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ABSTRACT

Monofacial modules capture light that falls on the front side of the module, and
convert the solar energy to electricity. Bifacial modules can also capture the light that falls on
the rear side of the module. For free standing bifacial modules, this results in a power output
increase of 5 to 30% compared to monofacial modules. However, due to the heat generation
by rear irradiance, this gain is partly lost. In this work, the effect of cell architecture
(bifacial/monofacial) and module layout (bifacial/monofacial) on how much modules heat up
under outdoor conditions is examined and the heat input mechanism from indoor
measurements investigated. This is important because high temperature decreases the open
circuit voltage (Vo) of the cell/module which means less power output.

Main heat input mechanisms of a solar cell are thermalization, recombination, entropy,
absorption of metal parts of the cells and free carrier absorption (FCA) which is absorption of
IR light below the band gap. Since the cells that are used in this work have the same
absorbing material (Crystalline silicon), comparable thermalization, recombination and
entropy losses are expected. Hence, main difference between total heat input of the cells is
due to the difference in parasitic heat inputs which includes FCA, absorption of metal parts
and recombination. From heat input calculations by using indoor measurements, modules with
Al-BSF cell have the highest heat input compared to modules with bifacial cell due to
parasitic light absorption by the full aluminum (Al) back contact. This indoor calculation
correlates with outdoor measurements where the modules are placed free-standing on rooftop
of a building. Glass-glass module with Al-BSF cell is 3.4+1.7 K higher in temperature at 1000
W/m2 front irradiance (rear irradiance is around 11% of front irradiance) compared to glass-
glass module with a PERPoly 100nm cell, which is one of the bifacial cells in this work.
Additional to the parasitic absorption by the Al back contact from light from the front side,
the rear illumination that is not reflected (80%) is fully absorbed and turned into heat by the
rear configuration (AI/EVA(ethylene vinyl acetate)/Glass). For white back sheet modules
(Glass/EVA/Solar Cell/EVA/white back sheet), Al-BSF module has 2.4+0.8 K higher
temperature compared to PERPoly 100nm module at 1000 W/m2 front irradiance. Both these
temperature differences for glass-glass and white back sheet modules correspond to 1.4+0.7%
and 1.0£0.3% power gain for PERPoly 100nm modules compared to Al-BSF module. From
the outdoor results, glass-glass PERPoly 100nm module is 3.6+1.5 K cooler than Al-BSF
white back sheet module at 1000 W/m2 front irradiance (rear irradiance is around 11% of
front irradiance). This temperature difference corresponds 1.5+0.6% power gain for PERPoly
100nm module compared to Al-BSF module. This result does not correlate with the indoor
heat input calculations because higher heat input calculated for bifacial module compared to
monofacial module at 11% rear irradiance fraction. The main reason for the absence of
heating of bifacial module can be the 6% higher emissivity of glass compared to back sheet
which results in higher radiative heat transfer for bifacial modules [1] [2]. Also, conductive
heat transfer within the module level for bifacial modules might be better compared to
monofacial modules. Even though indoor results show that a bifacial module heats more
under 11% rear irradiance, outdoor results show that a bifacial module is cooler than
monofacial module. At higher rear irradiance conditions the bifacial module might have the
same temperature as monofacial module, while the power output is 5 to 30% higher, making
the bifacial modules very attractive for large scale implementations.

12



1. Introduction

1.1. Solar Energy

In 2015, global energy production was around 24100 TWh which was provided from
non-renewable (76.5%) and renewable energy sources (23.5%) [3]. Due to the depletion of
non-renewable sources (e.g. coal, natural gas and oil) and negative environmental impact of
the use of fossil fuels (e.g. climate change) [4] [5], transition from non-renewable energy
sources to renewable energy sources (e.g. hydro, wind, solar, biofuel, geothermal) has started.
Photovoltaics (PV) and thermal energy from solar energy are types of solar energy sources.
PV had 1% contribution on the global energy generation in 2015 [3]. The energy generation
by PV grows faster than most of the other electric generation technologies with a growing rate
of around 45% in the last 15 years while the cost of the PV is reduced enormously [4].
Increasing cumulative production rate with decreasing cost can be expressed by the
Swansson’s law (learning curve) [5]. As can be seen in Figure 1, module prices learning rate
IS 22.5% over last 41 years, and even 39% over the last decade [6]. Due to the silicon shortage
between 2004 and 2006, there is peak in the cost of the PV. Globally, the weighted average
levelized cost of electricity (LCOE) for coal and natural gas was around 0.05-0.15 USD/kWh
in 2015 and for large scale solar PV this was 0.13 USD/kWh, which is comparable with coal
and natural gas prices [3]. The LCOE for large scale solar PV is expected to be below 0.03
USD/KWh in 2017. The reason behind the price reduction of the PV modules is the increasing
efficiency of the solar cells, improvements in the manufacturing of solar modules and
economies of scale [7] [8]. Looking at the historic trend of the learning curve, it is foreseen
that the PV industry can keep the curve at high levels with improving cell and manufacturing
technologies [4].
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Silicon solar cells are photovoltaic devices, converting the energy of the light directly
to electricity, which use silicon as an absorber material with 1.12 eV band gap energy. Most
common industrial made type of solar cell is the so-called monofacial Al-Back Surface Field
(BSF) solar cell. However, this solar cell type is limited in maximal achievable efficiency, due
to the higher rear recombination losses. There are different types of cell technology in the
market and in the research phase. As high efficiency is needed in order to keep the learning
curve at high levels, many research centers and universities are studying the high efficient
solar cell technologies around the world. Rear passivated solar cell technologies like
Passivated Emitter with Rear Locally diffused (PERL) cell [9] and Passivated Emitter and
Rear Polysilicon (PERPoly) cell [10] can be given as an example of this. Another focus point
in achieving high efficiencies is the reduction of the front metallization, which creates more
active area available to refract light into the cell, by using for example Interdigitated Back
Contact (IBC) [11] cell technology. Additionally, bifacial solar cells, which collect incident
light both at the front and rear of the cell, is another promising technology to increase the
amount of electricity production per area without increasing the production cost of the cell
[12]. An additional advantage of bifacial solar cells over monofacial solar cells is the lower
operational temperature due to the absence of full aluminum back contact which highly
absorbs unabsorbed infrared (IR) light through the solar cell and acts as a heat generator [13]
[14]. A lower operational temperature of the solar panel is desired as it is directly linked to
higher power performance. The reasons for the increment in the temperature of PV modules
during the operation are thermalization and parasitic heating which consist of recombination,
free carrier absorption (FCA), absorption of light by inactive area of the solar cell and module
materials. The solar module which is heated by irradiation of sun light cools down by
convection (free and forced convection) and radiation. Especially, forced convection, which is
function of the wind speed, is very dominant at places like Petten, Netherlands due to the high
wind speeds during a year.

1.2. Motivation and Objectives

Two of the loss mechanisms when light is absorbed by the solar cell are: 1) absorbed
photons with more energy than the band gap generates electron-hole pairs. This energy
surplus is transferred to heat which is called thermalization; 2) refracted infrared (IR) light
below the bandgap might be absorbed by free charge carriers (without creating electron-hole
pairs) which is called free carrier absorption (FCA). FCA is dependent on doping level and
causes parasitic heating [15]. In both cases, it leads to drop in the performance of cell and an
increase in the temperature (and the associated loss in voltage) [16]. Another loss mechanism
is the recombination. The aim of the project to understand the science/mechanism behind the
heating/operating temperature of bifacial/monofacial modules with bifacial/monofacial solar
cells.

During the project, four different bifacial cells (n-Pasha, jasmine, PERPoly 100nm,
PERPoly 200nm) and monofacial (Al-BSF) solar cells were used. In Al-BSF solar cells, non-
absorbed IR light cannot pass through the cell due to the full aluminum (Al) back contact. It is
either reflected by or absorbed in the Al layer. In the bifacial solar cells, since light can pass
through the cell, less parasitic absorption is expected. Due to the lower parasitic absorption in
the bifacial cells, less parasitic heating is expected compared to the monofacial cells which is
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associated with loss in performance. However, bifacial solar cells can get light from also the
rear side which improves performance but also causes additional heating by FCA,
thermalization and recombination of electron-hole pairs. Despite the extra heating from rear
illumination of the bifacial cells, temperature of the bifacial cell is expected to be lower than
temperature of the monofacial cell under operating conditions due to absence of full area Al
back contact. Lower operating temperature which increases the performance is an additional
advantage of the bifacial cells over the monofacial cells to illumination gain from back side of
the cell.

Due to the different rear side technologies and the back surface field (BSF) layers,
there are differences between the parasitic heating of different bifacial cell types (n-Pasha,
PERPoly 100nm, PERPoly 200nm and jasmine) which affects the FCA. The BSF layer (100
and 200nm thick) of the PERPoly cells has higher doping level than the BSF layer of the n-
Pasha cells which affects the FCA. Hence, higher FCA is expected in PERPoly cells
compared to n-Pasha cells. Thermalization and recombination losses of the n-Pasha and
PERPoly cells are expected to be around same level due to the similar cell technology
compared to the Al-BSF technology. Therefore, only FCA makes the difference between their
total heating and temperature. Due to higher parasitic heating, a slightly higher operational
temperature is expected for PERPoly cells compared to n-Pasha cells. There are two types of
PERPoly cells which have 100nm and 200nm thick BSF layer. Temperature of the PERPoly
cell with thick BSF layer is expected to be higher than temperature of the PERPoly cell with
thin BSF layer since thicker layer can absorb more than thinner layer.

The jasmine solar cells have local BSF regions at the Al rear contacts and 6nm Al,O3
layer at the open areas for passivation purposes, which is therefore not optically active for
incoming light due to its thickness. Hence, the interface between the jasmine cell and ethyl
vinyl acetate (EVA), which is encapsulant material, acts as Si-EVA interface which is highly
reflective for unabsorbed IR light through the cell [17]. Therefore, low parasitic heating and
FCA are expected in the jasmine cells. For this work, five types of cells were used and in the
results the highest total heating and parasitic heating are expected for monofacial Al-BSF cell
due to the AI-BSF back side.

The different module types that are evaluated in this work are glass-glass modules and
modules with white and black back sheet. Each module type has a different light management
for incident light on the front and rear and consequently, the influence on the heating is also
different. Light can go through glass-glass modules and light that is not initially absorbed by
the solar cell by the first pass will escape the module. For white back sheet modules, light
incident on the front side passing through the solar cell will be highly reflected back to the
solar cell by the white back sheet for a second pass. For a black back sheet module, this
reflection is minimum and will be absorbed by the back sheet, adding full to the heating of the
module. For white back sheet modules, when only illuminating the front, power output will be
highest as the light reflected on the rear can pass through the cell again and be absorbed
creating electron-hole pairs. For black back sheet module the power output will be lower and
heating higher as no second pass of the light occurs. For glass-glass modules, the second pass
of the light also does not happen and power output is subsequently lower, but the module does
not increase in temperature as the light is not absorbed by the module material. The table
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below shows the module types for each cell type which was used in indoor and outdoor
measurements.

Table 1: The module types for each cell type that are used in the project.

n-Pasha PERPoly PERPoly Jasmine | AI-BSF
(200nm) (100nm)
Glass-Glass X X X X X
White back sheet X - X X X
Black back sheet X - X X X

The expected outcomes of this work are:

1. Understanding the science/mechanism behind the heating/operating temperature of
bifacial/monofacial modules with bifacial/monofacial solar cells.

2. Effect of cell concept on parasitic heating (monofacial vs bifacial cells and

different bifacial cell technologies).

Effect of back sheet on parasitic heating for different cell concepts.

Absorption of solar module materials (glass, EVA, white and black back sheet).

Absorption of encapsulated (different module types) and not encapsulated cell.

Understanding the effect of parasitic heating and FCA on the total heating of the

solar cell and module.

7. Temperature prediction (Fluid dynamic model) of monofacial and bifacial modules
depending on cell and module characteristics and components.

8. Effect of module type and cell technology on temperature of the module in outdoor
‘real-life’ conditions.

o gk w

1.3. Outline

The second chapter provides background knowledge of the research. Firstly, crystalline
silicon solar cells are introduced and then, light management of the cells are explained
elaborately. Some part of the absorbed light by solar cell and module causes heat. This
generated heat by solar cells and solar modules is described. In the end of the chapter, cell and
module technologies that are used in this work are explained.

The fluid dynamic heat model, used in this research, is explained with all heat transfer
mechanisms of the solar module in chapter three. The chapter four describes the indoor
experimental setup and outdoor measurement setup in order to get results for this work.

In the fifth chapter the results are presented and discussed and it is divided into four main
parts. The first part gives the indoor measurement results of the cell, expected heat input from
indoor measurements and absorption model for PERPoly cells. In the next part, indoor
measurement results of the modules and expected heat input of the modules are discussed.
Also, module material absorption and cell to module losses are explained in this part. The
third part describes effect of cell and module technology on operational temperature of
modules from outdoor measurement setup. In the last part of this chapter, the temperature
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model, which is explained in previous chapters, is validated by comparing predicted
temperature from the model and observed temperature.

The last two chapters provide conclusions and recommendations for future work
respectively.
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2. Theory

2.1. Crystalline Si solar cells

Crystalline silicon (c-Si) solar cells are electronic devices which can convert sunlight
directly into electricity (Figure 2). The active part of the solar cell is crystalline silicon which
is a semiconductor. Thickness of the silicon absorber material is mostly around 160 um. Most
conventional c-Si solar cells have p-type bulk which is lightly doped with boron. In the top
section of the solar cell, there is a thin n-type region which is called emitter layer and is
typically 0.2-0.3 um deep. The n-type emitter layer is created by diffusion of phosphorus. Due
to the chemical potential that arises in the region between the p-type bulk and n-type emitter,
a voltage called as “’build in potential’’ is created which can separate the charge carriers
(electrons and holes) from each other under illumination. With AM1.5 illumination, most of
the charge carriers are generated within the first 10 um from the front surface. Charge carriers
can also recombine again (whereby heat is generated and current is lost) and one of main
recombination sites are the surfaces which is Shockley-Read-Hall (SRH) recombination.
Reduction of the surface recombination is done by passivating the surface by using a coating
on top of the emitter layer, like silicon nitride (SiNy), which can also function as an anti-
reflection (AR) layer. In order to collect the generated current from the wafer, H-grid pattern
metallization is used at the front surface of the cell as a metal contact. The cross section of the
metal contacts is designed carefully to optimize loss due to shading of the metal contact and
series resistance due to the small cross-section area of the metal contact. Additionally, to
minimize the losses at the interface between the metal contact and the emitter, the emitter
directly below the contact is highly doped, and it is indicated with n++. At the rear side of the
cell, a thin aluminum layer is used as a metal contact. A highly doped back region is created
by alloying with of silicon with the thin aluminum layer and epitaxial re-growth during
cooling down. This highly doped region is called back surface field (BSF). This layer
passivates the rear surface and decreases the loss of the electron-hole pairs at the back of the
solar cell.

Metal contacts

e T3 SiNx

n* emitter

«<—— p*BSF

A —_ 7| metallization

Figure 2: Configuration of the conventional crystalline silicon solar cell.
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2.2. Light Management of a Solar Cell

2.2.1. Reflection and Refraction

Solar modules are optical multilayer systems. Since the refractive indices of those
layers are different from each other, incident irradiance is reflected and refracted. The
incremental increase in the refractive index per layer will maximize the refracted and
minimize the reflected light. Texturing the surfaces relative to each other will further improve
light transmission to the electrical active part of the module, the solar cell.

Figure 3: Reflected and refracted light by a smooth interface.

Figure 3 shows the reflection and refraction of the smooth surface which reflects the
irradiance in a specular way. To describe the interaction between two mediums, besides the
geometry of the interface, the refractive indices (n) of the mediums need to be known. The
incident ray of light on the interface splits up to refracted and reflected rays. The Snell’s law
gives the relation between the angle of incidence (¢,) angle of refraction (¢,).

ny sing, =n, sin ¢, Eq. 1

where n, and n, are refractive index of the medium 1 and 2 respectively. When light passes
from high refractive index medium to low refractive index medium (i.e. n, > n,), there is a
critical angle (¢;¢) Which is given by

-1

Gerie = Sin "y Eq.2

If the angle between incident ray and the interface normal is larger than a critical
angle, there is no transmission, and the light reflects from the interface to the layer. This
consequence of the Snell’s law can increase the probability of trapping ray of light inside the
layer since refractive indices of the solar module materials are gradually decrease from solar
cell to module surrounding. The refractive index of the silicon is around 3.9 and the refractive
index of encapsulation material is around 1.5, so critical angle for the silicon-glass interface is
around 22.6°. Also, the critical angle for the glass-air interface is around 41.8°.
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Figure 4: Reflected and refracted light when there are a coating on the layer.

Since the reflection is an optical loss mechanism, it is important to reduce the
reflection as much as possible to increase the performance of the solar cell. As shown in
Figure 4, a coating between two mediums can be used to decrease the reflection. The
optimized refractive index of the coating (n.) can be found by

N = \Nnqn,. Eq. 3

By using coating, we can get reflection minimum at a particular wavelength region.
And by changing the thickness of the coating (d.), the wavelength region of the reflection
minimum can be arranged. By using more than one layer, reflection can be decreased more.
This technique is called refractive index grading [18].

A

Figure 5: Reflection and transmission of the light when there are multiple layers.

Figure 5 shows a multilayer system with three layers and two smooth interfaces. Each
layer has a different refractive index. As it can be seen from Figure 5, some part of the
incident light may be trapped in the layer. All light rays need to be taken into account to
determine reflection (R;) and transmission (T;) of the multilayer system. From the
conservation of the energy, absorption (4,) of the multilayer system can be calculated by

A/’1=1—T/1—R)L. Eq. 4

When light passes through an absorbing layer, the intensity of the light decreases
exponentially. The amount of light that transmitted (1(x)) can be calculated by the Lambert-
Beer law [19].
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1(x) = I,e™* Eq.5

where I, is the intensity of incident light, « is the absorption coefficient and x is the traveled
distance by light. For high absorption, either absorption coefficient a or the traveling distance
of the light x should be very large. Based on the conservation of the energy, the amount of
absorbed light (1,55 (x)) can be calculated by

Igps.(x) = Io(1 - e” ). Eq. 6

2.2.2. Light Absorption in the Solar Cell

Most solar cells have metal contacts on both sides to collect and transport carriers. On
the front side an H-grid pattern is generally used. A small fraction of the incident light on the
solar cell hits the metal contacts which prevent the light going into the solar cell and causes
shading losses. This light is either reflected or absorbed by the contact which is a kind of
parasitic absorption and causes heating of the solar cell (Figure 6). The optimal design of the
metal contact is critical. It should cover a small area on the front surface to prevent high
shading loss. On the other hand, it should be thick and wide enough to prevent high series
resistance losses. Thereby, it is a trade-off between the large active area which is the area
without metal contact and low series resistance of the metal contact.

Figure 6: Reflection from the front metal grid of the solar cell.

Incident light on the active area of the solar cell is either reflected, transmitted through
the solar cell or absorbed in the solar cell. Absorbed light in the solar cell can generate
electron-hole pairs. The possibility to create electron-hole pairs depends on the energy of the
photon (Epn) and band gap energy of the solar cell material (Eg). If Epn < Eg, there will be very
no absorption and the light will transmit through the cell. If E,n = Eg, the photon has the
enough energy to produce exactly one electron-hole pair. If Egn >Eg, there will be generation
of also exactly one electron-hole pair generation and the excess energy will thermalize the
excited electron, which generates heat in the solar cell.

Each semiconductor material has a different absorption coefficient per wavelength.
The difference between the absorption coefficients of different semiconductor materials can
be used to increase the performance of the solar cells such as multi-junction solar cells which
have two or more absorbing junctions. Higher absorption coefficient means that there will be
a greater possibility to absorb a photon and create an electron-hole pair. The absorption
coefficient of the silicon per wavelength can be seen in Figure 7. Semiconductor materials
have a sharp edge that show their band gap energy. They cannot absorb a photon which has
lower energy than the band gap energy of the solar cell. In this case, silicon cannot absorb
light which has larger wavelength than 1.1 um as shown in Figure 7.
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Figure 7: The absorption coefficient of the intrinsic silicon as a function of wavelength [20].

The absorption coefficient is related to the absorption depth (agepen) Of the photon per

wavelength, as given by the following equation.
1

Qdepth = 7, Eq.7

The inverse of the absorption coefficient shows the traveling distance of the ray light

in the solar cell before it is absorbed. Short wavelengths have high energy and high absorption

coefficient. Figure 8 shows the absorption depth of the light as a function of wavelength.

Short wavelengths have very small absorption depth, so they are absorbed close to the surface

of the cell. Long wavelengths have low absorption coefficient, so their absorption depth is

large which means that they need to travel more in the cell to be absorbed (Figure 8). They are
absorbed through the solar cell, but some of the long wavelength light pass through the cell

without any absorption.
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Figure 8: The absorption depth in the silicon.

The absorption depth of the material has an effect while deciding the thickness of the
solar cell. Thicker solar cells absorb more long wavelengths light than thinner solar cells.
Therefore, for more light absorption, a thicker solar cell is preferable. The diffusion length of
the minority carriers in the solar cell is also an important parameter while determining the
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thickness of the cell. Light generated carriers must reach the junction before recombination
occurs, which decreases the open circuit voltage. It can be only possible when the light is
absorbed within this diffusion length. To prevent recombination loss either thinner cells
should be used or diffusion length of the carriers should be longer. If we assume the thickness
of the cell is constant, doping level of the cell must be decreased to increase the diffusion
length. On the other hand, minority charge carriers cause lower open circuit voltage due to
recombination. This loss mechanism can be reduced by minimizing the minority charge
carrier concentration. Increasing the doping concentration decreases the minority charge
carrier and consequently lower recombination occurs due to minority charge carrier
concentration. Hence, there is a trade-off between longer diffusion length and high open
circuit voltage due to less recombination. Another parameter while deciding the thickness of
the solar cell is cost of the wafer. Thinner wafer is cheaper and cost of the solar cell should be
low enough to compete with other type of energy sources. Also, processing of the wafers to
cells is an important parameter on the thickness of the solar cell. Probability and level of fault
(breakage etc.) during the process affect the choice of thickness. All of these parameters that
are mentioned above are considered to decide the thickness of the solar cell.

Some light trapping techniques are used to increase the absorption of the solar cell
structure. As a result of light trapping, light can travel inside of the cell several times which is
much longer than the thickness of the cell. With good light trapping, the traveling distance of
the ray of light can be enhanced by factor up to 4n? where n is the refractive index of the
semiconductor material [21]. In this case, a light ray in silicon may pass 50 times on average
before escaping out. Therefore, the probability of absorption of the long wave light increases
without increasing the thickness of the cell.

For solar cells, there are several manners to increase the amount of the light which is
refracted to the cell. One of them is using a coating for anti-reflection purposes as explained
in chapter 2.2.1. The same coating is also used for passivation purposes. On the surface, since
some valence electrons cannot find a partner to create a covalent bond with, dangling bonds
which are a type of defect occurring at the surface. Those defects introduce trap state which
can trap electron, and it recombines with a hole which is attracted by the trapped electron.
This loss mechanism is called surface recombination, and it can be minimized by adding a
thin layer onto the semiconductor surface. Because of the thin coating, the valence electrons
on the surface can create a covalent bond with the elements in the thin layer and surface
recombination decreases. This process called passivation and silicon nitride (SiNy) layer is
commonly used for anti-reflective and passivation purposes.

Besides anti-reflective coating, a textured front surface can be used to decrease the
amount of the reflected light from the front surface. Figure 9 shows the incident light on the
smooth and textured surfaces. Reflected light from the textured surface has higher probability
to bounce back onto surface compared to reflected light from flat surface. This causes less
reflection compared to flat surface. Because of the angled surface, the angle of the refracted
light may be increased compared to the smooth surface. Therefore, optical path of the ray
light may be longer in the solar cell which increases the probability of the light trapping and
absorption of the light.
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Figure 9: Reflection from smooth surface versus textured surface.

Another way to trap the light inside of the cell is reflecting at the rear. Instead of
passing through the cell, by using reflecting back, ray light can be reflected from the rear
which increases the optical path length of the ray light. This ray of light may hit the textured
interface again, and if the incident angle of the ray of light is higher than the critical angle, the
light can reflect back into the cell again. Also by using a textured rear reflector as can be seen
in Figure 10, the number of total internal reflections can be increased more. Basically, due to
the internal reflections, light may be trapped inside the cell and make several passes through
the cell which increases the probability of the absorption of the light and enhance the
performance of the cell without changing the thickness of the cell.

\

4

Rear contact

Figure 10: Total internal reflections when the front and rear surfaces are textured.

2.2.3. Free Carrier Absorption (FCA)

The refracted infrared (IR) light with photon energy below the bandgap might be
absorbed in p or n type doped region by free charge carriers which are called free carrier
absorption (FCA). Free carrier absorption is an optical absorption process which does not
generate electron-hole pairs, but the energy of the photon is absorbed by the free carriers.
These carriers are introduced by p or n type doping to a semiconductor to create the p-n
junction. The free carriers, which absorbed the photon energy, move to a higher state in
conduction band [22]. During the relaxation of the carrier to its original state, the carrier
generates heat which is an undesirable effect for silicon solar cells.

The temperature, thus released heat, has very little effect on the short circuit current
(Isc) but it has significant effect on the open circuit voltage (Voc) and decreases the V. of the
cell which is discussed in detail in chapter 2.3. Hence, the performance of the solar cell
decreases with heat during the operation [16] [23] [24]. The relation between temperature and
the Vo will be discussed in chapter 2.3. Free carrier absorption strongly depends on the
wavelength of the incident irradiance and carrier concentration in the silicon. Therefore, the
effect of the free carrier absorption can be seen in the shape of the solar cell’s Internal
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Quantum Efficiency (IQE), especially at longer wavelengths. If the effect of FCA is ignored,
this results in an overestimation in the IQE of the solar cell. For usual screen printed solar
cell, FCA causes 2-3.5% decrease on IQE at near band gap [22]. The decline is stronger in
higher doped solar cells.

In the classical theory of the free carrier absorption which is derived from Drude’s
model, FCA is linearly dependent on the concentration of doping and square of the
wavelength [15].

q3A*N

—_— Eg. 8
4m2ggc3nm 2 q

Arcan/p =

where agcan/p IS the free carrier absoprtion coefficient, 4 is wavelength, g is the fundamental
charge, N is the concentration of doping, &, is the vacuum permittivity, c is the speed of light,
n is the refractive index, m”* is the effective mass and u is the carrier mobility. Schroder et al.
[15] substituted the assumed material parameters and experimentally determined the free
carrier absorption coefficient for the wavelengths 4, 5 and 10 um.

CZFCA,n = 1 X 10_18Nn12 Eq 9
aFCA,p = 2.7 X 10_18Np12 Eq 10

where agcypn and agpca,, are given in cm™, A is given in um and N,, and N, are given in cm’,
This parametrization is valid at N <10™ cm™ and A > 4 pum. However, in silicon solar cells
near band gap region is between 1 pm and 1.5 pm. Also, doping concentration generally
exceeds 10™ cm™ and sometimes almost reaches 10?* ¢cm™. Indeed, the validity of the
parametrization of Schroder et al. [15] is limited for typical solar cells. Later, various authors
[23] [25] [26] [27] worked for adopting a better model for free carrier absorption coefficient
by following Schroder et al.’s [15] work. They defined two constants y and C,,/,. The y is
assumed 2 by Drude theory but it is expected to increase slightly at high doping [22] [23]. The
Cn/p is dependent on the free carrier effective mass and mobility [28]. The resulting FCA

coefficient depends on N and A as following.
Apcan/p = CnpNAY Eq. 11

where C,,,, is in cm™ and y is dimensionless. The most widespread and simple expression of

free carrier absorption coefficient for wavelength smaller than 2.5 pum was introduced by
Green [25].

(ZFCA‘n = 2.6 X 10—18an3 Eqg. 12
aFCA’p == 27 X 10_18Np12 Eq 13

Different than the Drude theory, free carrier absorption of the n-type doping silicon is
dependent on the A3 which is corroborated by the parametrizations of Baker-Finch et al. [23]
and Rudiger et al. [26] which have an exponent of wavelength near to 3.
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For the polysilicon layer, more accurate parametrization is found by Feldman et al.

[29]. This parametrization fits well for 90nm and 145nm thick and 1.9x10%° ¢cm™ n-doped
polysilicon layer.

Arcapolysiticonn = 1.33 X 10_7Nnﬂ~2's8 Eq. 14

where A is given in cm and N,, is given in cm™.

For most conventional monofacial cell AlI-BSF, which is explained in detail in chapter
2.1, p-type is found in the bulk of wafer and n-type is found in the emitter. And in the bulk of
the wafer p-type doping concentration is typically around 1x10"® cm™ and in the emitter, the
maximum n-type active doping concentration is typically around 3x10%° cm™ and 0.2-0.3 um
deep. For these doping concentrations, the absorption coefficient of intrinsic silicon, p-type
bulk, and n-type emitter are illustrated in Figure 11. At near band gap (1.1 pum), where band to
band absorption is weak, FCA starts to dominate the total absorption in the solar cell. The
FCA can start to dominate shorter wavelengths if doping concentration increases. As shown
in Figure 11, at near band gap region, the absorption coefficient of the emitter is higher than
10° cm™ while the absorption coefficient of the bulk is around 10" cm™. The FCA in the
emitter is more dominant than the FCA in the bulk of the wafer due to higher doping. The
FCA in the bulk is weak but it occurs over the entire depth of the bulk.

|
= n-type emitter
16406 ™ vP |
p-type bulk
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Figure 11: The absorption coefficient of the intrinsic silicon as a function of wavelength [20], p-type 1x10% cm™
concentration doped bulk silicon and n-type 3x10?° cm™ concentration doped emitter [25] [30].
2.3. Heating of Solar Cell
There are several ways heat is generated in a solar cell. One of the primary heat source
mechanism for solar cells is thermalization. Thermalization is the release of excess energy
when an electron-hole pair is generated while the energy of the photon is higher than the band
gap energy of the semiconductor. The released heat causes temperature increase in the cell.
Short wavelength light has higher energy than the long wavelength light. Therefore,
thermalization at shorter wavelengths is greater than thermalization at longer wavelengths and
reduces to zero when the energy of the photon is same or lower than the band gap energy of
the solar cell (Figure 12). For silicon, band gap energy is 1.1 eV which is 1100 nm.
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Figure 12: AM 1.5G solar spectrum with converted usable energy [31].

Another heat source mechanism for solar cells is the parasitic absorption of the front
and rear metallization. Since conventional solar cells have full area rear side metallization
(large absorption area), the effect of the parasitic absorption by metallization is significant.
The unabsorbed light through the solar cell hit the full aluminum back which is used as an
electrical contact for the most conventional monofacial cell. The light is either reflected or
absorbed. The average reflection of the Si/Al interface is around 77% [32]. The reflection
from the aluminum rear increases the absorption probability of the light by the solar cell
active area due to the increased path way of the light in a solar cell as mentioned before.
Based on the conservation of the energy, the rest of the incident light on aluminum contact
which is not reflected is absorbed by the aluminum contact. Around 10% of the sunlight
(mostly above 1200 nm) is absorbed by the aluminum rear contact [33]. Since absorption of
IR light through the solar cell is low, most of the IR light is absorbed by the aluminum back
contact. According to Vogt [33], absorption by full aluminum rear contact increases the
operational temperature of the solar cell by 3.2 °C compared to the solar cell which has SiNy
at the rear instead of the full aluminum contact. Another heating mechanism of the solar cell
is absorption by the front metallization. Some of the incoming light hits the front metallization
and it is either reflected or absorbed. The absorbed light by the metallization causes heat.
However, the effect of the front metallization on the temperature of the cell is not as
significant as the full area back contact because the area of the front metallization is only 5%
of the total front surface which is very low compared to the solar cell active area.

The main effect of heat, resulting in a higher temperature, is on the open-circuit
voltage (Vo) of the solar cell. This effect can be calculated by using the following formula
[34]

Woc __ Vg=VoctY(KT/q)

= Eqg. 1
daT T g-15

where V. is the open circuit voltage of the cell under STC, k is the Boltzmann’s constant and
equals to 1.380x102 J/K, T is temperature in Kelvin, q is elementary charge of an electron
which is 1.602x10™*° C, 1"is constant(~3) [34] which depends on the temperature dependency
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of other cell parameters and V, = E;/q where Ej is the band gap of silicon (~1.12eV).
Another parameter which affects V. of the solar cell is irradiance. By using the following

ide.kT Ge
Voc(Tsm Geff) = Voc(Tsrc, Gsre) + nid p = ln( ff) Eg. 16

Gstc

where n;4, is the ideality factor of the solar cell and G, is the effective irradiance on the
cell. Ideality factor is not a parameter that can be directly measured. It is from the IV
characteristic data by using the one-diode model. Since total resistivity of the cell approaches
to shunt resistivity at low voltages (low irradiances), ideality factor also approaches to 2
which makes the ideality factor not valid at low voltages [35]. Therefore, ideality factor
assumed to be constant between 700 W/m? and 1200 W/m? which makes sense because effect
of irradiance on the voltage at high irradiances is small.

The effective irradiance does not have to be equal to the observed irradiance by a
reference cell in plane because some modules are bifacial and placed free standing. By using
the direct relation between Is. and the irradiance, the effective irradiance can be calculated as
shown.

Isc,meas
; Gsrc Eq. 17
s¢,STC

Gepr =

where I5 meqs 1S measured I, under any irradiance, I, src is the I, under STC and Ggrc is
the STC irradiance which is 1000 W/m? Open circuit voltage at specific module
temperature (Tyoquie) @nd irradiance can be calculated by using the next formula [18].

AVoc
Voc(TModule' Geff) = V;)c (TSTC: Geff) + 7 (TModule - TSTC) Eqg. 18

With known irradiance, IV characteristics of the module and V. of the module under
operating conditions, temperature of the module under operating conditions can be calculated
by modifying the Eq.17.

_ Voc(TmoduteGeff)—Voc(Tstc,Gess)

Tmodute = Ve + Tsrc Eq. 19
dT

2.4. Heating of Solar Module

Absorptions which do not contribute to produce electron-hole pairs are called parasitic
absorption which are module material absorption, free carrier absorption and absorption of the
metal contacts. Heating in a solar module is also caused by the dissipation of power, due to
resistance: P,;.. = I2R. The heating due to parasitic absorption of the additional components
to semiconductor is called parasitic heating. Also, module materials like glass, EVA and a
back sheet, absorb light which generates heat. The heat is stored by the materials which
increases the temperature of the module and cell, which affects the performance of the
module. The thermal capacitance, which is the capability to store heat, of the module
materials depends on the density (p) in kg/m?, thickness (t) in m, surface area (A;) in m? and
specific heat capacity (cy) of that material in J/K. The thermal capacitance (Cyy) is defined in
the following formula.
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Cen = pcpist Eq. 20

Since the solar cell is almost in the middle of the module and generates the most heat,
heat transfers from the center of the module to the surrounding of the module. The module
materials are resistive to the heat transfer. They should have low heat resistance to keep the
temperature of the module as small as possible. The thermal resistivity of the materials
depends on thermal conductivity of the material (k) in W/(m K) and various other
parameters. The thermal resistance (R;;) of each layer to heat flow can be calculated by using
the following formula.

Ry = kLAS Eq.21

2.4.1 Absorbing and Reflective Back Sheet
In the solar modules for different applications, absorbing and reflective back sheet can
be used. White and black polymer back sheets are used as reflective and absorbing back sheet,
respectively. The thickness of those back sheets is around 0.34 mm. The module

configuration is glass/EVA/solar cell/EVA/back sheet as it can be seen in Figure 13.

EVA

Solar Cell

EVA
Back Sheet (White/Black)

Figure 13: The configuration of module with back sheet.
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Different to glass-glass modules, unabsorbed light through the solar cell cannot leave
the solar module when it hits the black back sheet which has zero transmission rate for all
wavelengths. It is either reflected or absorbed. Since white back sheet can partially transmit
light after 500 nm, it is not opaque for all wavelengths. Hence, some amount of light can pass
through the module with the white back sheet. Figure 14 shows the reflection (RFL) of white
and black back sheet and the transmission (TM) of the white back sheet. For all wavelengths,
the black sheet has around 95% absorption while the white back sheet has average 20%
absorption.

— 100
S g9 —white BS TM ||
S g0 —white BS RFL||
2 70 T~ black BS RFL ||
E M~
= 50
S 40 \../
c
S 30
o 20 Y /f/ﬁ
2 10 ———
0 —
330 530 730 930 1130 1330 1530
Wavelength [nm]

Figure 14: The reflection of white and black back sheets and transmission of the white back sheet.

The unabsorbed light through the solar cell and additional light which comes from the
edge of the module may be reflected from the white back sheet and absorbed by the cell
(Figure 15). Hence, the white back sheet causes illumination gain and increase the
performance of the solar module with a bifacial solar cell. For modules with a black back
sheet, this is not possible because the black back sheet is highly absorbing and reflects very
less light which does not make a notable change in the performance of the module.

X A R ¥ N |
EVA
Solar Cell

White Back Sheet Black Back Sheet

Figure 15: The light management of solar module with white and black back sheet.
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The parasitic absorption of both back sheets causes parasitic heating and increase the
temperature of the module. Since absorption of the black back sheet (95%) is higher than the
absorption of the white back sheet (20%), higher parasitic heating is expected from a black
back sheet. Moreover, for free standing applications, light also hit from the rear side of the
modules. Incoming light from the back of the module affects the parasitic absorption and
heating of the modules. Again, black back sheet is nontransparent while a white back sheet is
partially transparent. Reflection of rear of the both back sheets and transmission of rear of the
white back sheet can be seen in Figure 16. It should be noted that the rear side of the black
back sheet (BS) is white. The front side of the black back sheet is black. For the white back
sheet, both sides are white.

100
90 ——white BS rear RFL ||

30 —black BS rear RFL ||

70 s — white BS rear TM

60 % 4
50
40
30
20 \/ v,
10

0

Reflection or Transmission [%)]

330 530 730 930 1130 1330 1530
Wavelength [nm]

Figure 16: The reflection of white and black back sheets and transmission of the white back sheet for their rear sides.

Mostly, rear of white back sheet has higher reflection than rear of black back sheet.
The difference between them is increasing while the wavelength is increasing. Also,
transmission of the white back sheet increases with wavelength. Since white back sheet has
higher reflection and transmission values, it has lower absorption. Therefore, the black back
sheet has higher parasitic absorption when light only comes from the back. Additionally, a
module with white back sheet has illumination gain from the rear side when it is free standing
because the white back sheet is not nontransparent for all wavelengths.

2.5. Different Cell and Module Technologies

2.5.1. Al-BSF Solar Cell

As mentioned in chapter 2.1, the Al-BSF solar cell is most conventional solar cell
type. The 243 cm? p-type Cz silicon wafer is used to produce Al-BSF solar cell (Figure 17).
The n-doped 0.2-0.3 um deep emitter layer is produced by diffusion of phosphorus. The
highly doped BSF layer is formed by alloying the aluminum (Al) layer as a back contact. The
SiNy is used for passivation and anti-reflective purposes on the top of the cell which ensures
that reflection minimum stays at around 600 nm wavelength. For the front contact, H-grid
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metallization with three busbars is used by using aluminum as a material. Typical thickness of
the cell is around 160 um.

Metal contacts

< T SiNx

n* emitter

=
Al metallization
Figure 17: Configuration of the conventional crystalline silicon solar cell.

Due to the full back contact, unabsorbed light cannot pass through the cell. It is either
reflected or absorbed in the Al layer. If the light is absorbed by full back contact which is
parasitic absorption, back contact creates parasitic heating and increases the operational
temperature of the cell. Because of this reason, highest parasitic heating and operational
temperature are expected from Al-BSF solar cells.

2.5.2. n-Pasha Solar Cell

Some types of bifacial solar cells are developed by ECN to increase the efficiency
with low cost. The n-Pasha cell is a n-type bifacial cell which can get light from both front
and rear sides. The 6-inch semi-squared n-type Cz silicon wafers are used to produce 239 cm?
n-Pasha bifacial cells [36]. The configuration of the n-Pasha cell can be seen in Figure 18.

Metal contacts

O | .
<— p*emitter

n* BSF
S~ SiNx

Metal contacts
Figure 18: Configuration of the n-Pasha bifacial solar cell.

A 60 ohm/sq and 500 nm thick, p+ emitter layer produced by the diffusion of BBrj3
and the back surface field (BSF) is created by doping of the POCI3 [36]. For the passivation
and anti-reflective purposes, the SiN thin layer is used. Refractive index and the thickness of
the SiNy layer at the front are arranged for the minimum reflection at around 600 nm
wavelength (thickness 70-80 nm). The metallization of the both sides are H-grid with four
busbars and applied by screen printing [36]. The materials of the metallization for front and
rear sides are Al/Ag and Ag, respectively. H-grid rear side makes possible bifacial application
since light can also enter the cell from the rear side. Hence, there is gain from the back side on
the efficiency of the cell [37].

Another advantage of the open rear metallization is the lower operating temperature of
the cell compared to solar cells with full aluminum back contact [13] [14] [38]. The
unabsorbed IR light can pass through the cell from the rear side which is not possible to pass
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in the AI-BSF cell as mentioned before. Hence, lesser parasitic absorption, parasitic heating
and operational temperature are expected in n-Pasha cell compared to AI-BSF cell. However,
since bifacial cells can get light from the rear side, this additional light also needs to be
considered while determining the temperature of the bifacial cell. The AI-BSF cell and n-
Pasha cell have comparable front sides and the main difference between them is rear side
metallization. Therefore, the main reason for the expected temperature difference is different
rear metallization.

2.5.3. PERPoly Solar Cell

PERPoly (Passivated Emitter and Rear Polysilicon) cells are developed for high
performance and low cost. It is very similar to the n-Pasha solar cell. The main difference
compared to n-Pasha is the existence of a different BSF layer of the cell. Instead of n-doped
conventionally diffused BSF layer, n+ polysilicon (polySi; LPCVD deposition of polySi and
doped by diffusion afterwards) is used as BSF layer to decrease the rear passivation and
improve the performance. 239 cm? n-type solar cells are produced on 6-inch wafers of 5
Ohm.cm [10]. A 70 ohm/sgq and about 500 nm thick n+ emitter layer is produced by the
diffusion of BBr3 [10]. H-pattern metal grid with four busbars is made by screen printing on
both sides of the cell. The materials of the metallization for front and rear sides are Al/Ag and
Ag, respectively. For anti-reflection and passivation purposes, SiNy coating is used for both
sides of the cell. Figure 19 shows the configuration of the PERPoly cell.

Metal contacts

& ,_— SiNx

<— p* emitter

n* poly Si
o — .
SINX
Metal contacts

Figure 19: Configuration of the PERPoly bifacial solar cell.

The highly doped polySi layer causes higher absorption compared to the n-doped BSF
layer of n-Pasha cell. Therefore, higher parasitic heating and operational temperature are
expected in PERPoly cell compared to n-Pasha cell. In the project, two different types of
PERPoly cells, which have 100 nm and 200 nm thick n-doped polySi layers with same doping
levels at the back, are used. Higher parasitic absorption is expected from cells which have a
thicker polySi layer. Hence, higher parasitic heating and operational temperature are expected
from PERPoly cell with thicker polySi layer compared to PERPoly cell with a thinner polySi
layer.

2.5.4. Jasmine Solar Cell

Jasmine solar cells are developed by ECN. These solar cells are 242 cm? p-type cell
type which is an alternative for the PERC solar cells. The PERC solar cells are developed to
enhance the performance of the conventional solar cells by changing the design of the back
side of the typical Al-BSF cell (Figure 20). First of all, Al,O5 is used for passivation purposes
to decrease recombination losses. In addition, there is no full area contact between aluminum
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and silicon. As it can be seen from Figure 21, the electrical contact area is much smaller than
the conventional AI-BSF cell. Before printing and firing Al paste, SiNy is used as dielectric
capping and passivating layer and laser cuts openings for Al contact [39]. With the
passivation layer, unabsorbed light through the cell is reflected for a second chance to be
absorbed. Also, it causes a reduction in recombination levels [40]. Therefore, PERC cells
have better performance than standard cells. However, there are increased production costs to
produce this high efficiency cell [41]. Hence, jasmine cells are developed which are planned
to have same technology with cheaper production. In order to achieve this, SiNy layer is
removed, so the necessity for the laser cut of SiNy is no longer needed (Figure 21) [17]. Both
the absences of SiNy and laser cut process lower the cost of the jasmine cells. In addition,
lower consumption of Al paste and Al,O; also decrease the cost of the production of the cell
(Figure 21). In jasmine cells, H-grid metallization is used for both sides which are Ag and Al,
respectively.
Metal contacts

— SiNx
n* emitter

Al,O,

e — R

Laser openings Al paste  SiNx

Figure 20: Configuration of the PERC solar cell.

Metal contacts

n* emitter

<— Al,O; (bnm)

We  >W
Al paste

Figure 21: Configuration of the Jasmine bifacial solar cell.

Jasmine cells have textured front and smooth rear surface. The main difference
compared to the previously mentioned cell types is at the back of the cell. The 6 nm Al,O3 is
very thin and optically inactive for the infrared light. There is a big difference between the
refractive index of silicon and EVA which are around 3.9 and 1.5, respectively [17].
Therefore, there is a high reflection for the jasmine solar cells. Since there is a great
reflection, unabsorbed light through the solar cell may leave the cell after another pass. Hence
unabsorbed light leaves the cell by reflecting from the rear instead of absorbed by the back
contact. This causes a decrease in the parasitic absorption and parasitic heating of the cell. For
these reasons, lowest parasitic heating is expected in the jasmine cells.
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2.5.5. Module Designs

A bifacial and two monofacial module types were used for the project. The
configuration of the bifacial module is Glass/EVA/Solar cell/EVA/Glass (Figure 22.a). The
unabsorbed light through the solar cell can leave the solar module since rear side of the
module is transparent. This configuration also allows illumination from the backside of the
module. The advantage of the bifacial module configuration on the temperature is that
unabsorbed light can leave the module with low absorption by module material. The
configuration of the monofacial module is Glass/EVA/Solar celllEVA/Back sheet (Figure
22.b). The unabsorbed light through the cell hits the back sheet which is either absorbing or
reflective. White and black back sheets are used as reflective and absorbing back layers,
respectively. Reflected light from the back sheet might be absorbed by the active part of the
solar cell. Some part of the light is absorbed by the back sheet which causes parasitic heating.
Therefore, higher parasitic heating and operational temperature are expected in the
monofacial modules compared to the bifacial modules. Light management of the back sheets
is mentioned in chapter 2.4.1.

Solar Cell

EVA

Solar Cell

EVA EVA

Back Sheet (White/Black)

Figure 22: Configuration of (a) the glass-glass module and (b) module with back sheet.

Glass-glass modules are built by using all five types of cells. However, for modules
with a back sheet, only four types of cells were used which are the AlI-BSF monofacial cell, n-
Pasha cell, PERPoly (100nm) and jasmine. Table 2 shows the number of the single cell
modules for each cell and module type.

Table 2: Number of single cell laminates for each cell and module type.

n-Pasha | PERPoly 200nm | PERPoly 100nm | Jasmine | Al-BSF
Glass-Glass 1 2 3 2 4
White BS 2 - 2 2 3
Black BS 2 - 2 2 3
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3. Heat Model

3.1. Heat Transfer

Incident light on the solar module is either reflected, transmitted or absorbed. It can be
absorbed by any module material like glass, EVA or solar cell. Under the influence of the
absorbed light, which does not generate electron-hole pairs, solar modules heat up. In reality,
different than the standard test conditions (STC), the module temperature easily reaches
around 45 °C in an ambient temperature of 20 °C. At higher temperature and higher incident
conditions such as desert, the temperature of the module can reach up to 80-90 °C. The
efficiency of the module decreases with temperature which is typically around 0.35 %/K [18].
Also, higher temperatures than STC temperature causes faster aging of the solar module.

As stated before, only 15-20 % of the incident light is converted into electricity and
the rest is absorbed by module materials and cell but not generating electricity. The
parasitically absorbed light generates heat and heats up the module. Similar to a sandwich, the
solar cell is in the middle. Since solar cell is the main heat source in the module, it has the
highest temperature and conveys its heat to the module components. The module is cooled
down by the convective and radiative heat transfer mechanisms (Figure 23).

_ Conductive heat loss
occurs by heat flow

from one material to
another

Figure 23: Heat transfer of PV module with convection, conduction and radiation [42].

The first heat transfer mechanism is conductive heat transfer which occurs when a
temperature gradient exists between mediums which allows heat to flow. The second heat
transfer mechanism is convection and it occurs by the movement of the fluid; wind blowing
along a module, lowering its temperature, is an example. The third heat transfer mechanism is
radiative heat transfer. The module with a higher temperature than the surrounding
temperature loses heat by radiating energy. In the next part, the mechanisms of heat transfer
are explained in more detail.

3.1.1. Convective Heat Transfer
The convective heat transfer is caused by the movement of the fluid. In the modules,
the transfer occurs between the glass (either front or rear) and air or between the back sheet
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and air. The amount of the heat transfer by convection (Q.,n,) Can be expressed by the
following equation.

Qconv = heonvAs(Ty — TA) Eq. 22

where h,,pyp is the convective heat transfer coefficient in W/m?K, A; is the surface area in m?,
Ty, and T4 are the module and ambient temperature in K, respectively. The convection can be
either free or forced depending on the fluid motion. The free convection is independent on
wind speed while the forced convection is dependent on wind speed. The relation between
free convection heat transfer coefficient (hf...) and Nusselt (Nu) numbers is given by
Fuentes et al. [43],

Nu = @ = 0.21(Gr x Pr)%32 Eq. 23

where k is the heat conductivity of the air which is around 2.62x10 W/(m K) at 300 K [44],
Pr is the Prandtl number which is the ratio of momentum diffusivity to thermal diffusivity
and it is considered to be 0.71 [45] for air, and D, is the hydraulic diameter of the module.
The hydraulic diameter of a module can be calculated as below.

= 2 Eq. 24
h = pvw 9

where L is the length of the module and W is the width of the module. Gr is the Grashof
number which can be calculated by using the following formula [46].

3
Gr = 9B (Tmodule—Tambient)Dj
= =

Eq. 25

where g is the acceleration due to gravity on Earth which is 9.8 m/s, £ is volumetric thermal
expansion coefficient of air (8 = 1/T0aue) @nd v is the kinematic viscosity of the air which
is considered to be 17x10° m%s [45]. By modifying the equations from above, free
convection heat transfer coefficient (hs,..) can be calculated by using following formula.

3 0.32
T -T i Dy Pr
0.21k(gﬁ( module 1;zambu—:‘nt) h )

Rfree = o Eq. 26

The forced heat transfer mechanism consists of laminar and turbulent heat flow. The
forced heat transfer coefficient increases with increasing wind speed. There are two regions
depending on the fluid motion which are laminar and turbulent region. For the laminar region
Reynolds number should be lower than 3x10°. If Reynolds number is higher than 3x10°, flow
is turbulent [46]. Finally, Re is the Reynolds number and it is expressed by [47]

wDp

Re = . Eq. 27
v

where w is the wind speed at module height. The heat transfer coefficient of the laminar
(hf3reeq) and the turbulent (hfaro,4) heat flow can be seen below [18] [43].
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plam.  _ 0.86Re™05

forced — pr0.67 PCairW Eq. 28
turb. __ 0.028Re 02
hforced - P04 PCqirW Eq. 29

where p is the density of the air, c,;,- is the heat capacity of the air and w is the wind speed at
the height of the module in m/s. The wind speed is measured by an anemometer where the
height of it is different than the height of the module. The wind speed varies depending on the
height. Therefore, by using the following formula, the measured wind speed can be scaled for
the module height [43].

L. \P
w=w, (ﬂ) Eq. 30

where w, is the measured wind speed by the anemometer, p is the elevation factor, [,, and [,
are the height of the module and the anemometer, respectively. For the work shown in this
thesis, all modules are free-standing in open country, for which an elevation factor of 1/5 can
be used [43].

As described before, for the front side of the module, the total heat transfer coefficient
represents the free and forced convection. The total convective heat transfer coefficient
(h¢totqr) Can be calculated as follow [48]

3
hotar = \/h;orced + h]%ree' Eq. 31

3.1.2. Conductive Heat Transfer

In the module, there are two types of heat transfer by conduction. The first type of
conduction is between the module and the surrounding. However, this heat transfer via
conduction is assumed negligible due to the small contact area between the module and the
mounting structure. The second heat transfer type by conduction happens within the module
between the different layers which are glass, EVA, solar cell, and the back sheet. Each layer
has its specific conductivity and absorbs some part of the incident light. They act as a heat
source and thermal resistance between the solar cell and outer surface of the module. In the
model which is developed in this work, the solar module is assumed as a single mass with
uniform temperature, hence conductive heat transfer between the layers of the module is
neglected.

3.1.3. Radiative Heat Transfer

The radiative heat loss also should be taken into consideration to determine the overall
heat transfer from the module to the sky and the ground. The sky can be assumed as a
blackbody and temperature of the sky (T, ) is the function of the ambient temperature,
humidity and cloud coverage. During the cloudy days, the sky temperature will be close to the
ambient temperature. The sky temperature can be calculated as shown below [43] [49].

Tey = 0.0552 x T,/ Eq. 32
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The ground temperature (T,,.) is assumed to be equal to the ambient temperature (T,)
[1]. In nature blackbody does not exist so the PV module is considered as graybody.
Therefore, the net radiation from the surface of the module occurs with emittance ¢ to the sky.
The radiative heat transfer between the glass and the sky and between the glass and the
ground can be expressed by Stefan-Boltzmann law [43].

— 4 4
Qrad - SO-Astky/gr.(Tfront/rear - Tsky/ground) Eq. 33

where ¢ is the emissivity of the surface which is 0.91 for the glass [1] and 0.85 [2] for the
back sheet, ¢ is the Stefan-Boltzmann constant which is around 5.670x10® W/(m?K*) and A,
is the surface area. Fgy,, /4. is the sky/ground view factor which can be calculated for the front
and rear side of the module separately by the following equations [50].

Frront,sky = %(1 + cos(s)) Eq. 34
Frrontgr. = 5 (1= cos(s)) Eq. 35
Frearsky = %(1 + cos(180 — s)) Eq. 36
Eeear.gr. = %(1 — cos(180° — 5)) Eq. 37

where s is the inclination of the module. The radiative heat transfer coefficient(h,,4) of front
and rear surface of the module is expressed by

hrad,f,sky = ngFfront,sky (szront + Tszky)(Tfront + Tsky) Eq. 38
heaaf,gr. = €r0Fpront, gr. Tfront + Ter) (Trront + Tgr) Eq. 39
hradrsky = Er0Frear sy (Trzear + Tszky)(Trear + Tsky) Eq. 40

hraar,gr. = €0Fear,gr.(Tiear + Tgr) (Trear + Tgr) Eq. 41

By using the radiative heat transfer coefficient, the thermal radiative heat
resistance(R,,q) can be calculated by

1

Rygq = Eq. 42

hradAs.
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3.2. Fluid Dynamic Model

In this part, an accurate thermal model of the PV module, which is mainly dependent
on the meteorological parameters, is introduced. We developed the fluid-dynamic model to
estimate module temperature which is based on a detailed energy balance between the module
and the surrounding environment. The model is dependent on the parameters of the module
materials and surrounding parameters such as wind speed, irradiance and cloud cover. The
model is mostly based on the model by Fuentes et al. [43].

Three types of heat transfer which were introduced are considered in the model. These
heat transfers illustrated in Figure 24.

Qconv.,f‘r‘ont

/ de.,sky
/ / Ts

Q conv.back

Qmi,gmu‘nd

g
Tgmund

Figure 24: Heat transfer mechanism of PV module.

The model based on a one-dimension. In the model following hypotheses are used:

e The thermal exchanges by the module sides are negligible.

e The ambient temperature (T,) assumed same all side of the module.

e The absorbed solar radiation by module, which is not converted to electrical
energy, is assumed thermal energy.

e The solar module is considered as single mass with uniform temperature
(Th)-

e The conductive heat transfer between the module and the surrounding is
negligible due to a small contact area between the module and the mounting
structure.

e The heat transfer by convection from the top of the module is dependent on
the wind speed. Both free and forced convections are considered.

e The heat transfer by convection from the bottom of the module is also
dependent on the wind speed because the modules are placed around 1
meters above the roof. Both free and forced convections are considered for
back side of the modules.

By considering the contribution of the mentioned heat transfer mechanisms [43], the
heat transfer balance can be written as below. Since some modules are bifacial, irradiance
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gain from the rear side of the module is added to the heat balance which is different from the
work by Fuentes et al. [43].

dr . . . . .
mcd—;"’ = absorptiony + absorption, — convection; — convection, — radiationy —

radiation, Eq. 43

ar
mcd_:/l = Olfo + arGr - hconv,f (TM - Ta) - hconv,r (TM - Ta) - hrad,f,sky (TM - Tsky) -

hrad,f,gr.(TM - Tgr.) - hrad,r,sky (TM - Tsky) - hrad,r,gr. (TM - Tgr.) Eq. 44

where m is the mass of the module per unit area, ¢ is the specific heat of the module, a; and
a, are the thermal absorption of the front and rear side, respectively, G; and G, are incident
illumination on the front and rear side of the module, respectively.

In reality, the changes in the temperature due to varying irradiance do not occur
immediately. The variations in the solar irradiance are faster than the changes in the
temperature of the module. Therefore, the changes in temperature lag the solar irradiance
variations. Each module has a time constant which shows the time for the module reach 63%
of the total change in temperature due to a step change in solar irradiance [48]. The time
constants of the modules are around seven minutes [18]. If the time step of the model exceeds
the time constant of the module, the module can be considered in a steady-state condition. Our
model evaluates the module temperature every 10 minutes so it can be regarded as steady-
state. Therefore, the left side of the heat balance equals to zero like shown below.

0= O(fo + a,.G, — hconv,f (Ty — Tp) — hconv,r(TM -T,) — hrad,f,sky(TM - Tsky) -
hrad,f,gr.(TM - Tgr.) - hrad,r,sky (TM - Tsky) - hrad,r,gr.(TM - Tgr.) Eq. 45

By modifying this equation, the temperature of the module can be calculated as below.

T — “fo+“rGr+Ta(hconv,f+hconv,r)+Tsky(hrad,f,sky+hrad,r,sky)+Tgr(hrad,f,gr+hrad,r,gr) Eq. 46
M= a.
hconv,f+hconv,r +hrad,f,sky +hrad,f,gr"‘hrad,r,sky"'hrad,r,gr.

The thermal absorption of the module defines the fraction of the converted thermal
energy in the module. The absorptivity highly depends on the efficiency, reflectivity and
transmission of the module. For the monofacial modules, since light cannot pass through the
monofacial module, transmission of the module is zero. Below, calculation of the thermal
absorption (a;, ) of a module can be seen.

am=(1—R—-T—n) Eq. 47

where R and T are the total reflection and transmission of the module, respectively and 7 is
the efficiency of the module depending on the predicted module temperature.
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4. The Experimental Setup

4.1. Building of the Modules

After the cell measurements, the solar cells that are mentioned in chapter 2.5 were
used to build single cell modules. First of all, 1 mm and 5 mm wide tabs were soldered as
busbar and cross connector to make the electrical contact of the module, respectively. Two
probes were soldered with two polarities each (four probes per single cell module) to measure
the current and the voltage separately which allows 4-probe measurement method for more
accurate measurements. As mentioned in chapter 2.5, the configuration of the glass-glass
module is Glass/EVA/Solar celllEVA/Glass. The glasses have 3 mm thickness with
dimensions 20 cm x 20 cm. 450 um thick EVA (ethyl vinyl acetate) was used as an
encapsulant material for moisture resistance and electrical isolation for both sides of the cell.
For the modules with a back sheet, the configuration is Glass/EVA/Solar celllEVA/Back sheet
as mentioned before. As a back sheet, thin polymer was used which has 0.34 mm thickness. It
is either white or black depending on the application. The back sheet prevents the module
from moisture and acts as an electrical insulator. All sandwiches were heated up to 150 °C by
the laminator. Hence, EVA is polymerized and keeps the module together. After indoor
measurements of the modules, measurement cables for outdoor measurement were soldered to
cross connectors which are used for the electrical contact. Also, all open connections are
sealed to prevent any water leakage and corrosion during the outdoor measurement.

4.2. IV Measurement

IV characteristics of the cells are measured by using class AAA Wacom solar
simulator under standard test conditions (STC) (1000 W/m? with AM1.5G spectrum, 25°C).
The irradiance level of the simulator is adjusted by using a calibrated reference cell. The size
of the reference cell is comparable to the size of the sample cell. The light source
homogeneously illuminates cells with the help of lenses. The temperature of the cell is
controlled by a water cooling system and measured by the software.

IVs of the solar modules are also measured by the PASAN Il1b sun simulator under
STC. It is a category “class A” flash tester according to IEC 60904-9 which is required for
solar simulators. In order to adjust the temperature of the modules to 25°C, the modules are
left in the PASAN room which is always 25°C with the help of the heating system. According
to the doping type (n- or p-type), the setup is calibrated by using reference module. In order to
avoid possible inhomogeneity of the light source in the calibration, the size of the reference
module should be as close as possible to the size of the sample modules. Therefore, the four
cell monocrystalline solar module was used as the reference module to calibrate the setup.
Depending on the cell type of the modules, one, four or eight flashes are sufficient to get the
required IV data. The modules are placed perpendicularly to the light beam (Figure 25.a).
Each side of the modules is measured separately and for all measurements, the back side of
the module is covered by a black sheet to prevent any light gain (Figure 25.b). A temperature
sensor is placed with a piece of tape at the back of the module to measure the module
temperature.
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Figure 25: (a) Placement of solar module for PASAN measurement. (b) Black sheet to prevent any incident light from the
rear side.

4.3. Reflection and Transmission Measurements

Spectral reflection and transmission of the cells, modules and module materials are
measured by using the optical setup which is able to measure direct and diffuse light. The
Labsphere RTC 060 SF is used as integrating sphere which is coated with high reflective and
white Spectraflect. The light intensity in the sphere is measured by the Stellarnet twin
detectors as a function of wavelength according to ASTM 424-71. The usual limits of the
setup are between 330 nm and 1400 nm. The configuration of the setups for reflection and
transmission measurements is shown in Figure 26.

Spectroradiemeter

Lamp > Lamp

Figure 26: Optical configuration of reflection and transmission measurements.

There are a couple of ports which are used depending on the mode of the
measurement. In the reflection mode, the light enters through the entrance port into the
integrated sphere and illuminates the sample under an 8° angle (Figure 26). The lamp is
focused on the sample port where the sample is located. The sphere collects the reflected light
from the sample and the intensity of the light is measured by the Stellarnet twin detectors. In
order to replicate the chuck of the spectral response or Wacom measurements, a foil with the
same color of the chuck is placed to the back side of the sample during the reflection
measurements (Figure 27).
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Figure 27: Placement of the solar cell samples with and without foil.

In the transmission mode, a sample is placed on the entrance port (Figure 26). The
lamp is focused on the sample and illuminates it perpendicularly to minimize the reflection.
Transmitted light through the sample is captured by the sphere and intensity of the transmitted
light is measured by the detectors. Since the ports are too small to measure the entire surface
of the sample, two different spots are measured for both measurement modes. Those spots are
selected according to homogeneous distribution over the surface and placing them on busbars
should be avoided (Figure 28). Hence, total spectral reflection and transmission can be
estimated by averaging over two spots.

Figure 28: Measurement spots of the cell for homogeneous distribution.

4.4. Spectral Response Measurement

Spectral response measurement gives information on the performance of a solar cell
and module as a function of the wavelength of the incident light. The measurement setup can
be seen in Figure 29.
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Figure 29: Configuration of the spectral response(SR) measurement setup.

The high power xenon light is used as a main lamp for the measurement. The other
four small light bulbs are used for bias light, which keep the cell in the operational condition
and adjust to produce a DC current that corresponds with about 0.5 sun. The chopper is used
to maintain the light frequency at about 70 Hz which enables the lock-in amplifier to
discriminate the signal caused by the filtered light and bias light. Hence, the measured signal
does not consist of the bias light and electronic noise. The filter wheel contains 32 optical
band pass filters which have different wavelengths from 330 nm to 1200 nm. The system
measures the signal of each filter separately by the rotation of the filter wheel. The setup can
be used to measure the spectral response of the cell and the module (Figure 30). The only
difference between measuring a cell and a module is the way of being contacted with the
samples. For the modules, crocodile clips are used instead of Kelvin probes which are used
for the cells (Figure 30).

vvvv

Figure 30: SR measurement of (a) a solar cell and (b) a solar module.

The measured signal gives information about the spectral response (SR) of the cell and
the module on various loss mechanism. The response of short wavelengths, long wavelengths
and overall response, provide the information about the front surface recombination, the rear
surface passivation and diffusion length in bulk, respectively. The SR results show the current
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density for 1 W/m? irradiance. The external quantum efficiency (EQE) and internal quantum
efficiency (IQE) of the sample can be determined by the ECN program which needs SR,
spectral reflection with foil, IV measurement by Wacom, total metallization coverage, metal
fingers coverage and reflection curve of the metal grid. The EQE gives the number of
collected electrons per incident photon, and it does not need reflection measurement of the
sample cell. The IQE gives the number of collected electrons per absorbed photon in the cell.
For the IQE, reflection measurement of the sample with foil at the back side of the sample is
needed to mimic the chuck of the SR and Wacom setup.

4.5. Outdoor Measurement Setup
A 6%6 rack was prepared to measure 36 single cell laminates together as it can be seen
in Figure 31.

Figure 31: Outdoor measurement setup.

The bottom row of the rack is 50 cm high from the ground with 0° azimuth angle
(assuming South is 0°) and 30° tilt angle in order to get highest yield during a year. The
measurement boxes of the modules were placed next to the rack at each row to keep the
measurement cables short for series resistance. Figure 32 shows the position of each module
with the type of the cell and module on the rack. Modules, which have the same module type
but different cell types, are placed close to each other in order to minimize the impact of their
positioning on the measurement results (wind, shading for bifacial modules, etc.). Eight of the
modules are measured by active outdoor IV measurement setup which is indicated in pink at
Figure 32. In 10 minute intervals, active measurement system measures Vmpp, Impp, lsc, Voc and
temperature of only the eight modules.
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Figure 32: Position of the modules on the rack.

The rest of the modules, which are not measured by active measurement, are measured
by passive outdoor IV measurement. Both active and passive measurements happen every 10
minutes. The passive outdoor measurement system is shown in Figure 33.

Start measurement signal

Decision: 4 Relays '
' M t For each Agilent Meas dat
ArduinoUno + Measurement » (Velleman _MOde(:*la’\s/Iurenlw;nvo‘:» 25 Panels ’_Panzlrﬁaai\d —> Mulf; elzxer || as:sti:ea+ =
Mode for panels VA400) - Vipp, Isc, . o
A
Voltage Tim
Proportional to
irradiance

Reference cell

Figure 33: Abstract scheme of the passive outdoor measurement system [51].

The working principle of the passive measurement system is different from the active
measurement system. It measures each mode (Maximum Power Point (MPP), Vo and lg)
separately with time difference between them. The time and mode of the measurement are
decided by the Arduino. First, the system measures | and V under MPP mode, after some time
it measures | and V in I mode [52]. Due to the cable resistances, real Is. cannot be measured
but can be approached. Finally, it measures | and V in V. mode. Both | and V are measured
in Isc and Vo modes to confirm whether the measurements are real Isc and Vo measurements.
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The reference cell is used to measure front irradiance which is placed on the same plane as the
cells to be characterized. The front irradiance is measured six times to confirm if the weather
is clear enough for a reliable measurement at each mode type. Hence, for a total measurement,
the front irradiance is measured eighteen times. The researcher checks the differences
between the eighteen irradiance measurements to decide if the measurement is reliable or not.
The system is expected to be more reliable on sunny days with open sky.

The passive measurement setup is fully functional after 6™ of September. However,
the active measurement setup is fully functional from 18" of October. The data from the
active measurement setup is only used for understanding the effects of environmental
conditions (front irradiance, rear irradiance, ambient temperature and wind speed) on the
module temperature and verifying the fluid dynamic model. For the outdoor analyses,
modules which are measured by passive measurement setup were used because they are fully
functional for a long time.
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5. Results and Discussion

5.1. Analysis of the Cells

IV characteristics, spectral reflection, spectral transmission and spectral response of
couple of cells were measured. Most comparable cells for each cell type were selected in
order to be used in the project. Since the measurement results of the same type of cells are
similar between each other, only measurement of one cell per each cell type are mentioned in
this chapter. Table 3 and 4 show the IV characteristics measured at front and rear side of the
different cell types, respectively.

Table 3: IV values of different cell types.

Jsc Voc FF Efficiency | Bifaciality
[mA/ecm?] | [V] | [%] [%] factor [%)
Al-BSF 37.2 0.631 | 79.5 18.6 -
n-Pasha 38.9 0.657 | 79.9 20.4 90.2
PERPoly 100nm 39.3 0.676 | 79.1 21.0 87.1
PERPoly 200nm 39.0 0.676 | 78.5 20.7 81.6
Jasmine 38.6 0.631 | 76.6 18.9 58.2

Table 4: 1V values of rear side of different cell types.

Jsc Voc FF Efficiency
[mA/em’] | VI | [%] [%]
n-Pasha 35.8 0.655 | 79.4 18.4
PERPoly 100nm 344 0.672 | 79.3 18.3
PERPoly 200nm 32.0 0.670 | 78.9 16.9
Jasmine 22.5 0.631 | 79.0 11.0

AIl-BSF cell has one of the lowest V. due to the existence of full area aluminum-
doped BSF and Al contact which cause lower quality surface passivation at the rear. The next
lowest V. generated by the jasmine cell which is also caused by the lower quality of the local
back surface fields (BSF). Both PERPoly cells have the highest Vo due to the improved
passivation by the n+ polysilicon which is used as BSF layer. Additionally, Js. of the jasmine
cell is higher than Js. of AI-BSF cell due to improved internal reflections by reflective rear
chuck during measurment. Since n+ polysilicon layer has higher doping level than the n+ BSF
layer of n-Pasha cell, PERPoly cells have lower Js. (PERPoly 100nm & 200nm: 34.4 mA/cm?
& 32 mA/cm?) than n-Pasha cell (35.8 mA/cm?) when the cells are illuminated from rear side.
Therefore, bifaciality factor of the n-Pasha cell is higher than bifaciality factors of the
PERPoly cells (Table 3). Also, bifaciality factors of PERPoly cells decrease with thicker
polysilicon layer due to higher absorption by polysilicon which decreases the rear Js value.
Figure 34 shows the internal quantum efficiency (IQE) of the same cells.
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Figure 34: IQE of the different cell types.

As it can be seen in Figure 34, all bifacial cells have similar blue response but Al-BSF
cell has lower blue response than other cell technologies which might be due to the poorer
front surface passivation of Al-BSF cell compared to the other cells. The rest of the IQE rates
of the cells are similar until the red response which shows the rear quality of the cells. Figure
35 shows more detailed red and near-infrared (near IR) 1QE response of the cells.
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Figure 35: IQE response of the different cell types between 950 nm and 1200nm.

The AI-BSF (dark blue) cell has the lowest rear response due to the existence of full
aluminum back contact which causes higher surface recombination and parasitically
absorption of IR light. The effect of the full aluminum back contact is also seen on the V. of
the AI-BSF cell as mentioned earlier. PERPoly cells (purple and green) have the second and
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Figure 36: Reflection and 1-transmission of the different cell types. The arrows show the absorption rate at 1180nm.

The cells have comparable reflection rates until the near IR region which is mainly
because of the different rear side designs (Figure 36). Since the jasmine has smooth and very
thin passivation layer (6 nm), the passivation layer is optically inactive. The jasmine cell has
the highest reflection (Si(~3.5)/air(~1) interface) at near IR region. Due to the high reflection,
transmission of the jasmine cell at near IR region is low. The lowest absorption is expected
from the jasmine cell at near IR (light blue arrow) which is ~36.9% at 1180 nm because of the
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high reflection of the cell. The AI-BSF cell (dark blue arrow) has the highest absorption
(~79.1% at 1180 nm) at near IR region due to the full area back contact which absorbs non-
absorbed IR light through the cell. Also, it has the lowest reflection with the PERPoly 200nm
cell. The PERPoly 200nm cell has the second largest absorption at near IR region which is
due to the thicker and highly doped polysilicon layer. Due to the thicker doped polySi layer of
the PERPoly 200nm cell as compared to the PERPoly 100nm cell, PERPoly 200nm cell has
lower reflection and transmission than the PERPoly 100nm cell. Hence, PERPoly 100nm cell
(~49.3% at 1180 nm) has less absorption than the PERPoly 200nm cell (~55.8% at 1180 nm)
at near IR region (green and purple arrows). The n-Pasha cell has higher reflection and
transmission than the PERPoly cells because of the absence of highly doped polysilicon layer.
Hence, n-Pasha (red arrow) has the second lowest absorption (~41% at 1180 nm) at near IR
region.

5.1.1. Expected Heat Inputs of the Cells

Expected spectral heating of the cells were calculated by using AM1.5G global
(ASTMG173) standard solar spectrum (S(A)), IQE response, spectral reflection (RFL(4))
and transmission (TM(A)) values of the cells. Spectrum of the reflection (Izr,(4)) and
transmission (I74;(1)) in W/(m?um) calculated by using the following equations.

Igp (1) = S(A) X RFL(A) Eq. 48
Iryy(A) = S(A) X TM(A) Eq. 49
Due to the conversation of energy, absorption of the cells is calculated by

Inps(A) = 1 — Igp (A) — I (). Eq. 50

The absorbed value includes electrical output (Igec.(4)), thermalization
(ITherma.(4)), recombination, entropy and resistive 10sses (Irec.gntr. resis.(4)) and parasitic
heating (Ipgrq. (A)) Which consists of recombination, FCA and absorption of metallization.
These values can be calculated by the following equations.

(Sg(W-Ey)

Itherma.(A) = Iups(1) X IQE(A) X e Eq. 51
g
Iptect. (D) = Lps(A) X IQE(2) x 2422 Eq.52
Sg()
E,—F
IRec.,Entr.,Resis.(/l) = IABS(A) X IQE(/D X (gTé]/’{\;M Eq. 53
Ipara. = Iups 1) - Igiect. 1) - ITherma.(/l) - IRec.,Enth.,Resis.(A) Eq. 54

where E, is the band gap energy of silicon which is 1.12 eV, E, ¢.,-m; is the energy difference
between quasi fermi levels which is around 0.55 eV [53], S,(4) is the energy of the solar
spectrum in eV. Due to the recombination, entropy and resistive losses, the energy difference
between quasi fermi levels (Eg ferm;) is lower than band gap of the silicon (E,) [53]. Figure
37 shows the spectrum of AM1.5G, electrical output, thermalization, entropy, resistive losses,
recombination, reflection, transmission and parasitic heating of the AI-BSF cell. In this
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calculation, electrical outputs of the cells are derived in maximum power point (MPP)
condition which is around 20% of the AM1.5G.

Figure 37 shows thermalization, entropy, recombination and resistive losses of the cell
together (green). Thermalization loss is more dominant than recombination, entropy and
resistive losses. Hence, thermalization significantly affects the shape of the green plot.
Heating by thermalization is highly effective at short wavelengths due to the energy of the
photon is higher than the bandgap energy of the silicon. Thermalization loss decreases above
wavelength 450 nm because energy of the photon also decreases with increasing wavelength.
Above 1100 nm main heating mechanism of the cell is parasitic heating (purple) which
consists of recombination, FCA and parasitic absorption of metallization of the cell. Also,
above 1100 nm reflection and transmission (only for bifacial cells) are other significant
mechanisms that incoming light can turn into. Hence, high reflection and transmission (only
for bifacial cells) are needed for wavelength above 1100 nm in order to keep the parasitic
heating of the cell minimum. For wavelength above 1100 nm, 80% and 65.5% of the total
sunlight leads to parasitic heating in monofacial and bifacial cells, respectively. The
difference between the monofacial and bifacial cells is due to the transmission of the bifacial
cell.
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Figure 37: Spectrum of AM1.5g and electrical output, thermalization. Reflection and parasitic heating of the Al-BSF cell.

Figure 38 shows the spectrum of parasitic heating of the cells when they are
illuminated from front side. As expected from the previous chapter, the Al-BSF solar cell
(dark blue) has the highest parasitic heating at near IR region because of the existence of full
area aluminum BSF and back contact. The unabsorbed IR light through the cell is parasitically
absorbed by aluminum BSF and back contact and generates parasitic heating. The parasitic
heating spectra of the bifacial cells are roughly comparable at wavelengths below 1000 nm
due to the similar reflection, transmission and IQE responses. The Al-BSF cell has higher
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parasitic heating compared to other cells at short wavelengths due to the low IQE response at
UV region which might be due to the poorer front surface passivation. (Figure 38). The
jasmine cell has the lowest parasitic heating due to the high reflective rear at near IR region

(Figure 36 & 38).
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Figure 38: Spectrum of the parasitic heating of different cell types.

Table 5 shows the total heating and contribution of the parasitic heating to the total
heating of the cells. Around 65%-70% of the total AM1.5g becomes source of heat for solar
cells. The AI-BSF has the highest total parasitic heating and highest parasitic heating fraction
(26.7%) to total heating. Total parasitic heating of the AI-BSF cell is around 86% higher than
the total parasitic heating of the n-Pasha cell, so the overall total heating of the Al-BSF is
around 9.5% higher than the total heating of the n-Pasha cell. The n-Pasha cell has lower total
and parasitic heating than the jasmine cell because of the difference between their parasitic
heating spectrums at short wavelengths (Figure 38).

Table 5: Average total heating, total parasitic heating and fraction of parasitic heating of the different cell types with a
standard deviation.

Total heating Total parasitic | Fraction of parasitic heating
[W/m?] heating [W/m?] on total heating [%]
Al-BSF 706.7+3.2 188.8+2.8 26.7
n-Pasha 645+3.8 101.8+1.7 15.8
PERPoly 100nm 660.7+1.4 122.3+1.6 18.5
PERPoly 200nm 666.2+2.6 126.9+2.7 19
Jasmine 643+2.8 101.7+2.6 15.8
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5.1.2. Absorption Model for the PERPoly Cells
Absorption of the both PERPoly cells were modeled for band to band absorption and
free carrier absorption. Figure 39 and 40 show the total absorption (band to band absorption
of silicon and free carrier absorption) by using the model and measured absorption which is
derived from the measured spectral reflection and transmission of the PERPoly 100nm and
PERPoly 200nm cells, respectively. As it can be seen from Figure 39 and 40, modeled total
absorption perfectly follows the measured total absorption level until 990 nm where the free
carrier absorption starts to be more dominant. Between 990 and 1100 nm, total absorption of
the both cells is underestimated (Figure 39 and 40). Also, above 1100 nm, total absorption is
predicted higher than measured total absorption (Figure 39 and 40). In the model, light is
assumed to be perpendicular to all layers of the semiconductor material. This might be a
reason of the deviations.
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Figure 39: Modeled total absorption (band to band absorption of silicon and free carrier absorption) and measured
absorption by using the measured spectral reflection and transmission for PERPoly 100nm cell.
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Figure 40: Modeled total absorption (band to band absorption of silicon and free carrier absorption) and measured
absorption by using the measured spectral reflection and transmission for PERPoly 200nm cell.
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Figure 41(a) and 41(b) show the distribution plot for the different absorption
mechanisms, reflection and transmission of the PERPoly 100nm and PERPoly 200nm cells,
respectively. Both cells have comparable band to band silicon absorption which is mainly by
the emitter and base. As expected, free carrier absorption fraction of the PERPoly 200nm cell
is higher than free carrier absorption fraction of the PERPoly 100nm cell due to the thicker
polysilicon layer. Result of this PERPoly 100nm cell has higher reflection and transmission
fractions than PERPoly 100nm cell.
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Figure 41: Distribution plot for band to band absorption, free carrier absorption, reflection and transmission of (a)PERPoly
100nm and (b)PERPoly 200nm at 330-1400nm wavelengths.

5.2. Analysis of the Single Cell Modules

The 1V results of the glass-glass modules, which are built by using the cells that are
mentioned in the previous chapter, are shown in Table 6. The modules with PERPoly cells
have the highest V. and I as expected from the cell IV measurements. Also, AlI-BSF module
has the lowest V. and Is.

Table 6: 1V characteristics of glass-glass modules with different cell types.

g-g module Isc [A] | Vo [V] FF [%] | Efficiency [%] | Bifaciality factor [%0]
Al-BSF 8.50 0.622 74.4 15.9 -
n-Pasha 8.83 0.658 74.8 18.2 94.1
PERPoly 100nm | 8.92 0.676 74.2 18.7 89.1
PERPoly 200nm | 8.86 0.675 73.7 18.4 83.3
Jasmine 8.81 0.630 71.8 16.5 69.8

The Iy, fill factor (FF) and aperture efficiency values, which is the efficiency of
aperture area, decreased from cell to module for all modules but bifaciality factors of the
modules with bifacial cell increased. In the solar cells, light goes from air to cell. However,
for the encapsulated solar cells, light goes from air to glass/EVA and from glass/EVA to cell.
The optical coupling is different from air to cell than from air to glass/EVA to cell [54] [55].
The glass and EVA layers decrease the amount of light that illuminates the solar cell which
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has a decreasing effect (optical loss) on Is. from cell to module on both sides. Additionally,
while making solar module from solar cell, tabs are soldered as busbar and cross connector.
Light that is incident on the busbar, partially scatters back. This scattered light might scatter
back to the solar cell at module interfaces, e.g. the boundary of EVA and glass [55]. Hence,
the amount of light that the module effectively gets is higher than the amount of light that the
cell gets which is an increasing effect (optical gain) on the Is; from cell to module on both
sides. Table 7 shows the cell to module change for I, efficiency and bifaciality factor for the
glass-glass modules. Apart from the Is. of rear side of the jasmine, I from cell to module
decreases for both sides of the modules which reveals optical loss from cell to module is more
significant than optical gain from cell to module. The reason for the Is; increase from cell to
module on rear side of the jasmine is that rear side of the jasmine cell is high reflective and
not textured, so glass/EVA interface act as an anti-reflective coating and decreases the
reflection of the rear side which increases the light that illuminates the cell. In addition, the
solar cells are optically optimized for front side efficiency, e.g. the properties of the SiNy
coating on the front is also optimized for anti-reflection, whereas SiNx on the rear side is
mostly optimized for the combined effect of rear side passivation and contact formation [56].
Therefore, the optical gain at the rear side might be higher than the front side. This can cause
lower decreasing value of I for the rear side compared to the front for n-Pasha and PERPoly
modules (Table 7) which results in better bifaciality actor.

As mentioned before tabs are soldered as busbar and cross connector so they have
additional resistive losses [18]. Hence, FF from cell to module decreases around 4.9% +0.17
and 4.1% £0.12 for front and rear of all modules, respectively. The decrease in both Is; and FF
lead to decrease in efficiency of the modules. In addition, since the decrease in Isc and FF on
the front is higher than the decrease in Isc and FF on the rear, bifaciality factor increases for all
bifacial modules (Table 7).

Table 7: Cell to Module change on I, efficiency and bifaciality factor for the glass-glass module with different cell types.

Isc [%0] Efficiency [%0] Bifaciality
Front | Rear | Front | Rear factor [%0]
Al-BSF 5.1 - -11.4 - -
n-Pasha -4.9 -3.3 -10.9 -8.3 4.3
PERPoly 100nm -4.9 -3.9 -10.7 -9.0 2.3
PERPoly 200nm -5.0 -4.2 -10.8 -9.3 2.1
Jasmine -5.6 15.2 -12.7 9.9 20.0

Light management of the modules with white and black back sheets are different than
the light management of the glass-glass modules as mentioned in chapter 2.4.1. The I of the
modules are affected by the back sheet type which is either reflective or absorbing. Figure 42
shows the lsc and Prpp OF glass-glass modules with different cell types.
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Figure 42: |, and P, of different module types with different cell types (n-Pasha).

Since Iy is directly related with the incident illumination on the cell, Figure 42 shows
the outcome of the different light management mechanisms of the different module types,
especially for modules with bifacial cells. The transmitted light through the cell can hit the
back sheet and depending on the type of the back sheet it is either reflected or absorbed. For
modules with white back sheet, significant amount of reflected light from the back sheet
increases the ls. (Figure 42). There are three types of optical gains from glass-glass module to
white back sheet module. The first optical gain mechanism is unabsorbed light through the
bifacial solar cell can be reflected back into the active area of the rear of the cell. The second
and third mechanisms are the incident light on the non-solar cell area of the module (edge of
the module) can be scattered to active area of the rear side of the cell [57] or can be reflected
back to glass/air interface and reflect back into the front surface of the cell [57]. For modules
with bifacial cells, all mechanisms are valid but for modules with monofacial cell, only gain
from front glass which scattered from non-solar cell area of the module mechanism is valid.
Black back sheet is non-transparent and has around 95% absorption rate at all wavelengths as
mentioned in chapter 2.4.1. Figure 42 shows that modules with black back sheet have lower
Ic than glass-glass module. For the glass-glass modules, incident light on the glass/air
interface of the rear side of the module might reflect back into the rear side of the cell or front
glass of the module. This mechanism results in an optical gain for the glass-glass modules.
The reason behind the lower I of black back sheet modules than glass-glass modules might
be lesser reflection from black back sheet (~5%) than glass/air interface. In addition, since the
module type does not have a significant impact on the Vo and FF of the modules, change in
the Ig directly affects the Pip, of the modules (Figure 42).

Figure 43 shows the IQE of the glass-glass modules. Since all modules are glass-glass,
same amount of the parasitic absorption by glass and encapsulant material is expected for all
glass-glass modules from cell to module. The jasmine cell has higher IQE response than Al-
BSF cell at UV region and similar 1QE response as n-Pasha at IR region as mentioned in
chapter 5.1. However, jasmine module has similar IQE response as Al-BSF module at UV
region and lower IQE response than n-Pasha module at IR region. This indicates that jasmine
module has higher cell to module (CTM) losses than other modules at UV and IR regions.
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These unexpected decreases at both UV and IR regions might be due to the manufacturing
damage on only jasmine modules, since other modules does not have this loss and all jasmine
modules have same loss. Hence, manufacturing jasmine modules should be more investigated
to understand the reason behind the decreases. Due to the decrease in IQE response of jasmine
module, n-Pasha has the highest IQE red response (Figure 43).
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Figure 43: IQE of glass-glass modules with different cell types.

The reflection and transmission rates of the modules are changed from cell to module
due to parasitic absorption of the module materials. The absorption of the module materials is
elaborately explained in chapter 5.2.1 below. Figure 44 shows the reflection and 1-
transmission rates of glass-glass modules. Still jasmine module has the highest reflection at
near IR region. The n-Pasha and Al-BSF modules have similar reflection behaviors but since
Al-BSF module has no transmission, higher absorption is measured from Al-BSF module
(~81.2%) compared to other modules at near IR region. At around 1150 nm, similar
absorption rates are expected from n-Pasha (~55.9%), PERPoly 100nm (~55.1%) and jasmine
(~55.3%) modules and higher absorption is expected from PERPoly 200nm (~63.65%)
module.
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Figure 44: Reflection and 1-Transmission of the glass-glass modules with different cell types.

Different module types have different light management properties, which results in
creating different spectral reflection and transmission values. Figure 45 shows the spectral
reflection and 1-transmission of the three module types with bifacial cell (n-Pasha). Since
monofacial cell (Al-BSF) cannot transmit light, module type has no effect on the reflection of
the active area of the module. The module with white back sheet has the highest reflection and
the glass-glass module has slightly higher reflection than the module with black back sheet
(Figure 45). Since the glass-glass module has highest transmission rate by far, it has also the
lowest absorption rate (~55.9%) at IR region. The module with white back sheet (~68.6%) has
lower absorption rate than the module with black back sheet (~81.3%) because of the high
reflection rate at near IR region. As a result, highest absorption is expected from black back
sheet modules due to the high absorbing rate of the black back sheet which results in highest
heat input. Also, lowest absorption is expected from glass-glass modules due to the high
transmission rate of the glass + EVA which results in lowest heat input.
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Figure 45: Reflection and 1-Transmission of the different modules types with bifacial cell.

5.2.1. Module Material Absorption

Power losses occur from cell to module due to optical, resistive and mismatch
components. To evaluate the optical losses/gains, IQE, spectral reflection and spectral
transmission of the different modules are compared. Optical losses occur from cell to module
due to additional reflectance and parasitic absorption of various layers (glass, EVA and back
sheet) [58] [59] [60]. The optical loss mechanisms of the modules are shown in Figure 46.
Besides the optical losses, optical gains from cell to module occur because of the incremental
increase in the refractive index per layer (reduced reflection) [61] [62] and total reflection at
the glass-air interface which reflects the light back into the active area of the cell (reduced
reflection) [57].

Solar Cell

Figure 46: Various optical losses of a solar module (active area) (transmission for bifacial modules is not included).
(1=reflection of air/glass interface, 2 = reflection of glass/EVA interface, 3 = reflection of EVA/Cell interface, 4 = absorption
of glass, 5 = absorption of EVA.)
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Figure 47 shows the absorption rate of the glass’s/EVA/glass stack. At short
wavelengths, both glass and EVA have high absorption coefficient [58]. Especially, the EVA
blocks most of the UV light which is below 400 nm [58] [63]. In addition, at around 1200 nm,
there is sudden drop in the reflection and transmission of the modules (Figure 44 & 45). The
reason for this drop is the EVA absorption peaks between 1100 nm and 1300 nm which is
possibly because of the absorptions of C-H due to vibrational overtones [58] (Figure 47).
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Figure 47: Absorption rate of the glass/EVA/glass stack.

The effect of the parasitic absorption by module materials can be seen in Figure 48(a)
and 48(b) which shows the IQE response, spectral reflection and spectral transmission
measurements, respectively. The CTM decrease of the IQE and the reflection at UV region
take place due to the high absorption coefficients of the glass and EVA at UV region (Figure
48(a) & 48(b)) [63]. In addition, at IR region, there is decrease in the reflection and
transmission from cell to module due to the parasitic absorption of the module materials. At
around 1200 nm, there is drop in the reflection and transmission due to peaks in the
absorption of the EVA at 1100-1300 nm as explained in the previous paragraph (Figure
48(b)).
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Figure 49: Spectrum of the parasitic heating of bifacial cell and different module types with bifacial cell.
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5.2.2. Total and Parasitic Heat Inputs

Spectral heating of the modules is calculated with spectral reflection and transmission
of the active area of the modules by using the method that explained in chapter 5.1. Figure 50
shows the spectrum of the parasitic heating of glass-glass modules. At short wavelengths the
Al-BSF and jasmine modules both have higher parasitic heating due to lower IQE response
than other modules. Main difference between the parasitic heating values of all the glass-glass
modules are visible at near IR region. Parasitic heating spectrum of the modules are
comparable with parasitic heating spectrum of the cells. The AI-BSF module has highest
parasitic heating due to the absorption of the full area aluminum back contact. The only
exception is that from the cell derivations, jasmine cell has the lowest parasitic heating at
above 1100 nm but from glass-glass module calculations, both n-Pasha and jasmine modules
have the lowest parasitic heating response at above 1100 nm.
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Figure 50: Parasitic heating spectrum of glass-glass modules with different cell technologies.

Figure 51 and 52 shows the spectral parasitic heating of different module types with
monofacial (Al-BSF) and bifacial (n-Pasha) cells, respectively. The module type does not
have any effect on the parasitic heating of the module with monofacial cell since light cannot
be transmitted by the monofacial solar cell (either reflected or absorbed by aluminum back
contact). On the other hand, light can pass through the bifacial cell so it can be either absorbed
or reflected by the back sheet. Hence, back sheet affects the heating of the module depending
on the absorption level of the back sheet. Since black back sheet has higher absorption rates
than the white back sheet, parasitic heating of module with black back sheet is higher than
parasitic heating of module with white back sheet at IR region (Figure 52).
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Figure 51: Parasitic heating spectrum of different module types with monofacial cell.
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Figure 52: Parasitic heating spectrum of different module types with bifacial cell.

Figure 53 and 54 show the spectrum of the parasitic heating of the modules with white
and black back sheet, respectively. Since Al-BSF cell cannot transmit light, module type does
not have an effect on the parasitic heating of the module, as discussed in previous paragraph.
However, module type has an effect on modules with bifacial cells. Regardless of the type of
the back sheet, modules with any type of back sheet have higher parasitic heating than glass-
glass modules. Hence, parasitic heating values of the white and black back sheet modules
with bifacial cells approach the parasitic heating of AI-BSF module at near IR (Figure 53 and
54). Depending on the absorption of the back sheet, the difference in the parasitic heating
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values of the modules change. For the white back sheet modules, Al-BSF module has the
highest parasitic heating but the differences between Al-BSF module and other modules are
smaller than the differences between AI-BSF glass-glass module and other glass-glass
modules (Figure 50 and 54). For the black sheet which has high absorption rate, parasitic
heating of the PERPoly 100nm module is close to the parasitic heating of AI-BSF module and

n-Pasha has slightly lower parasitic heating response than them at near IR.
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Figure 53: Parasitic heating spectrum of white back sheet module with different cell technologies.
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Figure 54: Parasitic heating spectrum of black back sheet module with different cell technologies.

In Figure 55, total parasitic heating values of different module and cell types under
one sun illumination from front side can be seen. The AI-BSF module has the highest
parasitic heating and n-Pasha module has the lowest parasitic heating in all module types. The
glass-glass modules with bifacial cell has lower parasitic heating than the white back sheet
modules with bifacial cell. Also, the white back sheet modules with bifacial cell has lower
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parasitic heating than the black back sheet module with bifacial cell. The AI-BSF modules
have similar parasitic heating values for all the module types but there are differences mainly
due to variations in IQE response between 500 nm and 900 nm which is also visible in
spectrum of parasitic heating (Figure 51). From the parasitic heating calculations of the cell
measurements, parasitic heating is expected to be the lowest for jasmine modules. However, it
has similar parasitic heating value as PERPoly 100nm for all module types. This unexpected
change might be due to an error in manufacturing process of the jasmine modules, as
mentioned before.
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Figure 55: Total parasitic heating of different module types with different cell technologies.

When modules are placed free-standing, the illumination from back side of the
modules becomes an important parameter on the heating of the module. Parasitic heating of
all module types with (0.3 sun) and without rear contribution can be seen in Figure 56. Due to
the full aluminum back side of the glass-glass AI-BSF module, rear illumination results in
steep increase in parasitic heating of Al-BSF glass-glass module. In addition, different rear
side technologies of the cells cause increase in difference between parasitic heating values of
glass-glass modules with increasing rear contribution. However, for jasmine module the
increase is very little because of the high reflective back side. Hence, when there is 0.3 sun
rear contribution it has lower parasitic heating value than PERPoly 100nm (Figure 56). Since
rear side of monofacial modules parasitically absorbs some amount of the incident light,
parasitic heating also increases for monofacial modules with increasing rear contribution. The
colors of the rear sides of both white and black back sheets are white and incident light on the
rear of the back sheet is either reflected, transmitted (only for white back sheet) or absorbed.
Hence, if there is rear contribution, parasitic heating of the black back sheet module increases
due to the parasitic absorption by back sheet (Figure 56). For white back sheet modules,
heating mechanism from rear is more complicated, since small portion of the incident light
passes through the white back sheet. Transmitted light causes thermalization and parasitic
heating (e.g. FCA and recombination) for modules with bifacial cells and only parasitic
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heating (absorption by aluminum contact) for modules with monofacial cell. Hence, parasitic
heating of the white back sheet module increases due to absorption by the back sheet,
thermalization and parasitic absorption by the cell with increasing rear contribution.
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Figure 56: Total parasitic heating of different module types with different cell technologies with (0.3 sun at rear) and
without (no sun at rear) rear contribution.

Other parameters that lead to increase in the total heat of a solar module are
thermalization, entropy and resistive losses. However, since all the modules use c-Si as
absorber, similar thermalization, entropy and resistive losses are expected. Therefore, the
difference between total heating of the modules is mainly due to the parasitic heating. Figure
57 shows the total heating of the modules without and with (0.3 sun) rear contribution. Rear
contribution increases the total heating of all module types; the amount depends on the
module type. The total heat differences between the black back sheet modules with different
cell types are minor and it is not affected by the rear contribution since black back sheet does
not transmit light. The differences between the heating of the white back sheet modules with
different cell types are also not affected significantly by the rear contribution since white back
sheet only transmits little amount of light. On the other hand, total heating of the glass-glass
modules highly depends on the rear contribution and especially total heat of the Al-BSF
module increase steeply with rear contribution. Figure 57 tells the heat input under specified
conditions for different module types with different cell technologies. By looking the total
heating results of cell (Chapter 5.1) and module, the highest temperature is expected from Al-
BSF modules and lower temperature is expected from n-Pasha and PERPoly 100nm modules
for all module types. Additionally, when there is illumination from front side only, highest
temperature is excepted from black back sheet modules as compared to other module types
for modules with bifacial cell.
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Figure 57: Total heating of different module types with different cell technologies with (0.3 sun at rear) and without (no sun
at rear) rear contribution.

5.3. Outdoor Measurement Analysis

Weather conditions i.e. wind speed, ambient temperature, front irradiance and rear
irradiance (only for free-standing module) have an impact on the module temperature.
Irradiance is the main mechanism of heat input on the solar module which strongly affects the
temperature of the module. Wind speed strongly affects the forced convection heat transfer
(heat output). Figure 58(a) shows standardized Pareto chart for module temperature (glass-
glass module with PERPoly 100nm cell) relative to ambient temperature. To determine the
main effects (both linear and quadratic) a fitting procedure was applied using statistical data
analysis software Statgraphics Centurion®. The standardized Pareto chart shows the
significant effects on the relative module temperature. The p-value is statistical value that
shows the statically significant relation between dependent and independent variables with
specified confidence. In statistics, confidence limit is mostly 95%. Hence, p-value of the
independent variable should be less than 0.05 in order to say that there is significant relation
between dependent and independent values with 95% confidence. In this case, front
irradiance, wind speed and square of front irradiance which have p-value close to zero, have
significant relation with relative module temperature with 95% confidence. Front irradiance is
dominant and has an increasing effect on the module temperature (Figure 58(a)). Also, wind
speed causes higher forced convection which increases the heat transfer from the module.
Hence, temperature of the module decreases with increasing wind speed (Figure 58(a)).
Figure 58(b) shows the main effects plot of front irradiance and wind speed on the relative
module temperature. Both curves only show the effect of only one independent variable on
the relative module temperature. Relative module temperature has decremental increase with
increasing front irradiance. The square of the front irradiance has significantly negative effect
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on the relative temperature. Wind speed has linear and decreasing impact on the relative
module temperature. Since the rear irradiance is around 11% of the front irradiance, rear
irradiance does not have a significant effect (P value > 0.05) on the module temperature. In
order to see the effect of rear irradiance which is expected to cause more difference between
the module temperatures, ground should be painted white (high albedo factor).
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Figure 58: (a) Pareto chart and (b) main effect plot for front irradiance and wind speed.

Figure 59 shows the module temperature relative to ambient temperature as a function
of front irradiance at low (wind speed=1 m/s) and high (wind speed=25 m/s) wind speeds. At
low wind speed, forced convection has small impact on the cooling by convection. Therefore,
more heat is kept inside the module and relative module temperature reaches around 13 K at
1000 W/m? front irradiance. On the other hand, at high wind speed, forced convection is
significant and module temperature relative to ambient temperature barely reaches 3 K at
1000 W/m? front irradiance. The curve decreases at high irradiance because of fitting the data
which is not realistic. This is out of scope of the project and more research should be done.
Also, the temperature difference between low and high wind speed plots (the distance
between the blue curves) increases with increasing front irradiance because when there is
more heat input, effect of the forced convection by wind is more significant.
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Figure 59: Module temperature relative to ambient temperature as a function of front irradiance at low (1 m/s) and high
(25 m/s) wind speeds.
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In the rest of this chapter, temperature of the modules which are calculated by using
Voc as explained in chapter 2.3, are compared. The ideality factor n;;, which is used to
calculate the temperature from V., varies as a function of the voltage. At low voltages (low
irradiance), it increases to 2 and is not valid [35]. Therefore, calculated ideality factor from
ECN developed program assumed to be constant between 700 and 1200 W/m? and only
temperatures at this range is compared in this chapter. Rest of this chapter, mean of
temperatures with two times of standard deviation (~%95 of the data), which are calculated by
statistical data analysis software Statgraphics Centurion®, are given at 1000 W/m? front
irradiance condition in order to see effect of cell and module type on the temperature
statistically. More statistical research is out of scope of this work so mean values of the
temperatures with two times of standard deviation are given.

5.3.1. Effect of Module Type on Modules with Monofacial and Bifacial Cells

Figure 60 shows the module temperature relative to ambient temperature for different
module types with Al-BSF cell. From indoor heat input measurements, effect of module type
on the temperature of the module with Al-BSF cell is expected to be insignificant when there
is no rear irradiance (Figure 51). The back sheet which is the main difference between those
module types has limited area (inactive area of the module/edge of the module) in order to
make an impact on the temperature. However, even this small effect of the back sheet on the
inactive area can be seen on the relative temperature of the module (Figure 60). The black
back sheet module has 13.1+6.6 K higher temperature than ambient temperature while glass-
glass and white back sheet modules have 12.5+5.0 K and 12.6+5.9 K higher temperature than
ambient temperature at 1000 W/m?. The reason for the differences in temperature between the
different module types is the heating of back sheet at the inactive area of the module.
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Figure 60: Module temperature relative to ambient temperature as a function of front irradiance for different module types
with Al-BSF cell.

Module type has a significant effect on the modules with bifacial cell because
unabsorbed IR light through the cell can be either absorbed by back sheet or pass through the
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glass. Figure 61 shows the relative temperature of different module types with PERPoly
100nm cell. Modules with white and black back sheet have 12.1+6.3 K and 12.5+6.7 K higher
temperature than ambient temperature at 1000 W/m?. Since black back sheet (~95%) has
higher absorption ratio compared to white back sheet (~20%), module with black back sheet
has slightly higher temperature than module with white back sheet. Glass-glass module has
lower temperature than monofacial modules which correlates with indoor measurements when
the fraction of rear irradiance is low. Temperature of the monofacial modules relative to
bifacial module can be seen in Figure 62. In the Netherlands, at low irradiances, fraction of
the diffused light is high which results in high rear irradiance fraction for bifacial modules and
at high irradiances, fraction of diffused light is low which results in low rear irradiance
fraction for bifacial modules. Since at low irradiances fraction of the rear irradiance is high,
temperature of the glass-glass module is close to monofacial modules due to thermalization
and parasitic heating by active part of the module (Figure 62). The temperature difference
between bifacial and monofacial modules increases with increasing irradiance because
fraction of rear irradiance decreases with increasing front irradiance. From indoor heat input
calculations, higher temperature is expected for glass-glass modules compared to monofacial
modules when there is rear irradiance (Figure 57). One of reason of the unexpected
temperature difference can be higher emissivity of glass compared to back sheet which results
in higher radiative heat transfer for glass-glass module compared to monofacial modules.
Also, heat transfer within the module level might be better for bifacial module compared to
monofacial module. The white back sheet and black back sheet modules have 2.9+2.5 K and
3.4+3.0 K higher temperature than glass-glass module at 1000 W/m? (Figure 62).
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Figure 61: Module temperatures relative to ambient temperature as a function of front irradiance for different module
types with PERPoly 100nm cell.
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5.3.2. Effect of Cell Technology on Temperature of Glass-Glass Modules

Figure 63 shows the temperature of glass-glass modules with different cell
technologies (Al-BSF, PERPoly100nm, PERPoly 200nm and Jasmine) relative to ambient
temperature. In order to minimize the effect of place (i.e. wind speed) of the modules on the
rack (i.e. wind speed), only modules which are close to each other are picked and described
for the rest of this chapter. These modules are placed in the top row and third row of the rack
(LAL, LA2, LA3 and LC2) (Figure 32). Depending on the wind speed and technology of the
cell, modules have 5-20 K higher temperature than ambient temperature at 1000 W/m?. In
addition, Al-BSF module has the highest average temperature because of the existence of full
aluminum contact which absorbs non-absorbed IR light through the cell. PERPoly 100nm
module has the lowest module temperature between the modules as expected from indoor heat
input measurements. The Al-BSF, jasmine, PERPoly 200nm and PERPoly 100nm modules
have 12.6+5 K, 11.31£6.5 K, 10+6.5 K and 8.9+4.7 K higher temperature respectively than
ambient temperature.
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Figure 63: Temperature of glass-glass modules relative to ambient temperature as a function of front irradiance for
different cell technologies.

In order to see the difference between the modules, Figure 64 shows the module
temperature relative to PERPoly 100nm module which has the lowest temperature.
Temperature of the AlI-BSF module is 3.4+1.7 K higher than the temperature of the PERPoly
100nm module at 1000 W/m? because of the full aluminum back contact. If the ground had
higher albedo factor, leading to higher rear irradiance fraction, this temperature difference
would be higher because of the absorption of full aluminum contact. PERPoly 200nm module
has slightly higher (1.3+2.0 K) temperature at 1000 W/m? compared to PERPoly 100nm due
to higher free carrier absorption. The jasmine module has 2.4+1.5 K higher temperature than
PERPoly 100nm module which is not expected from indoor measurements (Figure 57). As
mentioned in previous chapter, in order to understand it, more research should be done on
making modules by using jasmine cells.
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Figure 64: Temperature of glass-glass modules with different cell technologies relative to temperature of PERPoly 100nm
modaule as a function of front irradiance.

5.3.3. Effect of Cell Technology on White back sheet & Black back sheet Modules

Figure 65 shows the module temperature relative to ambient temperature for white
back sheet modules with different cell technologies (Al-BSF, PERPoly100nm, n-Pasha and
Jasmine). The modules are placed close to each other on the rack (LC3, RB1, RB2 and RB3)
(Figure 32). Due to the varying wind speed, relative temperatures of the modules are scattered
between 5-25 K. Al-BSF module has the highest temperature which is 14.5+6.8 K higher than
ambient temperature at 1000 W/m?, as expected from heat input calculations. PERPoly
100nm and n-Pasha modules have similar relative temperatures which are 12.1+6.3 K and
12.4+6.5 K higher temperature than ambient temperature at 1000 W/m?, respectively. The
jasmine white back sheet module has 13.246.8 K higher temperature than ambient
temperature at 1000 W/m?.
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Figure 65: Temperature of white back sheet modules relative to ambient temperature as a function of front irradiance for
different cell technologies.
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Temperature of the modules relative to PERPoly 100nm module can be seen in Figure
66. Temperature of the AI-BSF is 2.4+0.8 K higher than temperature of PERPoly 100nm at
1000 W/m? due to the full area back contact. From indoor measurements, lower temperature
is expected for n-Pasha module compared to PERPoly 100nm module due to free carrier
absorption by polysilicon layer of PERPoly 100nm. From outdoor measurements they have
comparable temperature but n-Pasha has 0.3+£0.6 K higher temperature than PERPoly 100nm
module at 1000 W/m? which might be due to the different angular dependencies of the
modules. The jasmine module has 1.5+1 K higher temperature than PERPoly 100nm module
at 1000 W/m®.
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Figure 66: Temperature of white back sheet modules with different cell technologies relative to temperature of PERPoly
100nm module as a function of front irradiance.

Figure 67 shows the temperature of black back sheet modules (Al-BSF,
PERPoly100nm, n-Pasha and Jasmine) relative to ambient temperature which are placed at
LD1, LD2, LD3 and RD1 (Figure 32). Except jasmine module other modules have
comparable relative temperatures as expected from indoor heat input measurements (Figure
57). The main reason for similar temperature is high absorption ratio of the black back sheet.
Al-BSF has already high temperature which does not depend on the module type. However,
as discussed in chapter 5.3.2, temperature of monofacial modules with bifacial cell is higher
than temperature of bifacial module with bifacial cell. Hence, relative temperatures of
modules with bifacial cell (except for jasmine module) approach the temperature of module
with monofacial cell (Figure 67). Al-BSF, n-Pasha and PERPoly 100nm modules have
13.1+6.6 K, 14.24+6.5 K and 12.8+6.2 K higher temperature than ambient temperature at 1000
W/m?. Temperature of the modules relative to PERPoly 100nm module can be seen in Figure
68. Due to the high absorption rate of black back sheet, temperature difference between
different cell technologies are small. AI-BSF and n-Pasha modules have 0.6£1.2 K and
1.3+0.9 K higher temperature than PERPoly 100nm module at 1000 W/m?. Jasmine module
has higher temperature than the other modules which is 2.6£0.8 K higher than temperature of
PERPoly 100nm module at 1000 W/m?.
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Figure 67: Temperature of black back sheet modules relative to ambient temperature as a function of front irradiance for
different cell technologies.
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Figure 68: Temperature of black back sheet modules with different cell technologies relative to temperature of PERPoly
100nm module as a function of front irradiance.

5.3.4. Comparison between Al-BSF Module with White back sheet and PERPoly 100nm
Glass-Glass Module

Existing solar farms mostly have monofacial modules with Al-BSF cells. Also, those
modules have white back sheet in order to increase the electrical yield by optical coupling.
Higher energy vyield for bifacial modules with bifacial cell compared to monofacial modules
with Al-BSF cell is proven. This indicates that bifacial modules can be a good alternative for
monofacial modules in order to increase electrical yield. Another advantage of the bifacial
modules over monofacial modules is lower operating temperature. Figure 69 shows that white
back sheet module with AI-BSF cell has 3.6x1.5 K higher temperature than glass-glass
module with PERPoly 100nm module at 1000 W/m?. If we consider a solar farm which has
100 MW power capacity with 280 W modules, the temperature difference will increase the
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power output 1.5+0.6% at 1000 W/m? in addition to the bifacial gain This means that
PERPoly 100nm module has 1.5+0.6 MW power gain compared to AI-BSF module due to
temperature effect.
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Figure 69: Temperature of Al-BSF white back sheet module relative to PERPoly 100nm glass-glass module.

5.4. Temperature Model Validation

The model that was explained in chapter 3 was used to predict temperature of the
modules by using weather data (ambient temperature, wind speed, front and rear irradiance)
and module characteristics (e.g. reflection, transmission, front and rear efficiency of the
module). In order to verify the model two days are selected which are high irradiance and low
irradiance days. Irradiance of those days can be seen in Figure 70. Predicted module
temperature by the fluid dynamic model is compared with observed module temperature by
the temperature sensors which are placed at the back of the modules. In this chapter, only
different module types with bifacial cell (n-Pasha) are verified.
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Figure 70: Front irradiance of 24" (Low irradiance day) and 25" (High irradiance day) of October.
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5.4.1. Glass-Glass Module

Figure 71 and 72 show ambient temperature, wind speed (right y-axis), observed
temperature, predicted temperature and temperature difference between observed and
predicted temperature for high and low irradiance days, respectively. Both observed and
predicted temperatures follow the irradiance during the day (Figure 70 and 71). Since
irradiance fluctuates for high irradiance day, both observed and predicted temperatures also
fluctuate. There are some over- or under-predictions, mostly results of the irradiance
fluctuations which are results of the partly cloudy sky. In real life, those irradiances might be
only for some seconds but the model predicts the temperature by using that irradiance for the
full time step of 10 minutes which might be the reason for larger differences between
observed and predicted temperature. Additionally, wind direction also, might have an effect
on the difference between predicted and observed temperature which affects heat transfer by
convection. Also, when the irradiance does not fluctuate (e.g. between 11:00 and 11:40),
predicted temperature is 1-2 °C lower than observed temperature. On low irradiance days with
maximum irradiance around 190 W/m?, predictions are lower than observed temperature
(around 1-2 °C) (Figure 72). Irradiance does not vary much during the day so difference
between observed and predicted module temperature does not fluctuate. Additionally,
predicted temperature is below the ambient temperature in some cases (Figure 71 and 72).
Further research is needed to improve the temperature model.
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Figure 71: Predicted and observed module temperature of glass-glass module with ambient temperature and wind speed
for 25" of October (High irradiance day).
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Figure 72: Predicted and observed module temperature of glass-glass module with ambient temperature and wind speed
for 24™ of October (Low irradiance day).

5.4.2. White back sheet and Black back sheet Modules

Figure 73 and 74 show the predicted and observed temperature of white back sheet
module on high and low irradiance days, respectively. Again, predicted module temperature
follows the observed temperature. Since temperature of white back sheet module is only
around 1 °C higher than glass-glass module, the model also predicts temperature of white
back sheet module successfully. However, as discussed before, when irradiance fluctuates, the
difference between observed and predicted temperature increases. Additionally, the model
still predicts 1-2 °C lower than the observed module temperature at low irradiances (Figure
74). One of the possible reasons for under predicting the module temperature might be
assuming the wind speed same at the top and the back surface of the module. Possibly, in real
life wind speed at the back surface of the module is lower than wind speed at the top surface
of the module which means that the model overestimates the heat transfer by forced
convection from rear side. Therefore, the model predicts the temperature lower than actual
temperature. In some cases, module temperature is close to ambient temperature. In these
cases predicted temperature is also lower than ambient temperature, since predicted
temperature is mostly 1-2 °C lower than observed temperature. Further research is needed as
stated before.
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Figure 73: Predicted and observed module temperature of white back sheet module with ambient temperature and wind
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Figure 75 and 76 show the predicted and observed temperatures of black back sheet

module at high and low irradiance days, respectively. Predicted module temperature is mostly
close to the observed module temperature. However, when irradiance fluctuates, the
difference between observed and predicted temperatures increases (Figure 75). At low
irradiances, predicted temperature is lower than observed temperature also for the black back
sheet module because of the explained reason in the previous paragraph (Figure 76).
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Figure 75: Predicted and observed module temperature of black back sheet module with ambient temperature and wind
speed for 25™ of October (High irradiance day).
—o— Predicted Tmodule —o— Observed Tmodule +—Tmod,pred.-Tmod,obs
—o—Tambient —o—Wind speed - 14
g
>
o
S
o
o
o
3
SN
L
-4
K
~ 4900 * ® L
12 0824% 09360, ,10u8+* 1200 * 13:12° 1458+ 1536 " 1648 18000
0

Time of the day

Figure 76: Predicted and observed module temperature of black back sheet module with ambient temperature and wind
speed for 24™ of October (Low irradiance day).
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6. Conclusion

Spectral reflection, spectral transmission, spectral response and IV indoor
measurements were done for different cell and module technologies in order to derive the
parasitic which includes free carrier absorption, recombination, absorption of metal parts of
the solar cell and absorption of module materials (only for modules) and total heat input of the
cells and modules. To see the effect of the heat input on the operating temperature of the
modules, all modules were placed on the roof-top of a building and the temperatures of the
modules were derived from the V.. From the heat input of cell calculations, highest parasitic
heat input is expected for AI-BSF cell compared to bifacial cells. In addition, the module with
AIl-BSF cell has higher total and parasitic heat input compared to modules with bifacial cell
due to the parasitic absorption of full area aluminum back contact. For glass-glass modules,
total and parasitic heat input difference between AI-BSF and bifacial modules increase with
rear irradiance since aluminum rear contact of the Al-BSF either absorbs 80% of the incoming
light.

From cell to module, especially, parasitic absorption increases because of the
absorption of module materials (glass, EVA and back sheet). Due to the absorption of glass
and EVA, parasitic heat input increases from cell to module at 300-400 nm wavelength range
of the light for all module types. Since light passes through the bifacial cells, the module type
(different rear encapsulation material) affects the parasitic heating of the module. Black back
sheet module has the highest parasitic heat input due to the black back sheet which has around
95% absorbing rate. The glass-glass modules have the lowest parasitic heat input because of
the glass and EVA as rear encapsulation materials which have high transmission rates. On the
other hand, the module type does not affect the total and parasitic heat input of the modules
with Al-BSF cell because incident light cannot pass through the Al-BSF cell.

Glass-glass modules with AlI-BSF cell have highest operational temperature compared
to glass-glass modules with bifacial cell at between 700 and 1200 W/m? front irradiance due
to the full area aluminum back contact of the AI-BSF cell. Temperature of the glass-glass
module with AI-BSF cell is 3.4+1.7 K higher than the temperature of the PERPoly 100nm
module at 1000 W/m? when the rear irradiance is around 11% of the front irradiance. Rear
irradiance has strong effect on the parasitic heat input of the Al-BSF module due to the high
absorption rate of aluminum back contact which is around 80% above 500 nm wavelength for
aluminum/EVA+glass interface. Therefore, higher temperature difference is expected when
the rear irradiance fraction is higher. For white back sheet modules with different cell
technologies, still AlI-BSF module has the highest temperature compared to modules with
bifacial cells. The AI-BSF white back sheet module has 2.4+0.8 K higher operational
temperature than PERPoly 100nm white back sheet module at 1000 W/m?. For the black back
sheet modules, the temperature difference for the same type of cells that are mentioned above
is lower which is 0.6+1.2 K at 1000 W/m?. Due to the high absorbing rate of the black back
sheet, temperature difference is low as expected from indoor heat input calculations.

Bifacial modules have higher energy yield compared to monofacial modules due to the
gain from the rear irradiance. Another advantage of bifacial modules with bifacial cells
compared to monofacial modules with monofacial cells is lower operational temperature even
bifacial module has higher heat input than monofacial module from indoor measurement
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calculations. The main reasons for the absence of heating of bifacial module might be 6%
higher emissivity of glass compared to back sheet [1] [2]. Therefore, radiative heat transfer of
glass-glass module is higher than radiative heat transfer of white back sheet module. Also,
heat transfer within the module level might be better for bifacial module compared to
monofacial module. The white back sheet module with AI-BSF cell has 3.6x1.5 K higher
temperature than glass-glass module with PERPoly 100nm at 1000 W/m? when the fraction of
rear irradiance is around 11% of the front irradiance. The temperature difference results in
1.5+0.6% power gain for PERPoly 100nm module relative to AI-BSF module, which
corresponds to 1.5£0.6 MW relative power gain for 100 MW power capacity solar farm. At
higher rear irradiance conditions, the glass-glass module with PERPoly 100nm might have
similar temperature with Al-BSF white back sheet module but still glass-glass module has
energy gain due to irradiance on the rear.

The temperature model mostly predicts 1-2 °C lower module temperature than
observed module temperature which might be due to predicting forced convection heat
transfer from rear side higher than actual forced convection from rear side. This is the result
of assuming wind speed equal at both sides of the module. However, due to the module and
other components of the rack, wind speed behind the module might be lower than wind speed
at the front side of the module. By assuming wind speed higher than actual wind speed behind
the module, forced convection heat transfer is predicted higher than actual forced convection
heat transfer at the rear side of the module. Hence, this might cause the module temperature to
be lower than actual module temperature.
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7. Recommendation

From indoor heat input calculations, slightly lower module temperature is expected for
jasmine cells compared to other bifacial cells. However, from heat input calculations of the
modules and outdoor module temperature measurements, jasmine modules have higher
temperature than modules with bifacial cell for glass-glass and white back sheet module
types. This needs to be investigated for better understanding about making modules by using
the jasmine cell. Also, from both cell and module heat input calculations, lower temperature is
expected from n-Pasha modules compared to PERPoly 100nm modules due to a lower heat
input of n-Pasha modules compared to PERPoly 100nm modules. However, operational
temperature of PERPoly 100nm modules are slightly lower than operational temperature of n-
Pasha modules. In order to understand it better, effect of heat input on both should be
investigated. This might be due to structural differences between the cells.

Outdoor measurements are held with low albedo ground (black concrete). Rear
irradiance is around 11% of the front irradiance. In order to increase the effect of rear
irradiance on the module temperature, the floor of the rooftop should be painted white (high
albedo factor) which will affect the temperature differences between different modules.

The heat input of various modules is known from indoor calculations but conductive
heat transfer from solar cell to module surroundings was not investigated in this work. While
comparing temperatures of two different module technologies, heating aspects (e.g. heat
capacity and conductivity) of the module materials might have had an influence on the
temperature difference between those modules. Hence, for better understanding of heat
transfer from cell to surrounding of the module and effect of the module type on temperature
of the module, heat capacity and conductivity of the module materials can be investigated and
conductive heat transfer model can be developed.
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Benim sevgili ailem, siz olmasaydimiz bu basardiklarim: asla basaramazdim. Beni
Ozleseniz dahi hep motive edip destek oldunuz ve hi¢ yanimdan ayrilmadimz. Camm
cekmesin diye bazen ne yediginizi bile soylemek istemediginiz oldu. Sadece bu ¢alisgmamda
degil bitin hayatim boyunca bana destek oldugunuz ve suan oldugum Kkisi olmami
sagladigimz igin size ¢ok tesekkir ederim. Boyle bir aileye sahip oldugum igin gercekten ne
kadar sansli oldugumu anlatamam. Kardesime ve bana her zaman en iyiyi sunmak igin
elinizden geleni ve hatta fazlasini yaptiginizi asla unutamam. Bazen iginiz ne kadar farkl
hissetse de bize destek olmaktan asla geri durmadiniz. Hakkinizi asla édeyemeyiz. Kardesim
evin hala simarik gocugu oldugun igin sana ayr1 tesekkiir ederim.
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