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Abstract: Utilizing renewable energy sources is a long-term mitigation solution. Electricity
generation by photovoltaic (PV) is growing rapidly and PV is at the forefront of the
renewable energy revolution. Dye-Sensitized Solar Cell (DSSC) is one of the more popular
transparent solar cells used for architectures. Additionally, DSSC is a cost-effective solar
cell and simple to manufacture because of the inexpensive materials, which are used in the
fabrication processes. This article explores a method to optimize the thermal properties of
the DSSC. For the simulation COMSOL Multiphysics software usage has been used and 3-
dimensional scheme via numerically solved coupled models — such as heat transfer in solids
and fluids, and turbulent flow — in stationary mode have been applied. Boundary conditions
have been added and described in great details. For the optimization process, the glass
substrate has been modified. The temperature distribution in the volume and in the surface;
pressure distribution in the volume; and velocity distribution in the volume have been
presented. On the other hand, the temperature distribution, along a line, is extracted from
the 3-dimensional geometry, to analyze the thermal behavior and use for further
investigation, the electrical behavior of the Dye-Sensitized Solar Cell. The results show that
the higher temperature, which is located at the top part of the geometry, is 318 K.
The calculated open-circuit voltage of the cell is between 448 mV and 452 mV and the
gradient is —2 mV /°C.

Keywords: Dye-Sensitized Solar Cell; Optimization; Thermal Analysis; Simulation; Open-
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1 Introduction

The Global Energy Crisis is a high-level scientific challenge, which has not been
solved. It is an intensely debated topic, concerning what kind of measurements have
to be taken, in order to reduce carbon-dioxide emission into the atmosphere [1].
Devastating results are forecasted, if the current trends continue in electricity
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production [2] [3]. Many researchers emphasized that the use of cost-effective, low-
carbon energy technologies are very relevant and undisputedly important [4].
Furthermore, if this continues, carbon-dioxide emissions could be 60% higher
within 25 years compared to the current emissions. The most significant greenhouse
gas is carbon-dioxide. On the other hand, the energy demand is predicted to be 70%
higher by 2050 [5]. Fossil fuel-based energy generation has been the dominant
mode of energy production in previous decades, contributing a great deal of
greenhouse gas emissions [6-8].

Utilizing renewable energy sources is a long-term mitigation solution. As a matter
of fact, the electromagnetic radiation (waves) hit the earth’s surface can
significantly cover the needs of humans’ activity [9]. This is why, solar energy is
more urgent than ever before. On the other hand, billions of US dollars had been
invested into clean energy development [10]. Moreover, electricity generation by
photovoltaics (PV) is growing rapidly and PV is at the forefront of the renewable
energy revolution [11]. The device harnesses the power of the electromagnetic wave
and directly converts it into electrical energy. However, several solar cell types
exist, the most commonly used photovoltaic device is the monocrystalline solar
panel. The principle of the effect is that the striking photons excite the electrons in
the semiconductor material, causing the generation and the flow of the electric
current, known as direct current (DC) [12]. After that DC is converted into
alternating current (AC) using inverters [ 13]. The current trends show that solar cell
research also moved towards building integrated photovoltaic in which transparent
solar cell is favorable [ 14].

Dye-sensitized solar cell (DSSC) is one of the most popular transparent solar cells
used for architecture. Additionally, DSSC is a cost-effective solar cell and simple
to manufacture solar cell because inexpensive materials are used for fabrication
processes. DSSC is composed of five main components: glass substrate coated with
transparent conductive oxide, titanium-dioxide semiconductor, dye sensitizer,
electrolyte solution and platinum catalyst. The sensitizing dye molecules are excited
by the incoming photons, then electrons injected from dye molecule into the
conduction band of the titanium-dioxide semiconductor layer. The charge
separation and charge generation are done separately. Moreover, after the injection,
the dye is oxidized and it can receive electrons from the electrolyte solution. After,
ions diffuse to the counter electrode in order to receive electrons [15]. The dye
absorber has to meet with the following requirement: It has to be able to absorb a
wide part of the solar spectrum. Interestingly, the number of publications has
increased due to the intensive research interest towards this innovative cell [16].

Arifin et al. investigated the effect of heat sink properties on solar cell cooling
system using numerical simulations and experimental investigation. In the study a
passive cooling system, namely heat sink, has been added. The cooling system was
modelled using Navier-Stokes equation. Applying 15 pins copper-based heat sink,
the temperature of the solar cell decreased by 10.2 °C, and the efficiency of the PV
increased by 2.74% [17]. Other researchers conducted analysis on dye-sensitized
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solar cell and temperature improvement. Baiju et al. reported a temperature
sintering process of titanium-dioxide on polymer substrates using heat sink [18].
Others proposed a dye-sensitized solar cell — thermoelectric hybrid system in order
to improve the output efficiency and electric power of the system [19]. On the other
hand, this innovative method also enhances the thermal effect of the solar cell by
recycling the accumulated heat inside the DSSC. In the study of Chang. et al, a solar
thermoelectric module investigation was doing by the integration of CuO thin films
[20]. Chen et al. analyzed the thermal performance of a DSSC module using
numerical model. Their results indicate that the wind speed affect the cooling effect:
the greater the wind speed is, the better the cooling effect [21].

Furthermore, thermal stress analysis also takes an import role in the investigation
of the dye-sensitized solar cell. Saasaoui et al. studied the electrical characterization
of natural DSSC applying different thermal stress conditions [22]. Investigation
under extended thermal stress was also conducted by Yadav et al. [23]. Bari et al.
also investigated the thermal stresses of the DSSC device by using climatic chamber
at a constant temperature. Their investigation showed that the degradation reduces
the photogenerated current [24]. Solanki et al. investigated a concentrator PV
module, in which the cell is integrated in V-troughs, resulting better heat dissipation
[25]. Kim et al. improved heat dissipation in crystalline silicon PV by using a highly
thermal conducting backsheet [26]. Shao et al. investigated the optical and thermal
performance of dynamic concentrating solar module [27].

In previous publications, dye-sensitized solar cell — thermoelectric generator
(DSSC-TEG) hybrid system, was investigated and the results showed that the use
of TEG dissipated heat from the backside of the solar cell by temperature difference
in the two sides. This way the thermoelectric generator can increase the efficiency
of the system [28]. This article explores another method optimizing the thermal
properties of the dye-sensitized solar cell. The aim of this article is to simulate the
temperature distribution of the glass substrate of a dye-sensitized solar cell by
modifying the glass structure with heat dissipation spheres. Applying this feature,
DSSC remains transparent, and its heat dissipation can be increased. This study
paves the way in providing some key insights related to this field.

2 Modelling and Simulation

During the simulation, the thermal analysis of the dye-sensitized solar cell was
investigated by modifying the glass substrate. As a first step, the geometry and
material were selected, then adding the physics and the mesh. As a next step, the
simulations were performed, data were collected, results were analyzed, and
conclusions were drawn.
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COMSOL Multiphysics software was used to build the model and simulate it.
COMSOL is often used for thermal analysis of various devices [29]. The simulation
was in three-dimensional scheme via numerically solved coupled models. On the
other hand, in the simulation steady state conditions have been applied which means
that for the heat transfer the temperature does not change with time; for the fluid
dynamics, the fluids flow does not change with time. In many studied literature,
stationary condition is favorable for the simulations [17] [29].

2.1 Geometry and Materials

As it was mentioned, the conventional dye-sensitized solar cell contains five main
components. In the preparation of the simulation design, some simplifications were
made: DSSC solar cell was substituted by the glass carrier because the glass carrier
constitute a significant portion of the mass of the DSSC.

During the definition of geometries, it was taken into account that the research could
be continued further investigation in the future (e.g., comparison with another
geometry structure). Therefore, the dimensions of the glass block (represents the
dye-sensitized solar cell) are 6 mm x 4 mm x 4 mm. The dimensions are given in
the following format: Width x Depth x Height. The glass block is in the middle, and
it is surrounded by a block of air. At the bottom of the glass carrier, heat dissipation
balls are located, with diameters of 1 mm. Thus, the system remains transparent.
The glass block and the six pieces of spheres are built together. In other words, the
number of the dissipation balls are six.

o x107m

Figure 1
The designed and built geometry in three dimensions. The glass block is in the middle, and it is
surrounded by the air. Also, at the bottom of the glass, heat dissipation balls are located.

The following aspects have been taken into consideration in the selection of
dissipation ball diameter:
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(1) The 1 mm diameter can provide sufficient surface area for efficient
heat dissipation without affecting the materials’ transparency

(i1) The computational time of the simulation is shorter with 1 mm
diameter, with larger balls, the computational load would increase

(iii) More dissipation balls can be placed under the surface. The dimension
of the air block is 18 mm x 12 mm x 8 mm. Figure 1 represents the
designs and the built geometry in three dimensions, where the
dimension of the three axes, are set in mm.

The air is taken into account as an incompressible fluid if the flow velocity is below
100 m/s [17] [30]. The selected materials, such as glass and air, are from COMSOL
library. These built-in-materials contain the dynamic viscosity, ratio of specific
heat, heat capacity at constant pressure, density and thermal conductivity.

2.2 Heat Transfer

The heat transfer module has been added to physics. From the heat transfer module,
heat transfer in solids and fluid joint interfaces have been chosen.

2.2.1 Heat Transfer in Solids

The heat conduction in solid is described by the Fourier equation, where the heat
transfers from the higher temperature point to the lower temperature point.
The accumulated heat inside the system has to be transported in order to reduce the
temperature of the cell. Thus, simulating the heat transfer in solids are essential.
The following equation describes the heat transfer in solid:

pCo (5 + Uerans *VT) + V- (g + ¢,) = —aT: S+ @ (D
Where,

e p is the density

e (, is the specific heat at constant stress

e T is the absolute temperature

®  U;ans 1S the velocity vector of translation motion

e g is the heat flux by conduction

e g, is the heat flux by radiation

e« is the coefficient of thermal expansion

e Sis the second Piola-Kirchhoff stress tensor

e () contains additional heat sources
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From equation (1), it is seen that the temperature and the second Piloa-Kirchhoff
stress tensor are time dependent. Taking into account that the simulation is
stationary, these elements in the equation is considered to zero. In other words, the
first derivative of the temperature with respect to time is zero, and the first
derivative of the second Piloa-Kirchhoff stress tensor with respect to time is zero.
Surface-to-Ambient Radiation boundary condition has been applied between the
solid surface and the fluid surface contact. The surface emissivity was 0.85 [31].
Moreover, heat flux boundary condition has been added and general inward heat
flux was selected and the value of it is 1000 W/m?.

2.2.2 Heat Transfer in Fluids

Taking into consideration the solar cell is surrounded by air, the simulation of heat
transfer in fluids are also crucial. Compressible and incompressible fluids are
distinguished. If the flow velocity of the fluid is below 100 m/s, the air can be
considered as incompressible fluid [17], which means that the density of the fluid
is constant. In other words, the density of the fluid does not change in time and with
the flow. On the other hand, the following equation, equation (2), describes the
incompressible fluid in three-dimensional version:

9 _ 0.9 _ . % _
a_o'ay_o'az_o (2)
Where,

e pis the density

° X, y, z are the three-dimension coordinates
aT
pCo (54 u-VT)+V-(q+4,) = Qp+ Qua+ Q (3)
ap
where Q, = a,T (E +u- Vp) and Q,q = t:Vu, where,
e  The dependent variables are the temperature, T
e  Pressure,p
In equation (3), p represents the density:
e (, is the specific heat capacity at constant pressure
e uis the velocity vector
® a, is the coefficient of thermal expansion
e g is the heat flux by conduction

e g, is the heat flux by radiation

e T is the viscous stress tensor

Q is the heat source
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a ..
On the other hand, a, = — % 6_’/1)" Furthermore, the heat flux boundary condition has

been added to the simulation. Convective heat flux has been chosen and the heat
transfer coefficient was set to be 5 W/(m? K) and the external temperature was set
to ambient temperature. The time-dependent variables appealing in the third
equation are also zero, because the simulation is solved in stationary mode.

2.3 Turbulent Flow

From the single-phase flow interfaces, turbulent flow, k — € interface was selected.
The program solves the Raynolds-averaged Navier-Stokes equations for the
velocity field, pressure and the turbulent viscosity. According to [32], the k — ¢
model is one of the most used turbulent models for industrial applications.
The model contains two dependent variables which are the turbulent kinetic energy,
namely k, and the turbulent dissipation rate, known as &; and two additional
transport equation, equation (5) and equation (7).

The turbulent viscosity is modelled as:

kZ
Hr = pC, @)
where C, is the model constant.

On the other hand, the transport equation for k is the following:
p%+pu-Vk=V-<(M+Z—Z)Vk>+Pk—pe 5)
where the production term i:
P, = ur (Vu: Vu + (Vw)T) — E(V -u)z) — gka ‘u (6)
The transport equation for € reads:

2
p%+pu-V£=V-((y+Z—Z)V£>+C£1£Pk—C£2p% @)
Constant values are determined in the moles such as ¢, = 0.09, C,; = 1.44, C,, =

1.92, 0, = 1.0, 0. = 1.3

Furthermore, two boundary conditions have been applied: (i) inlet boundary
condition and (ii) outlet boundary condition. Similar to the previous points, the
current equation was also solved in a stationary mode.
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2.4 Mesh

After defining the parameters, building the geometries, selecting the used materials
and applying the useful physics, the next step was to set the mesh. In the mesh
builder, physics-controlled mesh was selected under sequence type and the element
size was set to normal.

0 x10%m

Figure 2
Mesh about the built geometry. The element size was set to normal and it is seen that the element size
is much dense at the connections.

Figure 2 represents the mesh about the built geometries. The choice of the element
size was made because of the computation time and computation capacity had to be
taken into account. Moreover, the mesh is dense at the connection points. For the
simulation Dell laptop with Intel64 Family 6 Model 141 Stepping 1, 6 cores CPU
with 8 GB RAM was used. The computation time was 1 hour 59 minutes and 40
seconds.

3 Results and Discissions

The simulation aimed to explore and analyze the temperature distribution of the
glass substrate of a dye-sensitized solar cell by modifying the glass substrate with
heat dissipation spheres. In the following subsections, results of the temperature
distribution will be shown, then the data preprocessing comes. Additionally, results
from the simulation will be used for further dye-sensitized solar cell simulation.
The findings provide a comprehensive understanding of the system’s behavior and
pave the way for potential further research in the dye-sensitized solar cell
optimization filed.

Simulations were run without heat dissipation spheres at the back contact.
Comparing the results, it can be stated that the dissipation balls assist in heat
dissipation since the volume temperature becomes lower (from
~319 K to ~317 K) in stationary mode.
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3.1 Results of the Simulation

The temperature distribution in the volume and in the surface, pressure distribution
in the volume and velocity distribution in the volume will be presented in this
subchapter. Figure 3 shows the temperature distribution across the three-
dimensional geometry with the streamline.

308
306
304

302

Figure 3

Temperature distribution across the three-dimensional geometry with streamline. Streamlines
represent the flow of the heat.

It is visible from the figure that the central part heats the entire geometry and the
heat transports from the higher temperature point to the lower temperature point.
Also, in the figure, the streamlines are visible and show the direction of the heat.
On the right side of the figure, the color legend, and on the left side of the figure the
axis orientation can be seen. The dimension of the temperature is in kelvin.
Furthermore, because of the glass substrate surrounded by the air, the air can
dissipate a great part of heat from the glass substrate.

On the other hand, the glass body is higher than 316 K. Moreover, the 2D surface
plot represents a cross-section view of the geometry. The mentioned surface plot is
shown in Figure 4, and it shows the temperature distribution in two dimension.

It is worth mentioning that the surface plot represents the temperature distribution
of the geometries better. Additionally, the added spheres contribute to the greater
heat dissipation. The color mapping in both Figures 3 and 4 plots help visualize the
intensity of the temperature variable indicating the warmer temperature points and
the colder temperature points. For the visualization XZ-planes have been added.
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Figure 4
A cross-section wire of the geometries indicating the temperature values via the color bar on the right
side of the figure. The figure represents the XZ-cut plane section of Figure 3 plot.

Moreover, in order to enhance the evaluation of the results, the pressure distribution
plot can be observed in Figure 5. Additionally, it shows how the pressure changes
within the system.

5 x10%m 20
0

4 10

2

0 x10%m 0

-2

4 -10
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i - -20
y‘i_x : 0 %107 m 30
-5
Figure 5

Pressure distribution across the three-dimensional geometry. On the right side, the color bar is
visible. (Reddish color means warmer areas.)

The incoming air flows in from the front side. Therefore, the pressure values are
higher in the front side, representing reddish color. Moreover, from Figure 5 it can
be seen that at the edges of the air block (high block surrounds the glass block), the
value of the pressure is either zero or approached to zero. The other figure which
represents the turbulent flow in the materials can be observed in the Figure 5.
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Figure 6 illustrates the change in velocity in the geometry. The y-component of the
velocity is shows in the figure. It displays how the velocity fluctuates over the
material structure. Furthermore, value of the system seems to be higher at certain
regions, while in other areas, the value of the velocity is lower. In those regions
where the velocity is higher, those areas indicating faster motion. The visual
representation of the y-component of the velocity across the geometry provides
insight into the distribution of the velocity and helps to understand how the air flows
in such geometries behaves throughout the designed and built system.

5 x10%m

0

10

o
x
N
S
3
o N W H» U1 O

i 0 x107 m -1

Figure 6
They y-component of the velocity across the geometry where the turbulent flow was applied. (Red

color means warmer areas. )

3.2 Data Preprocessing

After the simulation and temperature distribution, pressure distribution and y-
component of the velocity distribution visualizations, a cut-line 2D from the cut
plane data set has been added. The starting point of the x component (point 1) of
the line is 3 mm, and the finishing point of it (point 2) is 3 mm. Additionally, the
starting point of the y component (point 1) is -4 mm and the finishing point of it
(point 2) is 4 mm. Figure 7a, shows the aforementioned cut line used for further
data visualization and Figure 7b, represents the temperature distribution across the
cut line. The cut line was extracted from the three-dimensional geometry shown in
Figure 7a). Moreover, Figure 7b, provides insight into how the temperature variable
with distance changes. It can be seen that the part, at 0.008 mm height, has the
highest temperature. The temperature gradient can be identified and also one of the
key regions of interest in the plot is at 0.003, where the two geometries (glass
substrate and air) meet.
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Figure 7

a) The cut line used for further data visualization and data analyzation, where the horizontal
coordinates are the x coordinate and the vertical coordinates are the z coordinates. b) Temperature
distribution across the cut plane. The horizontal coordinates are the temperature in kelvin dimension
and the horizontal coordinates are the height in millimeter dimension.

3.3 Open-Circuit Voltage

Further investigations were conducted based on the temperature results obtained
from the simulation. Temperature is a crucial factor of the solar cell investigation.
In the [33] publication, an application has been developed to investigate the open-
circuit voltage value, which takes into consideration the experimental data and the
optical equations of the dye-sensitized solar cell using numerical finite element
method as numerical procedure. The input parameters are the thickness of the cell,
reflection, electron density in the dark, energy between the conduction band and the
Fermi level, electron lifetime and the cell temperature. Furthermore, photoncount-
wavelength spectrum, transmission-wavelength spectrum and the irradiation
intensity-wavelength spectrum can be imported from a .txt file. The open-circuit
voltage simulation was conducted based on the result from Figure 7b. In other
words, 316 K and 318 K temperature values have been taken into account for
further investigation. After adding the temperature value to the application, the
solved open-circuit values are 448 mV if the temperature is 318 K, and 452 mV if
the temperature value is 316 K. From the results it is seen that, if the temperature
increases, the open-circuit voltage would decrease. Moreover, the temperature
gradient is —2 mV /°C.

Conclusions

This article explores a novel method to optimize the thermal properties of dye-
sensitized solar cells. In an earlier publication, the optimization of the dye-

sensitized solar cell was focused on applying machine learning techniques. The aim
of this article is simulating the temperature distribution of the glass substrate, of a
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dye-sensitized solar cell, by modifying the glass structure with heat dissipation
spheres. Applying this feature, the dye-sensitized solar cell remains transparent and
its heat dissipation can be increased. Also, simulations were run without heat
dissipation spheres at the black contact. Comparing the results, it can be stated that
the dissipation balls assist in heat dissipation (from ~319 K to ~317 K), since the
volume temperature becomes lower. For the simulation, the COMSOL
Multiphysics Software has been used with a three-dimensional scheme, via
numerically solved coupled models — heat transfer in solids and fluids, and turbulent
flow — in stationary mode have been applied.

The temperature distribution in the volume and at the surface, pressure distribution
in the volume and y-component of velocity distribution in the volume, have been
presented. Furthermore, the temperature distribution along a line, is extracted from
the three-dimensional geometry, to analyze the thermal behaviors and used for
open-circuit voltage simulation. The results show that the glass body temperature is
between 316 K — 318 K, resulting in 448 mV — 452 mV open-circuit voltage. On
the other hand, if the temperature increases, the open-circuit voltage parameter
decreases. The results obtained from the simulations, provide an opportunity for
enhancing the short-circuit voltage of the dye-sensitized solar cell, through the
applied application.
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