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1. General facts about solar energy 

Introduction 
The sun is an essential energy source for our planet. Without the sun, there would not be life 
feasible on the earth for mankind since the sun and its energy are vital. Mankind uses solar 
energy in different ways. Thanks to solar energy plants can grow and mankind can live under 
agreeable conditions.  A new way or method of making use of solar energy is the transformation of 
sunlight into electricity by means of solar panels. The electric power that is derived from the 
panels is measured under different conditions and circumstances. 
 

The beginning 
The sun is a vast source of energy. You could consider it to be a nuclear power plant where 
thermonuclear reactions take place, based on the transformation of hydrogen into helium. It is 
estimated that the sun will have died out in about 5 billion years, (which will also be the end of the 
earth). From a human perspective, this energy can therefore thus be considered inexhaustible. 
The sunbeams are traveling 150 million km in 500 seconds to the earth to produce 1367 Watt/m2 
irradiation just outside the atmosphere.  

 

Some short insight in the history of the use of solar energy 

The history of solar energy is as old as mankind. In many ancient civilizations, the sun was 
worshipped. In ancient times glass or focal mirrors were used to concentrate the rays of the sun to 
create heat or to light torches at religious ceremonies. Archimedes, the Greek scientist, used the 
reflection of bronze shields to concentrate sunlight and set the wooden ships of the Romans on 
fire during the siege of Syracuse. 

 
Figure 1. Invention of using solar energy as a weapon. 

What is sunlight? 
Sunlight has three components where the solar radiation is build of. 
Ultraviolet radiation (UV) is 9% of the solar radiation. It has a negative (mutagenic) effect on living 
organisms. This effect is moderated because the radiation is partly caught by the ozone layer. 
45% of the sunlight is the visible light in all its tones. This original energy source provides for the 
process of photosynthesis (photochemical phase) in which the energy by the action of chlorophyll is 
anchored in the chemical compounds of organic molecules. 
Infrared radiation is 46% of the sunlight. If the radiation hits land or living organisms it is transformed 
into heat, a prerequisite for all biochemical reactions (metabolism). 
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     figure 2 What sunlight is and the energy it contains. 

 
 
 
For agriculture the main components of sunlight are the visible radiation (light) and infrared radiation. 
The atmosphere of the earth acts as a filter. If this function is disturbed solar radiation will have 
harmful effects on the earth (such as climate change and skin conditions). 

Functioning of solar panels 
Photovoltaic (PV) is a derivation from the Greek word photos (light) and volts from voltage. A 
photovoltaic cell or solar cell, provides direct transformation of solar energy into electricity. Examples 
of this transformation are the chargers on daylight for calculators and watches. More extensive  

PV systems generate solar electricity for homes and power grids, the power supply which is provided 
by your local power company. 

 

Materials for solar cells 
The development of solar cells is closely linked to the development of semiconductor devices. As with 
semiconductors, these cells tend to be made of substances such as silicon (Si). Silicon is nowadays 
widely used as material for the production of solar cells. The efficiency of these cells is 17-22%. Other 
materials for solar cells are: Cadmium telluride (CdTe), Cadmium selenide (CdSe), Cadmium sulfide 
(CdS) and Zinc telluride (ZnTe). Solar cells are usually grouped together in modules or panels.  
 
There are two major groups of panels. The crystalline panels and the amorf-panels (thinfilm). Beside 
the efficiency and the production of this panels, there is another major difference between this panels.  
Accorded to the specification, the efficiency at different irradiation angles is different between this 
panels. This experiment will also look at this point of view. 

  

"Sonne StrahlungsintensitaetNL" by Sonne_Strahlungsintensitaet.svg: Original uploader was Degreen at de.wikipedia. - Sonne_Strahlungsintensitaet.svg. 
Licensed under CC BY-SA 2.0 de via Wikimedia Commons -  
https://commons.wikimedia.org/wiki/File:Sonne_StrahlungsintensitaetNL.svg#/media/File:Sonne_StrahlungsintensitaetNL.svg 
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Principle of the photovoltaic effect 

Photovoltaic modules, also known as solar modules 
are the main component in transforming sunlight 
into electricity. Solar panels are made of 
semiconductors that look very similar to that of 
integrated circuits for electronic equipment. The 
most common type of semiconductor is now made of 
silicon crystals. These crystals are arranged in 
positive and negative layers, which are stacked on 
top of each other. Light that hits the crystals puts the 
"photovoltaic effect" in motion, whereby electricity 
is released. The released current is the type of direct 
current (DC) and can be used immediately or it can 
be stored in a battery / rechargeable battery. In 
systems for homes that are connected to a power 
grid, the current is transformed with a so-called 
transducer into alternating current (AC), the 
standard form for electricity in homes. 

Electricity production with PN transition 

Solar cells are made of silicon crystals of high purity. Silicium atoms normally have four "arms". 

Under stable conditions, they are perfect insulators. Adding a few atoms with five arms (with an 

extra electron), a negative charge will occur when sunlight (photons) hits the extra electron. The 

electron is thereby detached from the arm and can move freely. Silicium with this property can 

conduct electricity. This will be called a n-type (negative) semiconductor which  is usually 

obtained by providing the silicium with a layer of boron.

 
figure 4 is Silicium, silicium with phosphorus and silicium with boron 

A pn transition arises by putting a p-type and an n-type semiconductor next to each other. 
The p-type, with an electron less, pulls onto the extra electron of the n-type in order to gain 
stability. By this way, the charge moves, creating a flow of 
electrons. We call this current electricity. When sunlight hits 
the semiconductor, there is a free electron, which is pulled 
onto the semiconductor of the n-type. This will result in 
more negative charge in the n-type and more positive 
charge in the p-type, resulting in a stronger electric current. 
This is the photovoltaic effect. 
https://www.youtube.com/watch?v=1gta2ICarDw 

 
  

figure 3  Functioning of solar energy 

figure 4 PN transition of panel 

https://www.youtube.com/watch?v=1gta2ICarDw
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Irradiation 

(sun) light is  fuel for a solar panel. Without light a solar panel cannot generate electricity. The 
intensity of the available light, determines the yield of electricity next to the efficiency of the solar 
panel. The sun has, at optimum conditions a maximum irradiance of 1000 Watt per square meter 
in the Netherlands. The maximum irradiation is only possible if the rays are in perpendicular 
position to the surface. 

 
figure 5 irradiance of 1000 Watt per square meter  

 
The sun has a different position in height a day and the intensity is different, depending on the  
location because of the position of the sun in relation to the earth. The angle of irradiation 
depends on the seasons as Galileo in ancient times had already determined. 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 

 
The angle of radiation is of major influence on the ability to irradiate. To determine what the 
influence of the angle of radiation actually has on yields of a solar panel, this experiment was 
set up. 

  

figure 6 angle of irradiation throughout the year (in NL) 
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Specifications of solar panels. 

Specifications are listed on a solar panel. These specifications provide information about the 
performance of the solar panel. Below is an example of a specification. 
 
 

 

 

 

 

 

 

 

 

  

 

 

All the values mentioned on the specifications are measured according to standards of STC, the 
standard test conditions, which are the agreed upon conditions under which the panel is tested. 
Under the influence of these values, the specifications are determined. By means of these 
standard test conditions different solar panels of different manufacturers  are compared to each 
other. 
The STC values are: 

 
• AM = 1.5 (airmass through which the rays need to shine before they get on the panel). 
• E = 1000W / m2 (capacity of irradiation). 
• Tc = 25 (temperature of the panel). 
• Perpendicular irradiation (the panel is positioned perpendicular to the sun). 

 
 

 
 
 
 
 
 
 
  

Type no. of the panel. The maximum output a  solar 
panel can provide. 

. 

Effectiveness of the panels in 
percentage. 

The maximum power a  solar 
panel can provide in action. 

. 

Open terminal voltage the panel 
can supply. The maximum voltage a  solar 

panel can provide in action. 

. 
Short circuit current the panel can 
supply. 

Dimensions  of the panel 

figure 8 type plate / identification plate of the solar panel 
in use. 
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2. Outline of the experiment 
A set-up in the sun is necessary to accurately measure the actual yield. It is not predictable if the sun 
will be available to us during the experiments, so for some measurements we choose to use a lamp. 

The experiment will give insight into the efficiency that is determined by the angle of irradiation. The 

experiment will also give insight into the course of the open circuit voltage and the short circuit current 

during reduction of the irradiation by adjusting the angle. 

 
The set-up is as follows: 
 

1. The solar panel is placed in a dimmed room. The angle of the panel can be adjusted 
continuously in one direction (vertically or horizontally). 

2. The lamp in use has to be a halogen lamp en with a usage of about 1000 Watt. One or several 
construction lights best meet the criteria. 

3. 2 multi meters or a Wattmeter have to be connected and you have to be able to be read them 
simultaneously.  

4. Whilst adjusting the angle of irradiation the open circuit voltage, the short circuit current, the 
voltage and the electric current are measured during the charging of the battery. 

5. The yielded power is calculated for all angles of irradiation and plotted in a graph. 
 

3. Materials 
To perform this experiment, you will need the following materials: 

 Solar panel (crystalline) (between 20 Wp and 50 Wp so they can be used to power a battery) 

 2 multi meters (voltage and current) 

 Construction light(s) 1000 Watt halogen 

 Protractor 

 Measuring equipment, readable in mm (retractable tape measure) 

 A stand that allows for adjustment of the angle 

 Battery charger 12 Volts 

 Battery 12 Volts 

 Connecting cords 

 12V connector socket 
 12V car phone charger 

 Calculator (Excel) 
Extra: 

 Solar panel (thin-film), (between 20 Wp and 50 Wp so they can be used to power a battery) 
 

The costs to buy the materials for this experiment: 
A little smart shopping will reduce your costs. 
 
Cristalline solarpanel      €   50,- 
Thinfilm solarpanel     €   50,- 
Multimeters (2x) to measuring current and voltage €   35,- 
Halogeen constructionlamp    €   20,- 
Stands for lamps and solarpanel   €   60,- 
Battery charger      €   18,-  
Battery       €   32,- 
12V car-phone charger     €   10,- 
Protractor / adjustmentequipment   €   25,-  
                 ----------- 
Total        € 300,-    
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4. Instructions students 

Experiment 
It is very important to perform the experiment accurately. Conditions have to be identical for all 
metering phases of the experiment. Do not turn on any extra lamps and perform all measurements in a 
short amount of time so that all conditions are as equal as possible.  
 

a) Place the solar panel (on the stand with adjustable angle) in a room that can be dimmed. 

Make sure the panel is positioned vertically (in a 90° angle to the horizon). 

b) Place the light source one meter from the solar panel (Figure 14). 
c) Make sure the light source and the solar panel are at the same height, so that the irradiation is  

perpendicular on the panel. 
d) Carefully connect the solar panel, the battery charger (Figure 15), battery and the multi meters 

according to Diagram 1 (Appendix 1). 
e) Dim the room, read the multi meters and fill in the data in the measuring table (lamp not 

powered). It has to be close to zero to be able to do an objective measurement. If it is not 
zero, the room has to be dimmed even more. 

f) Turn the light on. 
g) Read the voltage and the current of the multi meters (Figure 11) and write them down in the 

table. 

h) Change the angle of the solar panel 10° (Figure 13). 

i) Repeat steps g and h until the panel is positioned horizontally (0°). 

j) Turn the light off. 
k) Calculate the power that the panel yields using the formula P = U x I and add this to the table. 

l) Reposition the panel in a vertical angle (90°). 

m) Turn the light on. 
n) Connect the solar panel so that the open circuit voltage can be measured (Appendix 4). 
o) Read the voltage of the multi meters and write it down in the table. 
p) Change the angle of the solar panel 10° 

q) Repeat steps l and m until the panel is positioned horizontally (0°). 

r) Reposition the panel in a vertical angle (90°). 

s) Connect the solar panel so that the short circuit current can be measured (Appendix 4). 
t) Read the voltage of the multi meters and write it down in the table. 
u) Change the angle of the solar panel 10° 

v) Repeat steps l and m until the panel is positioned horizontally (0°). 

w) Turn the light off. 
 

Conclusion 
To be able to draw a conclusion regarding the influence of the angle of irradiation on the yield, it is 
best to draw a graph. Trace the graph (Graph 1) and fill in your data. At chapter 10 you can find a 
drawled power curve. It can be an example for this graph.

 
 

0 W

1 W

2 W

3 W
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5 W

6 W

7 W

8 W
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This graph shows that the angle of irradiation has a large/small influence on the yielded power (delete 
as applicable) 
Furthermore, the data tells us something about the open circuit voltage. Is this proportional to the 
output? 
 

Additional experiment 
Solar panel can be divided in two main categories: crystalline panels and thin-film panels. According to 
the specifications, thin-film panels suffer less from a bad angle of irradiation than crystalline panels. To 
investigate this we can repeat the experiment with a thin-film solar panel. We can then by comparison 
of both graphs, conclude from the data whether this is true,. 
After the experiments are finished, we can compare the power curve by drawing the two curves in one 
graph. In chapter 10 (compare) you can find an example of a compare.  
When the power production of the both panels are not quite the same, you can calculate a rating 
between the two powers. In our example you can see that the Thinfilm panel is producing 4,68 times 
less power than the monocrystalline panel. By multiply the power from the Thinfilm with this rating, the 
power curve will start at the exact same place.  
Step by step: 
1. Part the power of the two perpendicular radiated to get the rating. 
2. Multiple the other powers from the lowest production panel with this rating. 
3. Use this power to draw the graph. 
 

5. Application 
Now that a battery has been charged using a solar panel, we have stored electrical energy. The 
energy can be used and recharged anytime. In our case it will be charged whenever the sun shines. 
The battery consists of 6 lead cells that combined deliver a voltage of 12V. 

 
Question: Identify where batteries are used in your world Use the table in Annex 5 to write down the 
data. One application must contain a battery of 12 volts and one of the applications has to be a mobile 
phone at least. The other three applications may contain batteries with different voltages. Give a 
description of  five applications such as where the battery is used, why a battery is used, what voltage 
the battery has and how the battery is charged. 
 
The 12 volt batteries are often used in cars. They enable the car to start the engine but also the 
electrical equipment  (radio, etc.) runs on battery. If you want to charge a cell phone in the car, use the 
12V power socket in the car. (see figure 10). If you 
compare the voltages of the car battery and the 
phone battery you can conclude that these are not 
equal. To connect the two batteries a converter is 
needed. 
 
To test how this works and how much charging a 
phone costs energy wise, we place a converter on 
the battery and we measure which flow of energy will 
flow when we are charging the phone. 
 
Assignment: Connect the charger according to 
wiring diagram (Annex 6), connect your phone and 
measure the voltage and current when reading the 
gauges. Calculate the electrical energy consumed 
while charging. 
Is the consumption of charging the phone more, less or equal to the yields of the panel during optimal 
irradiation? 
 
 
 
 
 

Figure 10,  12V power socket of the car 
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6. Instructions teacher (tips) 
Below you will find some tips that are important for a succesful experiment. These tips are mainly for 
the supervisor and relate primarily to the preparations and instructions to be given to the students. 
- Measure without a lamp first to determine whether the external irradiation does not  
  influence/detemines the measurements. 
- Measure in a dimmed room. 
- Avoid reflection (diffuse light) via the ceiling. 
- Be accurate when placing the lamp and panels. 
 

7. Photos 

 
figure 11 Current and voltage meters (Multi meters) 

 

 
figure 12  irradiation, right in the middle. 
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 Figure 15 Battery charger at the rear of panel.

Figuur 1 

 

figure 14 Setting up of lamp and panel. 

 

figure 13 Detail of the adjusting mechanism. 
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Figure 16, Measuring current when charging devices 
 

 
       Figure 17, Device-charger on 12 Volt 
 

  
Figure 18,  Measuring voltage when charging 

 

8. Source: 
http://www.c-test.eu 
http://www.wikipedia.nl 
 

  

http://www.c-test.eu/
http://www.wikipedia.nl/
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Appendix 
Appendix 1: Tables Metering data  

 
Table 01  Metering data (cristalline panel) 

 Lamp not 
powered 

90 ˚ 80 ˚ 70˚ 60˚ 50˚ 40˚ 30˚ 20˚ 10˚ 0˚ 

Battery 
voltage 

           

Battery 
power 

           

Battery 
output 

           

Open 
terminal 
voltage 

           

Short 
circuit 
current 

           

 
Table 02  Metering data (thin-film panel) 

 Lamp not 
powered 

90 ˚ 80 ˚ 70˚ 60˚ 50˚ 40˚ 30˚ 20˚ 10˚ 0˚ 

Battery 
voltage 

           

Battery 
power 

           

Battery 
output 

           

Open 
terminal 
voltage 

           

Short 
circuit 
current 
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Appendix 2:  Table batteries in your world 
Application Why Voltage How  

   
 12 V 

 

 

 
Mobile phone 

  
V 

 

 

   
V 

 

 

   
V 

 

 

   
V 
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Appendix 3: Wiring diagram ‘Solar panel on battery’ 
 
Wiring diagram 1 : 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Appendix 4: Wiring diagram ‘Open terminal voltage’ 

 
Wiring diagram 2: 
 
 
 

 
 
 
 
 

Appendix 5: Wiring diagram ‘ Short circuit current’ 

 
Wiring diagram 3: 
 
 
 

 
 
 
 
  

Battery 

charger 

B 
 

Battery 

+ - 

V 
 

V 
 

B 
 

Solar panel 
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Appendix 6 Wiring diagram ‘Phone charger’ 
 
Wiring diagram 4:  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Appendix 7: Calculation formulas 
 
Calculation formulas: 
 
 

Ohm's law: 

𝑼 = 𝑰 𝒙 𝑹 
 

output act: 

𝑷 = 𝑼 𝒙 𝑰 
 

power act: 

𝑬 = 𝑷 𝒙 𝒕 
 
 
 
  

Battery 

charger Battery  

+ - 

B 
 

ch
arger 

http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.redcoon.nl/c06130000-Mobiele-Telefonie&ei=Jo0iVYeIAsXkaNa8gvgG&bvm=bv.89947451,d.d2s&psig=AFQjCNH32W4uCp3qAV1DnQ6JswNFg3NJ3w&ust=1428414106840104
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Appendix 8: Example of the experiment. 
 
Example of the experiment (measurements and graphics) 
 
Cristalline 

 
Figure 19, Data from the measurements in Excel 

 

 
Figure 20, Power-curve at different angles 

 

  
Figure 21, Voltage at different angles         Figure 22, Current at different angles 
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Thinfilm 

 
Figure 23, Data from the measurements in Excel (thinfilm) 

 
 

 
Figure 24, Power-curve at different angles 

 
 

Appendix 9: Conclusion. (Graph) 

 
 Figure 25, Power-curve at different angles for Thinfilm and Cristalline panels 
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