Study Guide: The Fundamentals of Solar Panel Technology

This study guide provides a comprehensive overview of how solar panels convert light into
electricity, detailing their components, different types, system configurations, and the underlying
scientific principles.

1. Introduction to Solar Panels: The Photovoltaic Effect

Core Function: Solar panels convert light into electricity. This process is described as
"photovoltaic," combining "light" and "voltage".
Light Sources: Solar panels can generate electricity from both sunlight and artificial
light. The stronger the light, the more electricity is produced.
Fundamental Principle (Photovoltaic Effect): Light consists of particles
called photons. When these photons hit a solar cell, they absorb the photons and knock
electrons out of the material, leaving behind "holes". This is known as the photovoltaic
effect.
o The electron is pulled into the top layer, while the hole drifts down to the
bottom.
Electrons are attracted to holes, similar to how opposite ends of a magnet attract.
If a path (wire) is provided, electrons will flow through it to return to the holes,
thereby creating an electric current. This flow of electrons continuously
generates DC electricity as long as light hits the cell.

2. Anatomy of a Basic Solar Cell

A solar cell is constructed from several layers, each serving a specific purpose:

Positive Electrode: A metal conductive plate forms the positive electrode at the base.
Semiconductor Material: A thin silicon layer is placed on top of the conductive plate,
serving as the semiconductor material.
o This typically consists of a silicon-boron mixture on the bottom (p-type) and
a silicon-phosphorus mixture on top (n-type).
o The joint between these layers is called the p-n junction.
= N-type layer (negative): Contains an excess of electrons due to the
addition of phosphorus (which has five electrons in its outermost shell,
leaving one free electron).
= P-type layer (positive): Contains "holes" (absence of electrons) due to
the addition of boron (which has three electrons in its outermost shell,
creating a deficit).
= Depletion Region: At the p-n junction, some electrons and holes move
across, forming a barrier with slightly positive and negative charges.
This creates an electric field that prevents further movement of electrons
or holes, establishing the depletion region where no free electrons or holes
can exist.



=  When photons hit the p-n junction, they knock electrons free, and the
electric field pulls these free electrons into the n-type layer, while holes
drift down through the p-type layer. This buildup of charges at the
terminals creates voltage.

o Anti-Reflective Coating: A layer on top of the silicon that helps reduce light
reflection to ensure more light enters the silicon. Some cells also have a rough surface to
capture reflected light.

o Negative Electrode (Metal Grid): Placed over the anti-reflective coating, it consists
of thin strips called fingersand thicker strips called bus bars.

o Fingers reach out to collect free electrons.

o Electrons flow along the fingers and then collect and flow together in the bus
bars.

o These metal conductors need to be as thin as possible to allow maximum light
entry, but more fingers can block light.

o Protective Layer: A glass protective layer covers the entire assembly, as solar cells are
very thin and easily break.

3. Types of Solar Cells (" The Solar Rainbow")

Solar cells can be broadly categorized by their material structure and appearance:

o Polycrystalline Cells:

o Appearance: Typically have blue flakes (though other colors exist like emerald).
These flakes are individual silicon crystals, indicating "many crystals".

o Structure: Each crystal is a separate group of atoms in different orientations, and
the boundaries of these crystals are defects that reduce efficiency.

Efficiency: Around 13-17% efficient.
Cost/Use: Relatively cheap and common for hobby electronics, solar-powered
products, and solar panels.

o Production: Made by melting silica sand and carbon in an electric arc furnace to
form raw silicon chunks, which are then crushed, processed into a pure silicon
gas, and then melted and cooled into ingot blocks that are cut into thin sheets.

e Monocrystalline Cells:

o Appearance: Rigid, typically black or very dark blue, with no visible crystals.
"Mono" means "one," referring to a single, orderly crystal structure.
Structure: Atoms form a very orderly structure, resulting in higher efficiency.
Efficiency: Around 15-19% efficient.
Cost: More expensive to produce as they are more refined.
Production: Pure silicon chunks are melted, and a seed crystal is slowly extracted
from the melt, allowing silicon atoms to stick to it and form one giant, perfect
crystal (ingot), which is then sliced into cells.
e Thin-Film Cells (Amorphous Silicon):

o Appearance: Can be flexible (used for curved roofs of vans and boats).
Amorphous silicon types typically have a brown color.

Structure: Atoms have a random structure with no defined pattern.
Efficiency: Very low efficiency, around 5-8%.
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Cost/Lifespan: Very cheap to produce but have a shorter lifespan and are less
efficient.
Common Use: Found in simple devices like garden lights and calculators.

4. Assembling Solar Systems: Cells, Modules, Strings, and Arrays

Solar panels are built in layers of increasing complexity:

e Solar Cell: The basic unit, generating about 0.5 volts each. The larger the cell, the more
current it can generate.
e Solar Module (Panel): Multiple solar cells are connected together.

o

o

Cells are stuck to a solid back sheet with EVA adhesive, covered by another EVA
film and a layer of glass, then framed.

EVA encapsulates the cells, insulating them from moisture and mechanical
stresses.

Cells are typically connected in series (top of one cell to the bottom of the next)
to increase the voltage.

Small modules often use 36 cells (producing 18-19.8 volts for charging 12-volt
batteries). Residential installations commonly use 60 or 72-cell modules, while
commercial ones can use 60, 72, or 96+ cells.

Example: A 60-cell module produces about 30 volts and 8 amps, totaling 240
watts.

e Solar String: Multiple solar modules are connected together.

o
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When modules are connected in series, their voltages add together, but the
current remains the same.

Example: Four 60-cell modules in series would yield 120 volts and 8 amps (960
watts).

e Solar Array: Multiple strings of solar modules connected together.

o

o

When strings or modules are connected in parallel, their voltages remain the
same, but the currents add together.

Example: Four 60-cell modules in parallel would yield 30 volts and 32 amps (960
watts).

Often, a combination of series-parallel connections is used.

5. Electricity Types and System Components

e DC (Direct Current) Electricity:
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o

Produced directly by solar panels and batteries.

Electrons flow in one constant direction.

Suitable for powering small DC motors, lights, and USB devices (e.g., in
motorhomes and boats).

e AC (Alternating Current) Electricity:

o

o

Required by most household appliances and the electrical grid.
Electrons flow backwards and forwards, alternating direction.



e Inverter: A device that converts DC electricity from solar panels/batteries into AC
electricity. It contains electronic switches that rapidly turn on and off to control electron
paths.

o Charge Controller: Used to manage the charging and discharging of batteries in
solar systems.

o It prevents overcharging of the battery by the solar module, which can damage it.

o It separates the solar panel from the battery at night to prevent the battery
from discharging back through the panel.

o Ensures excess energy charges the battery and allows power to be drawn from the
battery at night.

6. Solar System Configurations

e Standalone/Off-Grid Systems:

o Rely on solar panels and batteries to store energy for use when light is
unavailable (e.g., at night).

o The solar fan example shows direct power from panels (only works in light).

o A charge controller is crucial to protect the battery and manage power flow.

o Often used in motorhomes, boats, and garden lights.

e Grid-Connected Systems:

o Common for residential and commercial installations.

o Solar panels connect to an inverter, which feeds the property's breaker panel and
AC loads.

The system is also connected to the electrical grid via a meter.

The inverter must synchronize with the grid.

Net Metering: On very sunny days, if panels produce more energy than the home
uses, the excess is sold back to the grid. At night, electricity is purchased from
the grid.

o Advanced Systems with Batteries: Batteries can be included to store excess
solar energy for later use in the home (e.g., at night or during power cuts) before
drawing from the grid. If batteries are full, excess power is sold back.

e Solar Farms: Large-scale installations with multiple rows of panels generating high
voltages. These combine and connect to a large inverter and then feed into a transformer
substation to increase voltage for export to the grid.

7. Challenges and Optimizing Solar Panel Performance
Several factors can affect the efficiency and performance of solar panels:

o Light Intensity and Angle:
o Solar panels work best when perpendicular to the sun.
o As the sun moves throughout the day (east to west) and varies in altitude (high in
summer, low in winter), the light intensity hitting the panel changes.
Moving panels with the sun (tracking) is ideal but often difficult and expensive.
Location assessment for altitude, azimuth, and shading is crucial for optimal
orientation and tilt angle.



Reflection: Silicon is shiny, causing some light to be reflected away, even with anti-
reflection coatings.
Dust and Dirt: Can block energy from reaching the solar cells.
Heat: As solar cells heat up from wasted energy (photons with excess energy that is not
converted to electricity), their efficiency decreases.
Energy Losses:
o Only about 30% of the sun's energy can be used to generate electricity with
silicon due to wavelength limitations and wasted excess energy as heat.
o Further energy losses occur in the inverter and wires.
Wavelength and Energy Conversion:
o Light energy travels in waves of different sizes. The visible spectrum, ultraviolet,
and infrared regions contain most of the sun's emitted energy.
o Silicon requires a photon to deliver at least 1.1 electron volts (corresponding to a
wavelength of around 1127 nanometers) to free an electron.
Photons with wavelengths beyond this cannot generate electricity.
Photons with shorter wavelengths (more energy) have excess energy that is
wasted as heat.

8. Interesting Facts

A solar cell is essentially a giant flat LED working in reverse. If power is applied to a
solar cell, it can produce infrared light. Conversely, an LED can produce a voltage when
light is shined on it.

A red LED, despite its visible light output, cannot power itself because it requires 4
milliwatts to produce light, and only about 10% of that can be converted back into
electricity, meaning multiple LEDs would be needed to power one.



