investigated the operating and design
conditions under which integrating a transparent solar cell with a conventional photovoltaic cell
(TSC/SC) could harvest more electrical power from the same incident solar radiation. This is because the
integration has positive core effects and negative side effects. In this study, the conditions under which
the positive core effects offset the negative side ones were investigated. Additionally, the results showed
that providing space between the TSC and the traditional PV cell avoided overheating both solar
cells. Moreover, the transparency limitations, combined with the required efficiencies, are displayed
mathematically and graphically. Furthermore, the effect of ambient temperature, mass flow rate,
and fluid type in model efficiency was studied.

It is an initial theoretical study that shows some first results; it is almost a work in progress.
In future works, the viability of the physical construction of the proposed models will be demonstrated,
as well as an economic study that shows the cost of this new technology.

The findings of this study are as follows:

e Model 1:

1- Therequired TSC efficiency just to have the same output power as the standalone PV increases
as the ambient air temperature decreases and as the mass flow rate of the coolant increases.

2- In general, the cooling process improved the efficiency of the PV. Using water as a coolant
improved its efficiency more than air. The efficiency of the PV with mass flow rate = 0.5 kg/s
and 25 °C as the ambient temperature was as follows: 0.067 for air cooling and 0.07 for
water cooling.

3- The percentage drop in PV cell efficiency decreases as the mass flow rate of the coolant
increases and as the ambient temperature decreases, and it had the lowest value when water
was used as a coolant. The percentage drop in PV efficiency was 1.4, with 25 °C as the ambient
temperature and 1 kg/s mass flow rate of air, while it was 0.9 for water cooling. For 0.5 kg/s
with the same temperature, it was 1.7 for air cooling and 1.1 for water cooling.

4- The maximum and minimum temperatures of the PV cell were higher for the PV cell without
cooling, and they were lower for this model with cooling. The maximum temperatures
of the PV were as follows: 70.20, 63.14, and 53.66 °C, without cooling, with air cooling,
and with water cooling, respectively. For the minimum temperatures, they were 64.90, 24.96,
and 24.96 °C, without cooling, with air cooling, and with water cooling, respectively.

e  Model 2:
1-  The percentage drop in PV cell efficiency decreases as the mass flow rate of the coolant

increases and as the ambient temperature decreases, and it had the lowest value when
air/water was used for cooling.
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2-

The required TSC efficiency, just to have the same output power as the standalone PV,
increases as the mass flow rate increases and the ambient temperature decreases, and it had
the highest value when air/water was used for cooling.

The maximum and minimum temperatures of the PV cell and the TSC were lower than that
of Model 1, which means higher efficiency, as shown in Table 4.

The required TSC efficiency, just to have the same output power as the standalone PV,
increases as the transparency decreases; to have higher efficiency, the PV efficiency should be
higher with low transparency. For 13% PV efficiency, when the transparency = 0.2, the TSC
efficiency was 12.0%, while it was 8.5% when transparency = 0.6.

Higher PV efficiency can be achieved by enhancing the cooling process by using two spaces:
one between the TSC and the PV cell and the second at the bottom of the PV cell.

Adding the transparent solar cell was supposed to increase the harvested energy due to
the utilization of the unconverted solar radiation. However, it left two negative side effects.
The first negative side effect was the reduction of the transmitted radiation to the conventional
solar cell due to the transmissivity of the transparent cell. The second negative side was
increase in the conventional cell temperature due to the additional thermal resistance that
reduced the effectiveness of cooling the cell from above.
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Nomenclature

Cp Specific heat ratio (J/kg K)

dz Element length in the flow direction

p Generated electrical power (W/m?2)

G Incident solar radiation (W/m?)

h Convection heat transfer coefficient at the bottom of the PV in model 1, (W/m? K)

h Convection heat transfer coefficient at the bottom of the TSC in model 2, (W/m?2 K)

hy Convection heat transfer coefficient at the top of the PV in model 2, (W/m? K)

hs Convection heat transfer coefficient at the bottom of the PV in model 2, (W/rn2 K)

" Radiation heat transfer coefficient between the bottom of the PV and the surface of the insulation
rd material, (W/m? K)

hy Convection heat transfer coefficient at the insulation surface in model 2, (W/m2 K)

hrg Radiation heat transfer coefficient between the TSC and the sky;, (W/m? K)

hy Convection heat transfer coefficient of the wind, (W/m?2 K)

kpy Thermal conductivity of the PV, (W/m K)

ko Thermal conductivity of organic TSC, (W/m K)

L Model length, (m)

Lo Thickness of organic TSC, (m)

Lpy Thickness of the PV, (m)

m Mass flow rate, (kg/s)

PV Photovoltaic

Q Amount of the useful heat (W)
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qtn1 Heat generation rate on the surface of the TSC, (W/m?)

G2 Heat generation rate on the surface of the PV cell, (W/m?)

qu Rate of thermal energy absorbed per unit area at the bottom of PV cell in model, (W/m?)

Rate of thermal energy absorbed per unit area of the TSC by the fluid in the upper fluid duct in

Tl model 2(W/m?)

Rate of thermal energy absorbed per unit area of the PV by the fluid in the lower fluid duct in

qu2 model 2 (W/m?2)

TSC Transparent solar cell

Tt Organic TSC front temperature, (K)

Tho TSC bottom surface temperature, (K)

Ths PV cell bottom temperature, (K)

T Mean temperature of the fluid inside the lower duct between the bottom of the PV and the

2 insulation material, (K)

T; Temperature of insulation material, (K)

Ty Mean temperature of the fluid inside the upper duct between the front of the PV and the TSC, (K)

Tgs PV front surface temperature, (K)

U1 Overall heat transfer coefficient of the top side, (W/m?2 K)

U,y Overall heat transfer coefficient of the bottom side, (W/m?2 K)

Vu Wind speed (m/s)

W Model width (m)

Greek

a Absorptivity

€1 Emissivity of the PV

& Emissivity of the insulation material

T Transmissivity

n Efficiency

o Stefan- Boltzmann constant, (W/m? K#)

3 Percentage of the visible light
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