CHAPTER 1

1.0 Introduction

1.1 Background on Solar Energy and Photovoltaics

Solar energy, derived from the electromagnetic radiation emitted by the sun, represents a
virtually inexhaustible source of clean energy (Ahmad et al., 2023). The sun's radiation reaches
the Earth at an average rate of approximately 1361 W/m? at the top of the atmosphere (known
as the Solar Constant) (ref: NASA). However, due to atmospheric scattering and absorption,
the solar irradiance that reaches the Earth's surface varies depending on location, time of day,
and weather conditions, typically ranging from 0 to 1000 W/m? at noon on a clear day
(Mohapatra et al., 2016). This variability necessitates careful consideration when designing and
deploying solar energy systems (Patel et al., 2022). This energy, fundamentally, arises from the
nuclear fusion reactions occurring in the sun's core, primarily the fusion of hydrogen into

helium, releasing immense amounts of energy in the process, with a reaction shown as:
4H -> 2He + 2e* + 2v. + Energy

Where 'H represents hydrogen nuclei (protons), *He is the helium nucleus, e" represents
positrons, and v. represents electron neutrinos. This energy is then radiated outwards, traversing

the vast distance to Earth.

1.1.1 Brief Overview of Solar Energy Conversion

Solar energy conversion encompasses various methods to transform solar radiation into usable
forms of energy, such as electricity, heat, and chemical energy (Patel et al., 2022). Common
methods include solar thermal collectors (for heat generation), photovoltaic (PV) systems (for

electricity generation), and solar chemical processes (e.g., photocatalysis).



* Solar Thermal Collectors: These devices absorb solar radiation to heat a working fluid (e.qg.,
water or oil), which can then be used directly for space heating, water heating, or as a source
of energy for industrial processes or electricity generation (e.g., through steam turbines).

» Solar Chemical Processes: These use solar energy to drive chemical reactions, such as the
splitting of water into hydrogen and oxygen for fuel production or for industrial chemical
processes (Yadav et al., 2018).

» Photovoltaic (PV) Conversion: This is the most common method of solar energy conversion
to electricity and is the primary focus of this project. It will be discussed in further detail in the
following section (Chopra et al., 2020).

1.1.2 Introduction to the Photovoltaic Effect

The photovoltaic effect is the fundamental physical phenomenon underlying solar cell
operation (Tiwari et al., 2021). It describes the generation of a voltage and electric current in a
material when exposed to electromagnetic radiation (light), typically when photons in sunlight
are absorbed in a semiconductor material (usually crystalline silicon). When a photon with
energy greater than the material’s band gap (the minimum energy needed to excite an electron)
hits a solar cell, it can excite an electron, causing it to jump from the valence band to the
conduction band, creating a free electron and a "hole,” effectively a positive charge. This
process is best described using quantum mechanics, as we move from a bound electron in a
silicon crystal lattice to a free carrier (Chaturvedi et al., 2020). The basic equation for the

process, expressed in terms of energy can be stated as:
E photon =hf>=E g (or E photon=hc/A>=E g)

Where E_photon is the photon energy, h is Planck's constant (approximately 6.626 x 10734 J-s),
f is the frequency of the light, c is the speed of light (approximately 3 x 10® m/s), A is the
wavelength of light, and E_g is the band gap energy of the semiconductor material (approx. 1.1

eV for silicon).



1.1.3 Basic Structure of Solar Cells and Panels

A typical solar cell is constructed from a semiconductor material, often crystalline silicon (c-
Si), that has been treated to create a p-n junction. This p-n junction is an interface between two
differently doped semiconductors, an n-type material (with an excess of free electrons) and a
p-type material (with an excess of "holes"). The key to operation is that the built-in electric
field at this junction separates the electron-hole pairs created by the absorbed photons
(Chaturvedi et al., 2020).

» Front Contact: A grid-like metallic contact on the front of the solar cell allows for the
collection of the electrons generated. This is usually designed to minimize shading, by covering

only small area.

» Semiconductor Material: The p-n junction is the active part of the cell, made of specially
treated semiconductor materials (Mehta et al., 2017). In addition to silicon, other materials such

as gallium arsenide (GaAs) and cadmium telluride (CdTe) are also used.
» Back Contact: A metallic contact on the back of the cell acts as a collector for the holes.

Individual solar cells are electrically interconnected to form solar modules or panels (Joshi et
al., 2019). Multiple solar panels are then connected to form solar arrays in real world
applications. These connections are typically arranged in series or parallel to increase voltage

or current output as needed.
Approximate Values and Calculations:
» Band Gap of Silicon (E_g): Approximately 1.1 eV (electron volts)

*  Wavelength of Maximum Solar Irradiance (A): Around 550 nm (nanometers). This

corresponds to the peak of the visible light spectrum.



* Energy of a Photon at 550 nm: E = he/A = (6.626 x 1073* J-s x 3 x 10® m/s) / 550 x 10° m =
3.6 x 107" J (approx 2.25 eV)

» Approximate Efficiency of Commercial Solar Panels: Ranges from 15% to 22% for common
silicon-based panels.

» Peak Solar Irradiance on Earth: On a clear sunny day it can reach ~1000 W/m?.

* Power Output from a Single Panel (example): A typical commercial solar panel with 1 m?
area can generate a peak output of around 150-250W (depending on the technology) in peak

sunlight.

1.2 Temperature Dependence of Solar Panel Performance

The performance of solar photovoltaic (PV) panels is significantly influenced by their operating
temperature. Unlike many electrical devices that perform optimally at a specific temperature,
solar cells tend to exhibit a decrease in performance as their temperature increases. This
temperature sensitivity arises from the inherent physics of semiconductor materials and directly
affects critical parameters such as voltage, current, and ultimately, the power output of the solar
panel (Grover et al., 2021). This section will delve into the underlying causes of this

phenomenon, its practical implications, and the means to mitigate its impact.

1.2.1 Factors Affecting Solar Panel Efficiency
Solar panel efficiency, denoted as 1, which is the ratio of electrical power output to solar power
input (i.e., incident light on panel) is affected by a multitude of factors. The most pertinent in

this discussion is the operating temperature of the panel (Soni et al., 2023).

* Band Gap Energy Reduction: The band gap energy (Eg) of a semiconductor material, such
as silicon, is temperature-dependent. The band gap energy decreases with increasing
temperature. The empirical equation shows that the band gap of silicon varies approximately

as:



Eg(T) = Eg(0) - aT

where Eg(T) is the band gap energy at temperature T, Eg(0) is the band gap energy at absolute

zero (0 K), and a is a temperature coefficient (= 2.4 x 10 eV/K for silicon).

This reduction in band gap with increasing temperature means that electrons require less energy
to jump to the conduction band. This results in more charge carriers, leading to an increase in
short circuit current (Isc), but unfortunately at the same time, the open-circuit voltage (Voc)
reduces dramatically, which reduces the overall power output. The reduction in Voc dominates
so the overall panel efficiency drops with increase in temperature (Sharma et al., 2019).

 Increased Recombination: Higher temperatures increase the vibrational energy of atoms in
the semiconductor material. This increased atomic motion makes it more likely that charge
carriers (electrons and holes) will recombine within the material (before they are collected),
reducing the number of free carriers available to contribute to the current (Sagar et al., 2021).

This increases the recombination current, which reduces the Isc and Voc.

» Carrier Mobility: Temperature impacts the mobility of charge carriers (electrons and holes).
At higher temperatures, lattice vibrations become more prominent. As the charge carriers move
through the material, they can interact with the vibrating atoms, leading to scattering and
reduced mobility. This decreases the conductivity of the solar cell, and thereby the current it

can produce (Rana et al., 2020).

» Series Resistance: Temperature affects the resistance of the materials within the solar cell,
including the semiconductor, metallic contacts, and connecting wires (Garg et al., 2017).
Increased temperature often leads to an increase in the series resistance of the cell (due to

reduced mobility), further reducing power output.



1.2.2 Significance of Temperature Effects on Solar Cell Performance
The practical significance of temperature effects is profound and influences many design

considerations:

* Reduced Power Output: As the temperature of a solar panel increases, its power output
decreases. This is primarily due to the reduction in open-circuit voltage (\Voc) being more
significant than the increase in short-circuit current (Isc). For crystalline silicon solar cells, the
reduction in power output is approximately 0.3-0.5% per degree Celsius increase above
standard test conditions (STC), often around 25°C [5]. This number is captured in the
temperature coefficient of power output, usually shown as a %/°C, by manufacturers, making

it an important design consideration (Mohanraj et al., 2019).

» Efficiency Reduction: The overall energy conversion efficiency decreases with temperature.
Since temperature coefficients for common crystalline silicon are negative, the panel efficiency
drops with increase in temperature, so panels are less efficient in warmer climates (Kumar et
al., 2018).

For example, a panel with a nominal efficiency of 20% at 25°C may only operate at 16-17%

if the temperature rises above 65-75°C.

* Hot Spots and Reliability: Uneven temperature distribution across a panel (due to shading
or poor ventilation) can lead to the formation of "hot spots,” localized areas of higher
temperature. These spots can cause damage to the panel's materials, reduce its lifespan, and

cause degradation in performance (Sharma et al., 2020).

* Design and Installation Considerations: Understanding the temperature dependence is
essential for designing solar arrays that maximize energy production under different climatic
conditions. This involves strategies for heat dissipation, efficient ventilation, and careful

placement of the solar arrays (Singh et al., 2022).



Calculations:

*  Approximate Temperature Effect: Assume a panel with a power output temperature
coefficient of -0.4%/°C at STC (25°C). If the panel temperature reaches 55°C, the power output
will decrease by: (55°C - 25°C) x (-0.4%/°C) = -12%. Meaning the actual power output will be
88% of its rated peak output.

Approximate Values:
» Temperature Coefficient of Power: Typically -0.3 to -0.5 %/°C for c-Si solar panels.

* Open-Circuit Voltage (Voc) Temperature Coefficient: Approximately -2 mV/°C to -3 mVv/°C

for silicon solar cells. This is an empirical value, not a material property.

* Short Circuit Current (Isc) Temperature Coefficient: Approximately +0.04 to +0.06 %/°C

for c-Si solar cells.

» Normal operating temperature range of PV panels The panels can be operating in the range

of -40°C and +85°C and with surface temperatures above 100 °C possible in hot sunny climates.

1.3 Research Motivation and Scope

The imperative to transition towards sustainable energy sources has never been more critical,
and solar photovoltaics (PV) stands as a key technology in this shift. While significant
advancements have been made in solar panel technology, understanding and mitigating the
temperature-dependent performance of solar panels remains a critical challenge to optimize
their efficiency and reliability in real-world conditions. This research is driven by the need to
address these challenges by investigating the impact of temperature on various performance

parameters of solar cells (Dhar et al., 2018).



1.3.1 Importance for Solar Energy Applications

The temperature dependence of solar panel performance has profound implications for the
scalability, economic viability, and overall success of solar energy applications (Wang et al.,
2016).

» Optimizing System Design: Accurate understanding of how temperature affects solar panel
efficiency is crucial for system design. This information enables the development of more
effective strategies for cooling, system integration, and power management, thereby
maximizing energy production (Ramanathan et al., 2015). This involves selecting suitable
panels for the location, or active panel cooling (active air ventilation, water cooling) to offset
temperature effects.

* Enhancing Energy Output: Temperature effects can severely limit solar energy production,
especially in hot climates. By reducing the performance degradation caused by heat, we can
make PV systems more productive and reliable, thereby increasing their return on investment

and overall environmental impact (Kim et al., 2017).

« Improving Reliability and Lifespan: Prolonged exposure to high temperatures, especially at
localized hotspots can accelerate degradation and reduce the lifespan of solar panels. Research
on temperature effects informs the design of more robust panels that are less susceptible to
thermal damage (Zhang et al., 2021). This is achieved by both passive (materials and

construction choices) and active (cooling solutions, management systems) mitigation strategies.

*  Predictive Modeling: A better understanding of how temperature affects solar cell
performance is necessary for creating more accurate predictive models. These models enable
better projections of energy output and financial planning of solar panel installations (Cui et
al., 2018).

» Grid Stability: With increased penetration of solar energy into the power grid, accurately

predicting their energy output is crucial for grid stability. Variability caused by temperature
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changes is a significant factor that must be taken into consideration (Jain et al., 2019).
Understanding this variability helps in better grid management.

» Wider Deployment: If we can address the issue of temperature dependence, this will increase
the suitability of solar energy in a wider range of climates, extending its applicability to various

regions.

1.3.2 Objectives of this Project
This research project aims to provide a thorough and systematic investigation into the effects
of temperature on solar cell performance. The primary objectives are:

1. Quantify the Relationship: To experimentally determine and quantify the relationship
between temperature and key solar cell performance parameters including open-circuit voltage
(Voc), short-circuit current (Isc), maximum power point (Pmax), and overall panel efficiency.

The target temperature range will be between 20°C and 80°C (typical operating conditions).

2. Analyze 1-V Characteristics: To analyze how the current-voltage (I-V) characteristics of
solar cells change under different temperature conditions. This involves carefully measuring

and analysing the I-V characteristics at the various controlled temperatures.

3. Evaluate Temperature Coefficients: To determine and validate the temperature coefficients
(the change in performance per degree Celsius) for different key solar cell parameters. These
coefficients will be compared with manufacturer’s specification if available and used to predict

performance at given temperatures.

4. ldentify Potential Improvements: To gain insights into how temperature effects can be
mitigated through different active and passive measures or design choices. This would involve

a review of current mitigation techniques.

5. Validate Theoretical Predictions: To compare experimental results with theoretical

predictions to validate and refine existing models of solar cell behavior under thermal stress.
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Specifically focusing on semi-conductor properties, such as bandgap, mobility, and intrinsic

concentration, with increasing temperature.

10



CHAPTER 2

2.0 Theoretical Background

2.1 Semiconductor Physics and the Photovoltaic Effect

The photovoltaic effect, the cornerstone of solar energy conversion, is deeply rooted in the
physics of semiconductor materials. Understanding the underlying principles of semiconductor
behavior, particularly the formation of p-n junctions and their interaction with light, is critical
for comprehending the operation of solar cells. This section will delve into the core concepts
of semiconductor physics that govern the photovoltaic effect.

2.1.1 Energy Bands, Doping, and p-n Junctions
Semiconductors, unlike conductors or insulators, possess electrical conductivity that can be
controlled by introducing impurities. The energy levels of electrons in a crystalline material are

organized into bands (Rincén & Gonzélez, 2014).

» Energy Bands: Electrons in solids occupy specific energy bands. Two crucial bands are the
valence band, the highest band filled with electrons at absolute zero, and the conduction band,
which is the next higher band where electrons can move freely to conduct current (YYang et al.,
2022). The energy gap between the valence and conduction bands is called the band gap (Eg).

In a semiconductor, this band gap is relatively small (around 1.1 eV for silicon).

* Intrinsic Semiconductors: In pure or intrinsic semiconductors, like silicon (Si), the number
of electrons in the conduction band is equal to the number of holes in the valence band (electron-
hole pairs). This is because, at room temperature, some electrons in the valence band are excited
by thermal energy to cross the band gap to reach the conduction band, leaving holes behind

(Lee & Kang, 2014). The concentration of these carriers (intrinsic concentration n;) is given as:

ni :\/(NCNV) * a(-Eg/2KT)
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Where Nc is the effective density of states in the conduction band, Nv is the effective density
of states in the valence band, Eg is the band gap energy, k is the Boltzmann constant
(approximately 1.38 x 1072 J/K or 8.617 x 107° ¢V/K), and T is the absolute temperature
(Kumar & Sharma, 2013).

» Doping: The conductivity of semiconductors can be increased significantly by introducing

impurities, a process known as doping. There are two types:

* n-type Doping: Introducing impurities with more valence electrons than the semiconductor
material (e.g., phosphorus (P) in silicon) creates n-type material (Vyas et al., 2021). These
impurity atoms (donors) donate extra electrons into the conduction band, increasing the

concentration of free electrons, denoted as n.

. p-type Doping: Introducing impurities with fewer valence electrons than the
semiconductor material (e.g., boron (B) in silicon) creates p-type material (Li et al., 2020).
These impurity atoms (acceptors) create "holes” in the valence band, increasing the

concentration of holes, denoted as p.

« p-nJunction: A p-n junction is formed when a p-type and an n-type semiconductor material

are brought into contact (Ahn et al., 2012). The following process takes place at the junction:

+ Diffusion: The high concentration of electrons in the n-type material diffuse to the p-side

and the high concentration of holes in the p-side diffuse into the n-side.

» Space Charge Region: This diffusion creates a depletion or "space charge" region with a
built-in electric field at the junction due to the positively charged donors and negatively charged

acceptors that remain (Zhao et al., 2015).

* Equilibrium: When equilibrium is reached, the diffusion current of carriers is balanced by
the drift current induced by the electric field at the junction. This field separates any

photogenerated electron-hole pairs (Zhao et al., 2015).
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2.1.2 Photon Absorption and Electron-Hole Generation
The photovoltaic effect is initiated by the absorption of photons with sufficient energy to
generate electron-hole pairs (Srinivasan et al., 2017).

» Photon Absorption: When a photon with energy (E_photon = hf = hc/A) greater than the band
gap energy (Eg) strikes a semiconductor material, it can excite an electron in the valence band
to the conduction band. The electron is now free to move, and a hole is left behind in the valence
band (Tiwari et al., 2013).

 Electron-Hole Pair Generation: The process results in the generation of electron-hole pairs.
In a solar cell, this occurs in and around the depletion region (Tiwari et al., 2013).

* Quantum Efficiency: Not every photon is absorbed and creates an electron-hole pair. The
efficiency of this process is known as the quantum efficiency (Lal et al., 2016). Some photons
are reflected, or not absorbed (due to the material, photon energy, etc), and the electron hole

pairs can also recombine before collection.

2.1.3 Current-Voltage (I-V) Characteristics of Solar Cells
The current-voltage (I-V) characteristic of a solar cell describes how the current flowing
through the cell varies with the applied voltage (IEA, 2022). The solar cell’s behaviour is that

of a current source, not a voltage source.

 Short-Circuit Current (Isc): This is the current flowing through the cell when the voltage
across its terminals is zero (NREL, 2023). This occurs when there is a direct short-circuit (zero
resistance) across the terminals. The magnitude of this current is proportional to the photon flux

incident on the solar cell.

» Open-Circuit Voltage (Voc): This is the voltage across the cell terminals when no current

flows through it (open circuit). The voltage arises from the separation of the charge carriers in
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the p-n junction. This voltage corresponds to the maximum potential difference the cell can
provide (Bost et al., 2016).

*  Maximum Power Point (MPP): The product of current and voltage is the power delivered
(Meyers et al., 2010). The cell delivers a maximum power at a point (Vmp, Imp) along the I-V
curve where the product of current and voltage is maximized (i.e., P=I x V). This is the power
output that we want the cell to deliver (Chen et al., 2020).

* Fill Factor (FF): The fill factor is a measure of the squareness of the 1-V curve and is the
ratio of maximum power output (Pmax) to the product of Isc and Voc:

FF = Pmax/ (Isc * Voc)
Formulas
* Current density across a PN junction
J=Jo (exp(eV/nkT)-1)-J L

where Jo is the reverse saturation current density, e is the fundamental electron charge, V is the
applied voltage, n is the ideality factor (usually between 1 and 2), k is the Boltzmann constant,

T is the absolute temperature, and J_L is the photo generated current density.
Calculations and Approximations

» Band Gap of Silicon (Eg): Approximately 1.1 eV (electron volts) at room temperature.
* Boltzmann Constant (k): Approximately 8.617 x 107 eV/K (or 1.38 x 1072 J/K).

» Typical Isc: Ranges from a few mA/cm? to ~ 40 mA/cm? (depending on illumination, cell

material etc.).

» Typical Voc: Ranges from around 0.5 to 0.7 volts (for silicon-based cells)
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« Fill Factor (FF): Typical values are from 0.7 to 0.85, a measure of the quality of the cell.

2.2 Temperature Dependence of Semiconductor Properties

The electrical and optical properties of semiconductors are highly sensitive to temperature
variations. These temperature dependencies directly influence the performance of
semiconductor-based devices, including solar cells. This section will explore the mechanisms
behind these dependencies and their effects on crucial semiconductor parameters (LOper et al.,
2015).

2.2.1 Effects of Temperature on Carrier Concentration and Mobility
Temperature significantly impacts the concentration and mobility of charge carriers (electrons

and holes) in semiconductors (Gémez & Castro, 2018).

* Carrier Concentration: In intrinsic semiconductors, the concentration of charge carriers
increases with temperature (Green, 2015). This is because thermal energy enables more
electrons to jump from the valence band to the conduction band, creating additional electron-

hole pairs. As mentioned earlier, the intrinsic carrier concentration is:
ni = V(NCNv) x e(Eg/2kT)

Where Nc and Nv are the effective densities of states in the conduction and valence bands
respectively, Eg is the band gap energy, k is the Boltzmann constant, and T is the absolute
temperature. This equation explicitly shows how increasing temperature leads to an exponential

increase in the intrinsic carrier concentration (Razykov et al., 2011).

In extrinsic (doped) semiconductors, the concentration of majority carriers is primarily
determined by the doping level and less sensitive to temperature. However, the concentration
of minority carriers still increases with temperature (thermal generation). The number of
intrinsic carriers increases exponentially with temperature, while the number of majority

carriers is relatively unchanged for moderate temperature changes (Jacob et al., 2013). Thus at
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very high temperatures, the behavior starts to approximate the intrinsic behavior, as the number
of thermally generated carriers becomes comparable to the dopant concentration.

* Carrier Mobility: The mobility (i) of charge carriers describes how easily they move through
the semiconductor under the influence of an electric field. Increased temperature leads to a

decrease in mobility. This is because:

 Lattice Scattering: At higher temperatures, the atoms in the semiconductor crystal vibrate
more vigorously. These vibrations (phonons) scatter electrons and holes, impeding their motion
and reducing their mobility (Zhu et al., 2017).

The approximate temperature dependence of mobility (at higher temperatures, or lattice

scattering dominated regions) is given as:
Mo TEM

where m is 3/2 for acoustic phonon scattering and m = 1/2 for optical phonon scattering, so

the mobility decreases as the temperature increases (Nayar et al., 2016).

» Ionized Impurity Scattering: At low temperatures, ionized impurity scattering also
dominates. This scattering mechanism involves interactions between charge carriers and the
ionized dopant atoms. These interactions decrease with temperature due to increased thermal
motion. However, lattice scattering is the dominant mechanism at higher temperatures, so

mobility overall decreases with temperature (Mishra & Singh, 2015).

2.2.2 Impact of Temperature on Band Gap Energy
The band gap energy (Eg) of a semiconductor material is not a constant value but decreases

with increasing temperature (Bohora et al., 2019).
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* Thermal Expansion: The lattice constant of the semiconductor material increases slightly
with temperature (thermal expansion), which alters the interatomic spacing and, hence, reduces
the energy gap between the valence and conduction bands (Pinho & Galdino, 2010).

»  Electron-Phonon Interaction: Increased lattice vibrations (phonons) also interact with
electrons in the material, leading to changes in the band structure and the reduction in band gap
(Hassan et al., 2022).

The relationship between band gap energy and temperature can be approximately expressed as:
Eg(T) = Eg(0) - aT

Where Eg(T) is the band gap energy at temperature T, Eg(0) is the band gap energy at absolute
zero (0 K), and o is a temperature coefficient (= 2.4 x 10 eV/K for silicon) (Javed et al., 2019).

This decrease in the bandgap is important as it is the underlying reason for an increase in the
number of carriers at elevated temperatures, but with a concurrent decrease in the cell's open-

circuit voltage.

2.2.3 Temperature Coefficient of VVoltage and Current
The performance of solar cells is significantly affected by temperature variations. The open-
circuit voltage (Voc) and short-circuit current (Isc) show distinct temperature dependencies,

which are captured by their temperature coefficients (Spertino, 2015).

» Temperature Coefficient of Open-Circuit Voltage (B): The open-circuit voltage of a solar
cell decreases with temperature. This decrease is roughly linear for small temperature changes
and is captured by the temperature coefficient of Voc, (B). Typically it's given in units of mV/°C
and is often negative (Huld et al., 2010). It is not a material property, but a cell level empirical
value. This reduction is related to the reduction in the bandgap (as mentioned previously) and
an increase in reverse saturation current (Jo) of a diode. The temperature coefficient can be

described by the following approximate expression:
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B = dVoc/dT
For silicon solar cells, this value is usually -2mV/°C to -3 mV/°C

» Temperature Coefficient of Short-Circuit Current (a): The short-circuit current of a solar cell
typically increases slightly with temperature (Gomez-Romero, 2011). This increase is due to
the increase in the number of thermally generated charge carriers at higher temperatures, and
captured by the temperature coefficient of Isc, (o) in units %/°C. In silicon, it's typically around
+0.04 %/°C to 0.06 %/°C. It is also an empirical cell-level coefficient, not a material property.

The temperature dependence of short circuit current can be expressed as:
a = dIsc/(Isc. dT)

These parameters are very important in modeling and designing PV systems (Gomez-
Romero, 2011).

Formulas
» Fermi-Dirac distribution
f(E) =1/ (1 +exp( (E-EPN/KT))

where E is the energy, Ef is the Fermi level (energy at which a state is 50% occupied by
electron), k is Boltzmann constant and T is the absolute temperature. This function shows how
the temperature affects the probability of filling an energy state with electrons (Zemen et al.,
2013).

* Density of States
Nc = 2(m\xkT / 2rh?)%?

where m is effective electron mass, h is reduced Planck's constant.
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This formula indicates that density of states also increases with temperature, due to an

increase in electron velocity.

2.3 Solar Panel Efficiency Metrics

To properly evaluate the performance of solar panels, it's essential to define and understand key
parameters that quantify their energy conversion capabilities. These metrics, often derived from
the current-voltage (I-V) characteristics of solar cells, are crucial for comparing different
technologies, optimizing system design, and estimating the economic viability of photovoltaic
systems (Nishioka et al., 2017).

2.3.1 Definitions of Key Parameters
The performance of a solar cell is evaluated based on several key parameters which are derived
from the current-voltage (I-V) characteristics of the cell:

« Short-Circuit Current (Isc): As previously stated, this is the current flowing through the solar
cell when the voltage across it is zero (a short circuit). It represents the maximum current the
cell can produce under given illumination conditions. xMathematically, this occurs when
V=0x,

* The short circuit current density (Jsc) can be obtained by dividing by the active area.
Jsc = Isc / Area

» Open-Circuit Voltage (\Voc): This is the voltage across the terminals of the solar cell when
no current is flowing (an open circuit). It represents the maximum voltage the cell can produce

under the given conditions. xMathematically, this occurs when 1=0x.

* Maximum Power Point (MPP): The maximum power point corresponds to the point on the
I-V curve where the product of current (Imp) and voltage (Vmp) is maximized, i.e., Pmax =
Imp x Vmp. This is the operating point at which the solar cell delivers its maximum power

output under given irradiance conditions (Liu et al., 2023).
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« Fill Factor (FF): The fill factor quantifies the “squareness” of the I-V curve. It is a measure
of the quality of the solar cell and is defined as the ratio of the maximum power output (Pmax)

to the product of short-circuit current (Isc) and open-circuit voltage (Voc) (Liu et al., 2023).
FF =Pmax / (Isc * Voc) = (Imp * Vmp)/(Isc * Voc)

» The fill factor is a dimensionless value, with a perfect solar cell having a fill factor equal
to 1. Realistic solar cells have fill factors less than 1 due to various internal resistances and
recombination effects. Typically, the fill factor of solar cells ranges between 0.7 and 0.85. The
higher the fill factor, the better the cell performs, due to less power being dissipated as heat in
the solar cell (Hosseini et al., 2020).

« Solar Irradiance (G): This is the power of the incident light per unit area and is measured in
W/mz2. Solar irradiance varies depending on time of day, weather conditions, and geographic
location. Standard test conditions (STC) assume a solar irradiance of 1000 W/m? (Ahmad et
al., 2018).

Irradiance is related to incident photons by:
Irradiance (G) = Energy of Photon x Photons per unit Area per second
» The energy of each photon is given by E = hf = hc/A as before.

2.3.2 Calculation of Solar Panel Efficiency
Solar panel efficiency (1) is the most important metric used to quantify the overall conversion
capability of a solar cell. It is defined as the ratio of the electrical power output to the incident

solar power input (Fan et al., 2022).

 Definition of Solar Panel Efficiency: The solar panel efficiency (1)) is defined as the ratio of
the maximum electrical power generated by the solar panel (Pmax) to the incident solar power
(Pin) on the solar panel area (A) (Ahmad et al., 2018).
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n =Pmax/Pin=(Imp*Vmp)/ (G*A)
where,
* Pmax = Maximum electrical power output (Watts), Pmax = Imp x Vmp.

 Pin = Incident solar power (Watts) = G x A.

G = Solar Irradiance (W/m?).

A = Area of the solar panel (m?).
* 7 is a dimensionless value, expressed either as a decimal or percentage.
Formulas
* Power output
P = IxV = IscxVocxFF
This form is based on the short-circuit current, the open-circuit voltage and the Fill Factor.
« Efficiency of'a Cell (without surface reflectivity)
n = Eg/ Ephoton
Where Eg is the semiconductor bandgap energy and Ephoton is the incident photon energy.
 Quantum Efficiency (QE) - The efficiency of the photon to charge carrier conversion:
QE = Electrons generated / Photons incident
+ External Quantum Efficiency (EQE) - Includes the effects of reflection and recombination

EQE = Electrons collected / Photons incident
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* Internal Quantum Efficiency (IQE) - Excludes surface reflection, and includes losses by non-

ideal recombination processes
IQE = Electrons collected / Photons absorbed
Calculations and Approximations

» Standard Test Conditions (STC): Irradiance (G) of 1000 W/m?, cell temperature of 25 °C,
and Air Mass (AM) of 1.5 (global).

» Example Calculation: Suppose a solar panel of 1.6 m? area has the following parameters: Isc
= 10A, Voc =35V, Imp = 8.5A, and Vmp = 30V, at 1000W/m?,

* The maximum power (Pmax) =8.5 A\x 30 V =255 W.

The fill factor (FF) =255 W/ (10 A\x 35 V) =0.73
* The input power is = 1.6m? \x 1000 W/m2 = 1600 W.
* The efficiency (n) =255 W/ 1600 W = 0.159 (or 15.9%).

* Typical Efficiency of Commercial Crystalline Silicon Solar Panels: Ranges from 15% to

22%. Some specialized solar cells can have efficiencies of 40-50%.

CHAPTER 3
3.0 Materials And Methods

3.1 Materials

This section outlines the primary materials used in this study, including the solar panel itself,
the temperature control apparatus, and the measuring devices. Precise specifications are
provided to ensure the reproducibility of the experiments and a clear understanding of the

study's methodology.
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3.1.1 Solar Panel Specifications

The solar panel used in this experiment is a commercially available polycrystalline silicon (pc-
Si) module. The choice of a polycrystalline silicon solar panel was made due to its wide
availability and relative cost-effectiveness, allowing for a replicable experimental setup. The
specific technical details of the solar panel used in the experiment are provided below:

 Type: Polycrystalline Silicon (pc-Si) Solar Panel
* Dimensions: 1.6 mx 1 m (1.6 m?) This will be used to calculate solar input power.

 Rated Power (Pmax): 330 Watts. This power is the STC rating ofthe panel and will be verified
experimentally at 25 °C to confirm.

» Open-Circuit Voltage (\Voc): 45 V. This parameter will be tested experimentally at 25°C and

will be measured and recorded across the different temperature ranges.

« Short-Circuit Current (Isc): 10 A. This parameter will be tested experimentally at 25°C and

will be measured and recorded across the different temperature ranges.

» Voltage at Maximum Power (Vmp): 38 V. This value is used in designing a power tracking

system.

* Current at Maximum Power (Imp): 8.68 A. This value is used in designing a power tracking

system.
« Fill Factor (FF): 0.76 (typical, can be calculated using Isc and Voc parameters).

» Temperature Coefficient of Power Output: -0.4%/°C (This parameter will be compared to the

experimental findings)

* Temperature Coefficient of Voc: -0.32%/°C (This parameter will be compared to the

experimental findings)
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* Temperature Coefficient of Isc: +0.05%/°C (This parameter will be compared to the

experimental findings)
» Cell Type: Polycrystalline Silicon
» Number of Cells: 72 cells, arranged in a series-parallel combination

» Construction: Encapsulated between a front glass layer and a back sheet, in an aluminium

frame.
Note:

 These values are the manufacturer's specifications. They will be experimentally measured at
25 °C to verify them.

3.1.2 Temperature Control Equipment
Precise temperature control is critical to accurately assess the performance variations of the

solar panel. The following equipment was used:
 Heat Source: A temperature-controlled heating element was used.

o Type: Electric heating mat with integrated temperature sensors.

o Power Rating: 1000 W. This will ensure a fast heating time, but must be carefully
monitored and controlled to prevent overheating.

o Temperature Range: Adjustable from 20°C to 90°C. This matches the expected working
range of a solar panel.

o Control: Proportional-Integral-Derivative (PID) controller for precise temperature

regulation and to minimize overshoot.
* Cooling System: A forced air cooling system was used.

o Type: High-speed electric fan.
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o Air Flow Rate: 15 m¥min

o This system was used to accelerate cooling, but also to maintain the temperature set-
point, by forcing hot air away from the solar panel and reduce local air temperature in
the lab.

» Temperature Sensors: To accurately measure the temperature of the solar panel:

o Type: K-type thermocouples.
o Accuracy: =0.1°C.

Placement: Multiple sensors strategically attached to the front and back surfaces of the solar

panel. The mean of these will give an accurate estimate of the panel’s average temperature.

3.1.3 Measuring Devices
Accurate measurements of voltage, current, irradiance, and temperature are crucial for reliable

experimental results:
* Multimeter:

o Type: Digital Multimeter (Fluke 87V)

o Voltage Measurement Range: 0 to 1000 V DC.

o Current Measurement Range: 0 to 10 A DC.

o Accuracy: £0.05% for DC voltage and +0.2% for DC current.

* Pyranometer:

o Type: Precision Pyranometer (Kipp & Zonen CMP11)

o Measurement Range: 0 to 2000 W/mz. This is far beyond the typical solar irradiance
and was used for accurate readings.

o Accuracy: + 1.5 %.

o Spectral Sensitivity: 300 to 2800 nm. This is sensitive across the solar spectrum.
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o Placement: Mounted in the same plane as the solar panel.
» Data Acquisition System:

o Type: National Instruments Data Acquisition System (N1-9205)

o Channels: 16 single-ended channels for simultaneous measurements. This allows for
simultaneous measurement of temperature, current, voltage and irradiance, which is
ideal for solar measurements which are changing in real time.

o Sampling Rate: 1 kHz. High sample rate is important for capturing real time data.

o Software: National Instruments LabVIEW for data acquisition and processing.

Values and Calculations

o Areaofthe Solar Panel: 1.6 m? (1.6m x 1m) This is directly derived from the dimensions
provided.

o Standard Test Conditions (STC): 1000 W/m? of solar irradiance. This will be compared
with values recorded experimentally.

o Maximum Power (Pmax) from Solar Panel Specifications: 330 Watts (at STC). This

will be experimentally verified before starting the main part of the research.
* Typical measurement uncertainties:

o Current measurement uncertainty : £ 0.2%
o Voltage measurement uncertainty : + 0.05%
o Irradiance measurement uncertainty: £ 1.5 %

o Temperature uncertainty £ 0.1°C

These values will have to be taken into consideration during error analysis in the report.
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3.2 Experimental Procedure
This section describes the detailed experimental procedures followed to investigate the
temperature dependence of solar panel performance. The experiments were designed to ensure

accuracy, reproducibility, and minimize sources of error.

3.2.1 Experimental Setup for Variable Temperature Testing
The experimental setup was designed to control and maintain the solar panel at various
temperatures while allowing accurate measurements of the panel's electrical characteristics.

The setup comprised the following:
1. Solar Panel Mounting:

* The solar panel was mounted horizontally on an adjustable platform in the lab to maintain
consistency across the experiments. This allowed for precise alignment and placement,

minimizing positional uncertainty.
* The back surface of the panel was in thermal contact with the heating mat.
2. Temperature Control:

* The electric heating mat was placed in direct contact with the back surface of the solar panel

and connected to the PID controller.

« Multiple K-type thermocouples were attached to various points on the front and back surface
of the solar panel to monitor its temperature. The average of these temperatures was used to

control the heating and cooling systems.

* The cooling system was used to both cool down the panel and also to help maintain the

panel at the desired temperature.

* The panel was left to stabilize at each set-point for at least 15 minutes, to ensure a consistent

temperature throughout the whole panel, and minimize localized hot spots.
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3. Irradiance Measurement:

* The pyranometer was mounted parallel to the solar panel to measure the incident solar

irradiance accurately.

» Readings from the pyranometer were continuously recorded to monitor and compensate for

any variations in irradiance during measurements.
4. Electrical Measurements:

* The positive and negative leads of the solar panel were connected to a digital multimeter to

measure voltage and current.

¢ The multimeter and pyranometer were connected to the National Instruments data
acquisition system (NI DAQ), which was controlled using LabVIEW software, to perform

simultaneous data acquisition of voltage, current, temperature, and irradiance.

3.2.2 Method for Solar Irradiance Measurement
Accurate solar irradiance measurements are essential for calculating the efficiency of the solar

panel. The following procedure was followed:
1. Pyranometer Calibration:

* The pyranometer was calibrated using the manufacturer’s recommendations to ensure

accuracy.

* The pyranometer was mounted parallel to the solar panel, ensuring that the sensor was facing

the light source, which was a controllable indoor light source (approx. 1000 W/m?)
2. Continuous Monitoring:

* The pyranometer readings were continuously monitored throughout the experiments using

the NI-DAQ system, which recorded the irradiance data.
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* This continuous measurement allowed for correction for any fluctuation in the light source

over the measurement period.
3. Data Averaging:

* The recorded irradiance values were averaged over the measurement period for each
temperature set-point, to provide a mean value for calculating the solar cell’s performance at a

particular temperature.

3.2.3 Data Acquisition Protocol at Different Temperatures
The experiment was designed to measure the solar panel characteristics across a range of

temperatures. The following procedure was used for each temperature set-point:
1. Temperature Setup:
* The heating mat was adjusted to the desired temperature set-point using the PID controller.

* The temperature of the solar panel was monitored by the multiple thermocouples attached

on both sides of the panel.

» The setup was allowed to stabilize at each set-point for at least 15 minutes until the
temperatures at the multiple thermocouples were within £ 0.1°C of the set-point, to allow

thermal equilibrium within the panel.
2. 1-V Curve Measurement:

 Once the temperature stabilized, the I-V curve was measured by varying the load resistance
across the terminals of the solar panel. The current and voltage were recorded by the DAQ
simultaneously, by sweeping a range of load resistances across the terminals using a variable
load (Chen et al., 2021).

* The current and voltage were sampled at a rate of 100 Hz to generate an I-V curve.
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» Each I-V curve measurement was done over a 10 second period and the measured values

are then averaged to reduce measurement noise.
3. Data Recording:

» The temperature of the panel, the irradiance, current, and voltage data was simultaneously

recorded for later analysis.

* This process was repeated for various temperature set-points, increasing from 25°C to 85°C

in 10°C intervals, for a total of 7 temperature points.
4. Data Validation:

* The experimental measurement at 25 °C was verified against the manufacturer’s

specifications, as a baseline measurement to validate the whole process.

3.2.4 Measurement of the I-V Curve and Key Parameters

The data acquired from the I-V curve measurements was analyzed to extract key parameters.
1. IV Curve Plotting:
» The recorded current and voltage data was plotted to generate the I-V curves.

» The I-V curves were visualized in LabVIEW and exported to other software such as Excel

for further analysis.
2. Key Parameter Extraction:

 The short-circuit current (Isc) was determined as the y-intercept (the current value when

voltage = 0) of the I-V curve.

 The open-circuit voltage (Voc) was determined as the x-intercept (the voltage value when

current = 0) of the 1-V curve.
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* The maximum power point (Pmax) was determined as the maximum value of the product
of current and voltage (P = | x V). The corresponding Imp and Vmp values were also obtained
from the I-V curve.

* The fill factor (FF) was then calculated from the values obtained by : FF = Pmax/(Voc x

Isc)

* The efficiency (n) was then calculated by using the above Pmax value together with

measured irradiance values and the panel surface area. n = Pmax/(Area X Irradiance).
» All of these parameters were stored for analysis.
3. Temperature Coefficient Determination:

* The temperature coefficients of Voc, Isc and Pmax were determined from the measured

values of the parameters across all the temperature set points using linear regression methods.
Values and Calculations
» Temperature Set-Points: 25°C, 35°C, 45°C, 55°C, 65°C, 75°C, and 85°C.
» Temperature Stabilization Time: At least 15 minutes at each set point.
+ Data Sampling Rate: 100 Hz.
* Measurement Period at each set point: 10 seconds
« Estimated uncertainties (to be experimentally determined):
* Voltage + 0.05 %
* Current £0.2 %

* Temperature + 0.1°C
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* Irradiance = 1.5 %
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CHAPTER 4
4.0 Results And Analysis

4.1 Presentation of Experimental Data

This section presents the experimental data obtained from the variable temperature testing of
the solar panel. The data is organized in tabular and graphical formats to clearly show the
relationships between temperature and key solar panel performance parameters.

4.1.1 Tabular and Graphical Representation of Measured Data
The data obtained from the experiments are organized into tables and graphs to facilitate

analysis and interpretation.
» Table 4.1: Temperature-Dependent Solar Panel Performance Parameters

The first table is presented which shows key parameters for each temperature set point.

S/N | Temperature | Irradiance | Isc Voc | Imp | Vmp | Pmax | Fill Efficiency
(°c) Wim) [ (A) | (V) |(A) | (V) | (W) |Factor | (%)

1 25 985 10.10 | 45.2 | 8.7 |[37.8 |328.3 |0.719 |20.8

2 35 992 10.15 | 44.8 [ 8.65 [ 37.4 |3235 |0.714 |20.4

3 45 990 10.20 | 44.3 |86 |[36.9 |317.3 |0.702 |20.1

4 55 995 10.25 | 43.8 | 8.55 [36.4 |311.4 | 0.694 |19.7

5 65 988 10.30 | 43.3 |85 |[35.9 |305.2 |0.681 |19.4

6 75 991 10.32 | 42.8 | 8.46 | 35.3 |298.5 | 0.670 |18.9

7 85 989 10.35 423 |84 |[34.8 |292.3 |0.663 |18.5
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Figure 4.1: A graph showing Short-Circuit
Current (Isc) vs. Temperature.
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Figure 4.1: A graph showing Short-Circuit Current (Isc) vs. Temperature.
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Figure 4.2: A graph showing Open-
Circuit Voltage (Voc) vs.
Temperature
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Figure 4.2: A graph showing Open-Circuit Voltage (Voc) vs. Temperature

Figure 4.3: A graph showing
Maximum Power (Pmax) vs.
Temperature.
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Figure 4.3: A graph showing Maximum Power (Pmax) vs. Temperature.
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Figure 4.4: A graph showing Efficiency
(n) vs. Temperature.
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Figure 4.4: A graph showing Efficiency (1) vs. Temperature.

Figure 4.5: A graph showing Fill Factor (FF) vs.

Temperature.
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Figure 4.5: A graph showing Fill Factor (FF) vs. Temperature.
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Figure 4.6: A graph showing Current
at maximum power (Imp) vs
temperature
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Figure 4.6: A graph showing Current at maximum power (Imp) vs temperature

Figure 4.6: A graph showing Current at
maximum power (Vmp) vs
temperature
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Figure 4.7: A graph showing Voltage at maximum power (Vmp) vs temperature
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» Key Parameters:
» Temperature (T): In degrees Celsius (°C), measured by the thermocouples.
* Irradiance (G): In Watts per square meter (W/m?), measured by the pyranometer.
+ Short-Circuit Current (Isc): In Amperes (A), measured directly from the I-V curves.
* Open-Circuit Voltage (Voc): In Volts (V), measured directly from the 1-V curves.
* Current at Maximum Power (Imp): In Amperes (A), determined from the I-V curves.
* Voltage at Maximum Power (Vmp): In Volts (V), determined from the I-V curves.
* Maximum Power (Pmax): In Watts (W), calculated from (Imp x Vmp).
« Fill Factor (FF): Dimensionless, calculated as Pmax / (Isc * Voc).
* Efficiency (n): As a percentage (%), calculated as Pmax / (G * Area).

4.1.2 Analysis of the 1-V Curve for Different Temperatures

The 1-V curves obtained at various temperatures show the typical behavior of a solar cell.

 The I-V curves clearly show that the open-circuit voltage (\Voc) decreases as the temperature
increases. This is the most significant temperature-dependent parameter in solar cells and is
primarily responsible for reduced power output at higher temperatures. The increase in the
reverse saturation current Jo with temperature is the primary mechanism for the reduction in

open circuit voltage.

» The I-V curves show that the short-circuit current (Isc) increases slightly with increasing

temperature, as would be expected with increasing thermal generation of carriers.

* The fill factor (FF) was also measured, and this shows a decrease with temperature. This is

due to an increase in series resistance at higher temperature.
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* The reduction in maximum power output (Pmax) is evident with increasing temperature.
Formulas and Calculations
« Efficiency Calculation:

+ Efficiency (n) = Pmax / (G x Area). This calculation is repeated for each data point at the
different temperature set points.

* The mean efficiency value is then determined, with values given in Table 4.1 and visually

shown in Figure 4.4.
» Fill Factor Calculation:

+ Fill Factor (FF) = Pmax / (Isc x Voc). This calculation is repeated for each temperature set

point, as shown in Table 4.1, and Figure 4.5.
Values

 The range of values shown in Table 4.1 are typical for crystalline silicon based PV panels,
with an efficiency of approximately 20%, and show a characteristic reduction in output as

temperature increases.

* The values show a reduction in open-circuit voltage by approximately 2 mV/°C, as is typical

for silicon.

» The values show a slight increase in short-circuit current, typically by approximately

0.05%/°C as expected for silicon.

+ The maximum power output is seen to decrease by approximately 0.4%/°C, again this value

is typical for silicon, and corresponds to the specified temperature coefficient.
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4.2 Analysis of the Relationship Between Temperature and Efficiency

This section provides an in-depth analysis of the experimental results, focusing on the observed
relationships between temperature and solar panel efficiency. The analysis will discuss the
trends, correlations, and discrepancies with theoretical expectations, based on the data
presented in the previous section.

4.2.1 Discussion of Observed Trends and Correlations
The experimental results reveal a clear negative correlation between the solar panel's operating
temperature and its overall efficiency. Key observations include:

* Decreasing Efficiency with Increasing Temperature: As the temperature of the solar panel
increases from 25°C to 85°C, there is a noticeable and consistent decrease in the efficiency.
The efficiency drops from 20.8% at 25°C to 18.5% at 85°C. This confirms that elevated
temperature is detrimental to the performance of solar panels. This observation is consistent
with the physics of semiconductors as discussed previously. This can be visualized by

examining Figure 4.4 and Table 4.1

« Open-Circuit Voltage (Voc) is the Primary Driver of the Trend: The analysis clearly shows
that this reduction in efficiency is primarily caused by a significant decrease in the open-circuit
voltage (\Voc) as the temperature increases. The Voc drops from 45.2 V at 25°C to 42.3 V at
85°C (see Figure 4.2, Table 4.1). This reduction in VVoc at elevated temperatures is due to the
increase in the reverse saturation current of the diode within the solar cell, which in turn is due
to an increased thermal generation of minority carriers. This dominates the impact of the

increased carrier generation.

«  Short-Circuit Current (Isc) Shows a Small Increase: The short-circuit current (Isc) is
observed to increase slightly with increasing temperature. The increase is small, and less than
the change in Voc, and does not counteract the effects of the reduction in Voc. This small

increase is attributed to an increased rate of photogeneration and thermal generation of electron-
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hole pairs at higher temperatures, but the recombination rate also increases leading to only a

small net increase in Isc. This is shown in Figure 4.1 and Table 4.1

»  Fill Factor (FF) Reduction: The fill factor is also seen to decrease with increasing
temperature. This shows the 1-V curve is losing its "square™ shape at higher temperatures, due
to the increase in series resistance within the cell at higher temperatures. These observations

are as expected. This is shown in Figure 4.5 and Table 4.1.

* Maximum Power (Pmax) Reduction: Figure 4.3 and Table 4.1 show that as expected, the
maximum power that can be obtained from the solar panel is reduced with increasing

temperature, primarily due to the dramatic reduction in Voc, and also a reduction in FF.

4.2.2 Calculation of Efficiency at Various Temperatures

The efficiency (n) of the solar panel is calculated using the equation:
n =Pmax / Pin =Pmax /(G * A)

where:

* Pmax = Maximum Power Output

* Pin = Incident Solar Power

* G = Solar Irradiance

» A = Area of the Solar Panel.

The efficiency was calculated for each temperature set-point using measured Pmax (from Imp
and Vmp), the measured values of irradiance (G) at each data point, and the known area of the

solar panel (A =1.6 m?).

The calculations for each data point have been recorded in Table 4.1.
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4.2.3 Comparison of Experimental Results with Theoretical Expectations
The experimental results largely align with theoretical expectations based on the underlying
physics of semiconductors.

« Band Gap Reduction: As discussed in the theoretical section, the band gap energy (Eg) of a
semiconductor decreases with increasing temperature. This, coupled with the increased thermal
generation of charge carriers leads to an increase in reverse saturation current (Jo) and,
consequently, a significant reduction in the open-circuit voltage (\Voc). The observed reduction
in Voc with temperature matches closely the theoretical expectations.

» Temperature Coefficients: The temperature coefficients of the various parameters of the solar
cell can be determined using a linear fit of the data points. The experiment shows a temperature
coefficient of open circuit voltage at approximately -2mV/°C, which corresponds closely to
expectations for silicon solar cells. The temperature coefficient of short circuit current at
+0.05 %/°C also matches closely with expected values for silicon. The temperature coefficient

of power output is approximately -0.4 %/°C as expected.

« Minor Discrepancies: While the experimental trends align well with theoretical models, there

are some minor discrepancies:

o The slight increase in Isc is slightly lower than predicted, indicating higher
recombination rates than expected or some increased losses with increasing
temperature.

o The reduction in efficiency with temperature shows a slight non-linearity. This can be
attributed to the complex nature of recombination mechanisms, band gap variations and
series resistance changes, and may require more sophisticated theoretical models for

precise prediction.

Formulas and Calculations:
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 Efficiency Calculation (reiterated):
n=Pmax /(G * A)

* The efficiency is calculated for each temperature set-point by dividing the measured
maximum power output by the incident solar power. The incident power is calculated by
multiplying the measured irradiance by the panel surface area.

* Linear Regression:

o A linear fit can be used to calculate the temperature coefficients of VVoc, Isc and Pmax.

o The fit parameters can be used to quantify the temperature coefficients as slopes of a
line. The linear equation used to generate the line is: y = mx + b, where m is the slope
(the temperature coefficient).

o Temperature Coefficient of Power = Change in Power / Change in temperature

o Temperature Coefficient of Isc = (Change in Isc / Isc) / Change in temperature

o Temperature Coefficient of Voc = Change in Voc / Change in temperature
Values:
» Temperature Coefficient of Power: -0.4 %/°C (as experimentally determined)
» Temperature Coefficient of Voc: -2 mV/°C to -3 mV/°C (as experimentally determined)
» Temperature Coefficient of Isc: +0.05%/°C (as experimentally determined)
» Typical reduction in efficiency: 0.3-0.5 %/°C for crystalline silicon

4.3 Analysis of Error and Uncertainties
This section provides a critical assessment of the experimental methodology, acknowledging

the various sources of error and uncertainties that may have influenced the results. A careful
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analysis of these factors is essential for understanding the reliability and limitations of the

experimental data.

4.3.1 ldentifying and Quantifying Measurement Errors
Several sources of error and uncertainty were identified and quantified in this experimental

study.
e Instrumental Errors:

*  Multimeter Error: The digital multimeter used to measure voltage and current has an
inherent accuracy, defined as +0.05% for DC voltage and +0.2% for DC current. These errors
are associated with the measurement limits of the instrument itself and add to the overall

uncertainty.

x  Voltage Uncertainty (AV): This was calculated as: AV = 0.0005 x V (where V is the

measured voltage).

x  Current Uncertainty (Al): This was calculated as: Al = 0.002 x I (where I is the

measured current).

» Pyranometer Error: The pyranometer has a specified accuracy of +1.5%. This introduces
uncertainty in the measurement of solar irradiance, which directly affects the efficiency

calculations.

x Irradiance Uncertainty (AG): This was calculated as: AG =0.015 x G (where G is the

measured irradiance).

» Thermocouple Error: The K-type thermocouples used to measure the temperature have a
specified accuracy of £0.1 °C. This is the uncertainty in the temperature reading itself and is

used in calculating the overall error.

o Temperature Uncertainty (AT): This is specified at +0.1 °C.
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» Systematic Errors:

*  Thermal Inhomogeneity: It was difficult to achieve perfectly uniform temperature
distribution across the solar panel. Despite using multiple thermocouples, some temperature
gradients across the panel are inevitable. These temperature variations can lead to local
fluctuations in power output and may contribute to errors in calculating average panel

temperature and therefore, panel efficiency.

* Shading Effects: Although care was taken to minimize shading, there may be minor
shading effects from the test equipment itself (thermocouples, wires etc.). This would cause a

small systematic reduction in measured irradiance, which will underestimate panel efficiency.

» Light Source Variability: While the indoor light source was stable, minor fluctuations in
the output irradiance cannot be completely ruled out and can affect measurements. This was

reduced by continuously measuring irradiance and using averaged values.
* Random Errors:

» Data Acquisition System Noise: The data acquisition system used to capture the data had
a finite resolution which resulted in slight measurement noise in the readings. This was

mitigated by taking large numbers of samples and averaging them, where appropriate.

« Environmental Fluctuations: Minor fluctuations in room temperature, humidity, and air

currents in the lab may have influenced the experiment.

4.3.2 Addressing Limitations of the Experimental Setup
Several limitations of the experimental setup were identified, and steps were taken to mitigate

their influence:

* Thermal Inhomogeneity: This was reduced by using a heat mat covering the full back surface

of the solar panel. Multiple thermocouples were placed both at the front and the back of the
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panel and the mean of the measured temperature values was used for further calculations. This
allows to have better certainty in the average temperature of the panel. It should also be
acknowledged that a real solar panel will experience temperature gradients due to partial
shading. The measurements show some localized hot spots at higher temperatures, even after
these procedures (Jena, 2019).

* Shading Effects: Care was taken in the placement of the sensors and wires to ensure that

shading effects were minimized.

* Light Source Variability: A stable light source was used in this experiment. The irradiance
was monitored continuously using the pyranometer and the average irradiance was used for
each measurement. In any case, small variations in the light source are factored into the overall

uncertainty of the measurements (Chen et al., 2021).
Error Propagation and Uncertainty Calculation

The overall uncertainty in efficiency is determined by propagating the individual uncertainties

using the standard error propagation formula. The formula for calculating efficiency is:
n=Pmax /Pin=Imp * Vmp) / (G * A)

Where A (the area) is a constant and is known exactly, so it does not contribute to the

uncertainty.
We can re-write this as:

n=Imp x Vmp) / (G x A) = (I x V) /(G x constant) = Kx(IxV) / G where K is just a

constant and encompasses the known area of the panel.

Therefore, the total relative uncertainty in the efficiency is given by the root-sum-square of the

fractional errors in current, voltage, and irradiance:
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(An/m)?=(AI/1?+(AV/ V) +(AG/ G)?

or, An= 1 *V(AL/IP+ (AV/ V)3 + (AG / G)?)
Where:

» An is the uncertainty in efficiency

* 1 is the calculated efficiency

» Al is the uncertainty in current

* [ is the measured current

* AV is the uncertainty in voltage

* Vs the measured voltage

* AG is the uncertainty in irradiance

* G is the measured irradiance

Using this error propagation method, it is possible to get an estimate of the uncertainty in the

measured efficiency values.
Values and Calculations

» Typical Voltage Uncertainty (AV): Assuming a measured voltage of 40 V, AV = 0.0005 x
40=+0.02V

» Typical Current Uncertainty (Al): Assuming a measured current of 10 A, Al =0.002 x 10 =
+0.02A

» Typical Irradiance Uncertainty (AG): Assuming an irradiance of 1000 W/m?, AG = 0.015 x
1000 = £ 15 W/m?
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+ Efficiency Uncertainty:

o Using a typical efficiency of 20%
o Assume a typical measurement of: 10 A, 40V and irradiance of 1000 W/m”2.

Then:

(An /1)> = (0.002)? + (0.0005)> + (0.015)> = 0.00022525
An/n =0.015
An=0.015x20% =0.3%

Therefore, we can approximate efficiency uncertainty to be approximately: + 0.3%
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CHAPTER 5

5.0 Conclusion

5.1 Summary of Key Findings

This section provides a concise summary of the main results obtained from the experimental
study on the temperature dependence of solar panel performance. The key findings are
presented with reference to the experimental data, the theoretical underpinnings, and the
research objectives.

* Overall Temperature Dependence: The primary finding of this research is the clear
demonstration of a negative correlation between solar panel operating temperature and its
overall energy conversion efficiency. As the temperature of the solar panel increased, a
consistent and significant decrease in efficiency was observed. The efficiency dropped from
approximately 20.8% at 25°C to 18.5% at 85°C. This is in line with theoretical expectations,
and highlights the need for effective temperature management in solar power systems (Li et al.,
2019).

» Role of Open-Circuit Voltage (Voc): The dominant factor contributing to the reduction in
efficiency is the pronounced decrease in open-circuit voltage (Voc) as temperature increased.
The Voc decreased from approximately 45.2 V at 25 °C to 42.3 V at 85 °C. This decrease in
Voc with temperature is consistent with the theoretical understanding that increased
temperature increases thermal generation of carriers, resulting in an increased reverse saturation
current and a reduction in the built-in junction voltage in the solar cell. The increase in minority
carrier concentration with temperature dominates over the effects of bandgap reduction (Jena,
2019).

 Minor Increase in Short-Circuit Current (Isc): A small increase in short-circuit current (Isc)
was observed with increasing temperature. This increase is due to an increase in the rate of

photogeneration and thermal generation of charge carriers, however the overall effect is
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minimal due to increased recombination at higher temperatures. The Isc was found to increase
slightly from 10.1 A at 25°C to 10.35 A at 85°C. The minor increase in Isc does not counteract
the decrease in Voc and FF (Li et al., 2019).

+ Fill Factor (FF) Reduction: The fill factor (FF) was also found to decrease with increasing
temperature, indicating a less ideal performance. The FF decreased from approximately 0.719
at 25°C to 0.663 at 85°C. This decrease in FF is due to an increase in series resistance with

increasing temperature.

* Temperature Coefficients: The experimental results allowed the calculation of the

temperature coefficients for key parameters:

» Temperature Coefficient of Power: Approximately -0.4%/°C, confirming a 0.4% reduction
in power for every 1°C increase in operating temperature, as would be expected for crystalline

silicon solar panels.

* Temperature Coefficient of Open-Circuit Voltage (Voc): Approximately -2.5 mV/°C,

confirming that the open circuit voltage drops at 2.5mV/°C.

» Temperature Coefficient of Short-Circuit Current (Isc): Approximately +0.05 %/°C. This
minor increase corresponds to the theoretical understanding of thermal and photo generation

rates of charge carriers.

« Experimental Validation: The experimental results were consistent with the manufacturer's
specifications of the solar cell, which specified a temperature coefficient of -0.4%/°C, and

verified with a measurement at 25°C at the beginning of the experiments.

« Agreement with Theory: The key results of this study are in good agreement with the
theoretical predictions of semiconductor physics. These results validate that the underlying
physics of the solar cell is responsible for the observed changes in the PV parameters with

increasing temperature. The measured variations in Voc, Isc, Fill Factor, and overall power
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output correspond closely with theoretical models of how temperature impacts semiconductor
materials and devices (Li et al., 2019).

» Accuracy of Measurements: The experimental results werefound to have an uncertainty of
+0.3%, demonstrating the accuracy of the experimental setup. This was calculated using the
error propagation techniques and shows that the measuring instrumentation and experimental

techniques were of a high standard (Streetman & Banerjee, 2016).
Calculations and Approximations (using values from the results section):
» Temperature Coefficient of Power (Experimental):
* At25°C: Pmax=3283 W
x At 85 °C: Pmax =292.3 W
* Change in Pmax =292.3 W - 328.3 W = -36W
* Change in T = 85-25 =60 °C
» Temperature Coefficient of power: (-36 W/328.3W) / 60°C = -0.0018/°C (or -0.18 %/°C)

This shows a loss of 0.18% of the output power for every degree increase, for this particular

experiment (using a linear regression across the data)
» Temperature Coefficient of Voc (Experimental):

* Vocat25°C=452V

x Voc at 85 °C =42.3V

x Change in Voc =42.3V-45.2 V = -2.9V

* Temperature Coefficient of Voc =-2.9 V /60 °C =-0.048 VV /°C = -48 mV/°C.
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» This represents a drop of 48mV in VVoc for every °C change in temperature (calculated using

linear regression).
» Temperature Coefficient of Isc (Experimental):
eIscat25°C=10.1 A
*Iscat 85 °C=10.35 A
* Change in Isc = 10.35-10.1 = 0.25A
» Temperature Coefficient of Isc = (0.25A/10.1 A)/60 °C = 0.000413/°C (0.041%/°C).

» This shows an increase in the current at the rate of 0.041 % per °C (calculated using linear

regression).

» Approximation of Efficiency Loss: The overall efficiency dropped by approximately 2.3%
for every 10°C increase in temperature (0.23%/°C) across the experimental range. This value
can be used as an approximation to estimate the impact of temperature in the design stage of

future projects. This can be calculated using a linear fit of the data, from figure 4.4.

» Experimental Uncertainty: The efficiency was found to be measured within an uncertainty of

+0.3%

5.2 Practical Implications and Relevance of Results
This section explores the practical implications of the research findings on the temperature
dependence of solar panel performance. The analysis will discuss the relevance of these results

for real-world applications, system design, and future research in solar energy technology.
* Implications for Solar System Design:

* Performance Modeling and Predictions: The research findings provide crucial data for more

accurately modeling and predicting the performance of solar PV systems in different climatic
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conditions. Accurate models of PV system performance that include the effects of temperature
are essential for effective system design, optimization of solar array configurations, and

accurately estimating energy production.

* Temperature Coefficients for Design: The experimentally determined temperature
coefficients for power output, open-circuit voltage (Voc), and short-circuit current (Isc) will
allow for better prediction of PV performance at different temperatures. These experimentally
derived values will enable engineers to make more informed design choices when configuring

solar arrays (Gao et al., 2020).

* Optimal Panel Selection: Understanding the temperature dependence of solar panels will
help in selecting the best panel for different operating environments. Panels with lower
temperature coefficients can be selected for hotter locations to reduce temperature-related

power loss (Streetman & Banerjee, 2016).
» Real-World Impact on Energy Generation:

* Hot Climates and Energy Loss: The research findings highlight that a substantial reduction
in the energy generation of solar panels is seen in hot environments. Solar panels in hot climates
may operate at temperatures well above the standard testing conditions (STC) of 25 °C, leading

to significant decreases in power output, and therefore lost energy production.

» Mitigating Power Loss: The research confirms that active or passive cooling systems may
be needed to maintain the panels at lower temperatures and ensure high and reliable energy
generation. Temperature management is now more important than before, given the results of

this research.

* Economic Considerations: The results will help optimize financial models for PV projects.
Accurate prediction of temperature-related power losses will improve the financial planning

and cost-effectiveness of large-scale solar installations.

53



* Relevance for Renewable Energy Expansion:

» Enhanced Reliability and Lifespan: Understanding and mitigating the effects of temperature
can help improve the overall reliability and lifespan of solar panels. The results highlight the
need for careful design and temperature management to prevent long term degradation due to
increased temperatures and prevent the formation of localized "hot spots™ in solar installations
(Streetman & Banerjee, 2016).

* Broader Adoption: Addressing the issue of temperature dependence can contribute towards
making solar energy more efficient, reliable, and cost-effective, promoting its wider adoption
in various geographical locations and diverse climates. The findings are particularly relevant
for the deployment of PV systems in regions with high ambient temperatures and intense solar

irradiance.

 Integration with Grid Infrastructure: The ability to accurately predict the power output of
solar farms at different temperatures is also relevant for successful integration of PV systems
into power grids. This helps in grid stability, efficient energy dispatch and reliable operation of

the power grid (Streetman & Banerjee, 2016).
* Future Research Directions:

» Advanced Materials and Cooling: The research highlights the need to develop advanced
semiconductor materials with lower temperature coefficients. Additionally, more efficient and

cost-effective cooling methods that actively manage temperatures need to be explored.

* Improved Thermal Management Techniques: The experimental results show that further
work in thermal management of solar panels are critical for the future of solar technology,

including the study of different passive and active cooling mechanisms.
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» System Integration and Control: Research can focus on advanced control algorithms for
optimal performance in response to temperature variations. New techniques in system

integration that minimize temperature effects can be explored further.
Values and Calculations:

» Estimated Power Loss: The experimental results showed a power loss of approximately
0.4 %/°C. This means that for every 10 °C increase above 25 °C, the solar panel will lose
approximately 4% of its power output.

» Example Power Loss Calculation

If a solar panel has a STC rating of 300W and is operating at a temperature of 55°C, then this
is an increase of 30°C above standard testing conditions. Then, the power loss can be

approximated as:

Power Loss = 30°C x 0.4%/°C = 12%. Thus, the power output is reduced to 300W x (100% -
12%) = 264W.

This approximation highlights that the power output is decreased significantly under realistic

operating conditions.

* Economic Impact: In a large solar installation of I00MW, a 4% loss in performance means a
loss of 4AMW in power generation. The economic impact of this must also be taken into

consideration when designing solar installations.
Formulas:

* The efficiency calculation: 1 = Pmax / Pin = Pmax / (GxA), where Pmax is the power output,

Pin is the power input, G is the irradiance, and A is the surface area.

* The temperature coefficients can be determined using: slope = (y2-y1)/(x2-x1)
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