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Physics of Photovoltaics  
 

In this unit, we will study the physics of photovoltaics, or solar panels. This requires us 
to explore the relationship between light and matter. In particular, we’ll learn how 
semiconductors can turn light into electricity. We’ll also study how solar panels can be 
wired to generate an appropriate amount of electricity to run an array of electrical 
devices. Your final project for this unit is to design a solar powered lighting system for a 
business in a village that is off the grid in a developing country.   
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Reading: Harnessing Energy from the Sun 
The cacao-farming community of Daban, in Ghana, is seven degrees north of the equator, and 

it’s always hot. In May, I met with several elders there to talk about the electricity that had come 

to the town a few months earlier, which an American startup installed a solar microgrid nearby. 

Daban could now safely store the vaccine for yellow fever; residents could charge their cell 

phones at home rather than walking to a bigger town to do it. As we talked, one of the old men 

handed me a small plastic bag of water, the kind street venters sell across West Africa – you just 

bite off a corner and take a drink. The water was ice-cold and refreshing, but it took me an 

embarrassingly long moment to understand the pleasure with which he offered it: cold water was 

now available in this hot place. There was enough power to run a couple of refrigerators and so 

coldness was, for the first time, a possibility. 

          -Bill Mc Kibben1 

One exciting application of photovoltaic technology is its role in bringing electricity to 

the developing world. Journalist Bill McKibben reports in The New Yorker, “There are about as 

many people living without electricity today as there were when Thomas Edison lit his first light 

bulb. More than half are in sub-Saharan Africa.” Furthermore, many villages that do have access 

to electricity, do not have access to reliable, continuous electricity.  

The challenge to electrifying Africa, and developing countries around the world, lies in 

the infrastructure required to build an electrical grid. The traditional grid system consists of 

large- scale generators that create electricity by burning fossil fuels, such as coal or natural gas.  

The electricity is then sent out across the country over an interconnected system of transmission 

lines. This system is problematic for several reasons. For one, global climate change demands 

that we reduce our reliance on fossil fuels. Secondly, this type of electric infrastructure is 

extremely expensive to build. Sometimes rural terrain does not even allow for transmission lines 

to be built, such as in very mountainous regions.  

Photovoltaic (PV) cells, commonly called solar panels, provide a solution. PV cells are 

made of semiconductors that convert light into electricity. Small scale PV cells can be used to 

generate electricity for a single home or business, without the need to be connected to a larger 

grid. If used on a large scale, solar energy can help to mitigate the effects of climate change.  

The amount of energy hitting the Earth’s surface from the sun is tremendous. By some 

estimates the amount of solar energy that hits the Earth each day is 10,000 times the energy used 

here on Earth. But how to harness this energy? And how to make solar energy economical?  

The National Academy of Engineers articulates this question as one of the Grand 

Challenges of Engineering2: 

Already, the sun’s contribution to human energy needs is substantial — worldwide, solar 

electricity generation is a growing, multibillion dollar industry. But solar’s share of the total 

energy market remains rather small, well below 1 percent of total energy consumption compared 

with roughly 85 percent from oil, natural gas, and coal. 

                                                           
1 McKibben,B. (2017). Power Brokers. The New Yorker. 
2 National Academy of Engineering. (2019). Grand Challenges for Engineering: Making solar energy economical. 

http://www.engineeringchallenges.org/9082.aspx 

http://www.engineeringchallenges.org/9082.aspx
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Those fossil fuels cannot remain the dominant sources of energy forever. Whatever the precise 

timetable for their depletion, oil and gas supplies will not keep up with growing energy demands. 

Coal is available in abundance, but its use exacerbates air and water pollution problems, and coal 

contributes even more substantially than the other fossil fuels to the buildup of carbon dioxide in 

the atmosphere. 

For a long-term, sustainable energy source, solar power offers an attractive alternative. Its 

availability far exceeds any conceivable future energy demands. It is environmentally clean, and 

its energy is transmitted from the sun to the Earth free of charge. But exploiting the sun’s power 

is not without challenges. Overcoming the barriers to widespread solar power generation will 

require engineering innovations in several arenas — for capturing the sun’s energy, converting it 

to useful forms, and storing it for use when the sun itself is obscured. 

Many of the technologies to address these issues are already in hand. Dishes can concentrate the 

sun’s rays to heat fluids that drive engines and produce power, a possible approach to solar 

electricity generation. Another popular avenue is direct production of electric current from 

captured sunlight, which has long been possible with solar photovoltaic cells. 

It is this last possibility – photovoltaic cells – that we will study in this unit. To understand how 

PV cells convert light into electrical energy, we will need to study the interactions between light 

and matter, and also how electricity moves through a circuit. 
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Reading: Energy and Power in Circuits 
Photovoltaic cells generate electrical energy from solar energy. This energy 

transformation has the same end result as a battery: it generates direct current (DC) electrical 

power. The difference is that batteries convert chemical potential energy into electrical energy 

and PV cells convert solar energy into electricity.  

Electrical energy flows through a circuit as a stream of electrons. The electron is the 

smallest unit of charge, which means that charge is quantized. An object can have an integer 

number of extra electrons, but never half an electron or 2/3 of an electron. Charge is measured in 

units of Coulombs, and one electron has −1.6 × 10−19 C. You will often see charge given in 

terms of the magnitude of the electron charge (𝑒). For example, a sodium ion (Na+) has a charge 

of +1𝑒, which means it has a positive charge equal to 1.6 × 10−19 C, or is missing one electron. 

The electrons move through the circuit because of a voltage source, technically called 

electrical potential difference. Voltage increases across a battery (a positive potential 

difference) - the electrons are gaining energy. Voltage decreases (a negative potential difference, 

or as physicists like say a “voltage drop”) across a resistor or light bulb as the electrons are 

losing energy. Voltage is the amount of energy per unit charge: 

Δ𝑉 =
Δ𝑈

𝑞
 

To understand energy in electrical circuits, it is useful to introduce a new unit for energy: 

the electron-Volt (eV). The output of the battery is measured in Volts (V), a unit of electrical 

potential difference. The battery voltage gives the electron a kick to start it moving through the 

circuit. If an electron gets one Volt from a battery, we see that its energy has increased by 1 

electron-Volt (eV). In other words: 

Δ𝑈 = 𝑞Δ𝑉   (1) 

Where U is the change in the potential energy of the charged particle, q is the charge on the 

particle (in this case, the electron), and V is the voltage (potential difference). The conversion to 

Joules is: 1 eV = 1.6 × 10−19 J. 

Electrical potential energy can be hard to picture, so let’s make an analogy to 

gravitational potential energy. Imagine I have one bucket of water that I carry up a hill. I have 

increased the gravitational potential energy of the bucket. I am acting like the battery in the 

circuit, which, metaphorically, takes the electron (bucket) up to the top of a hill.  

Then I dump out the water, and it flows back down the hill. It wants to get to a place 

where is has lower gravitational potential energy, which is at the bottom of the hill. Likewise, the 

electrons want to get back to a state of lower potential energy, so they flow through the wires in 

the circuit, back to the other end of the battery. The difference between the electrons and the 

bucket of water analogy is that the electrons loose potential energy when they pass through a 

resistor or light bulb; they are not physically moving downhill.  
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Generally, we don’t have just one electron going through circuits, we have many. The 

rate that many electrons flow through a wire is given by current (I), which is measured in units of 

Amps (1 A = 1 C/s): 

𝐼 =
Δ𝑞

Δ𝑡
    (2) 

Because we usually think about charge in circuits in terms of current, it is easier to think 

about the energy in a circuit in terms of power. That is, the rate that energy is produced or 

transferred, rather than the absolute amount of energy produced or transferred. Power is defined 

as the rate energy changes over time: 

𝑃 =
Δ𝑈

Δ𝑡
    (3) 

Substituting equation (1) into (3), we get: 

𝑃 =
Δ𝑈

Δ𝑡
=

𝑞Δ𝑉

Δ𝑡
= 𝐼Δ𝑉  (4) 

Where we see that power is equal to current times voltage. This is the formula that we will use to 

calculate the power output of the lights in our circuit. It is the same formula that we can use to 

measure the power generated by our solar panels. Power is measured in units of Watts (W), 

where one Watt is a Joule per second (1 W = 1 J/s).  
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Lab: Measuring Energy and Power  
The ultimate goal of our solar array is to generate electricity. As with other systems we have 

studied, our goal will be to develop a mathematical model based on energy conservation that can 

help us to describe how electricity flows through a circuit.  In order to build this model, we need 

to be able to measure energy and power in electrical circuits. 

Energy is difficult to measure directly. Because current is flowing through the circuit, it is easier 

to measure the rate that energy is generated or transferred or transformed in the circuit. In other 

words, the power generated by the solar panel is the amount of energy is transferred into the 

circuit in a time interval Δ𝑡. This is related to the flow of electric charge (i.e. the current) and the 

voltage of the system. The same relationship is true for batteries, as well as solar panels.   

The table below summarizes some important physical quantities that we will be using in this 

activity.  

Physical Quantity Symbol Unit (Symbol) Definition 

Current I Amps (A=C/s) 
𝐼 =

Δ𝑞

Δ𝑡
=

charge

time
 

The number of charges that pass through 

a point in a given amount of time. 

Voltage 

(Potential 

Difference) 

V Volts (V) 
Δ𝑉 =

Δ𝑈

𝑞
=

energy

charge
  

Measure of the amount of energy per 

unit charge. 

Power P Watts (W=J/s) P = IV 

Rate that energy is transferred through 

the circuit. 

 

Part 1: Measuring Energy & Power 
To find the power output of the circuit, we need to measure current and voltage. Both of these 

can be measured using a device called a multimeter. Below are some tips for using the 

multimeter: 

• Make sure that the dial is turned to the appropriate place. We will be using the DC (direct 

current) part of the dial. This is the one with the straight line on top. (Don’t use the 

wiggly line, that’s for AC, alternating current.) 

• Pay attention to where the leads are plugged in. There are different inputs for voltage 

and current. Using the wrong input can damage the multimeter! 

• If you get an OL (overload) reading, turn the scale up on the meter. If the reading is zero 

or just one digit showing, turn the scale down to get a more sensitive reading.      
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1. Set up a circuit with one light bulb and one battery, 

as shown. 

 

2. Practice using the multimeter by measuring the 

current of this circuit, as shown. To measure 

current, the multimeter is connected in series with 

the battery and light bulb. Measure the current on 

both sides of the bulb. (Note that mA is milliAmps = 

10-3 Amps.) 

Current (1) = __________________ A  

Current (2) = __________________ A  

3. How do the currents compare? What does this tell 

you about the current that goes into the bulb 

compared to the current coming out of the bulb? What fundamental physics principle does this 

represent? 

 

 

 

 

4. Practice using the multimeter by measuring the 

voltage of the battery and bulb in this circuit, as 

shown. To measure voltage, the multimeter is 

connected in parallel. 

Vbattery = ____________________ V 

Vbulb = ______________________ V 

 

5. How does the voltage of the battery compare to 

the voltage drop across the bulb? What 

fundamental physics principle does this 

represent? 

 

 

6. How does your measurement compare to the voltage marked on the battery? Explain any 

discrepancies. 
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7. Power is determined by the combination of the current and the voltage: 

𝑃 = 𝐼Δ𝑉 

a) For the system shown above, calculate the power output of the battery. 

 

 

b) For the system above, calculate the power used by the bulb. 

 

 

c) In an ideal system, how would these two measurements compare? 

 

 

d) Explain any discrepancy between the two measurements. This is the inefficiency in the 

system. Where did the energy go? 

 

 

Part 2: Solar Panels & Load 
Now that we know how to measure current and voltage in an electrical circuit, we’ll make some 

measurements with actual photovoltaic (PV) cells. Like batteries, PV cells generate a constant 

stream of current through a circuit. This is called direct current, as opposed to alternative 

current which comes from an electrical generator. The amount of current generated by the solar 

cell depends on a number of factors, including the intensity of the sunlight and the load (what it 

is connected to).  

The amount of power generated by a solar cell is related to the “load”. The “load” refers to the 

electrical load, which refers to the appliances using the electricity, such as lamps, toasters, etc. 

Load is measured as a resistance in the circuit. The load can impact how much current is 

generated by the solar panels.  

1. Position the light source so that it is directly over the solar cell. Make sure that the face of the 

solar cell is perpendicular to the rays coming from light source. Don’t put the light too close 

to the solar panel. (If you do, you will generate the maximum amount of voltage at all times 

and not have anything interesting to graph.) 

2. Connect the solar cell to a variable resistor. We will use the resistor 

to change the “load” connected to the solar cell. Start with the slider 

at one end of the track.  

3. Measure the current and voltage of the solar cell in this 

arrangement. It is easiest to do this using two multimeters, as shown 

in the figure at right. Connect one to measure voltage and another to 

measure current. Record data in the table below or directly into 

Excel.  
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4. Move the slider down the track by a little bit and repeat the measurements.  

5. Repeat until you have at least ten measurements. Enter your data into Excel. 

 

 

 

 

 

 

 

 

 

 

 

 

6. Calculate the power for each measurement. (Do this using Excel.)  

7. Make a graph of Current vs. Voltage. Indicate on the graph where the maximum power is 

generated.  

8. Take more measurements if your graph has big gaps between your measurements.  

9. How does this result influence how engineers design solar powered lighting systems?  

 

 

Part 3: Solar Panel Efficiency 

Solar cells cannot turn all of the incident light energy into electricity. Here we will calculate the 

efficiency of a single cell from the previous experiment. 

1. Use the light meter to measure the intensity of the light at the surface of the table, where it hit 

the photovoltaic cell. You will have to convert from lux to Watts. An incandescent bulb has a 

conversion of 1 lux = 0.067 W/m2. A fluorescent bulb has a conversion of 1 lux = 0.0167 

W/m2. 

 

 

2. To calculate the power incident on your solar cell, you will need to multiply the intensity by 

the area of the cell (𝐼 = 𝑃/𝐴).  

 

 

Trial Current (mA) Voltage (V) 

1   

2   

3   

4   

5   

6   

7   

8   

9   

10   
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3. Now compare this to the maximum power generated by the solar cell. Use the data in your 

table from Part 1. What is the maximum efficiency of the solar cell? 

efficiency =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
× 100% 

 

4. What might be the cause of the inefficiencies in the solar cell? 

 

 

Part 4: Take it Outside! 

If the weather is sunny, you can repeat this experiment outside.  

1. Connect the solar panel to an LED bulb. Position the solar panel so that the sun is directly 

hitting surface.  

2. Measure the current and voltage generated by the solar cell. Use this to calculate the power 

output of the solar cell. 

 

 

3. Compare your measurement to the power generated inside the classroom. Explain any 

discrepancies. 

 

 

4. Use the light sensor to measure the solar intensity. You will have to convert from lux to 

Watts using the conversion factor for sunlight: 1 lux = 0.0107 W/m2 

 

 

5. Calculate the efficiency of the solar panel. 

 

 

6. Did you notice any fluctuations in your measurements while you were outside? What are the 

effects of weather on electricity production using solar cells?  

 

 

7. If you have time, try connect two or three solar cells together. What effect does this have on 

the voltage and current generated? 
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Lab: Series & Parallel Circuits 
In this lab, we’ll explore the behavior of batteries and bulbs in series and parallel arrangements. 

Our goal is to develop a model for how current and voltage change throughout the circuit. This 

model that we develop will be valuable when you go to design the circuitry for your solar 

powered lighting system. (As a voltage source, the photovoltaic cells will behave in a similar 

manner to batteries.)  

Part 1: Bulbs in Series & Parallel 

There are two different ways to wire circuits with multiple bulbs, series and parallel, as 

illustrated below. It is cumbersome to draw out lots of little batteries and bulbs, so we simplify 

by using symbols. The schematic diagrams are shown below. 

1. Build a series circuit using the equipment on your table. Use the battery holders with three 

batteries (not the naked battery as shown) and three bulbs in light bulb holders. 

 

 

 

 

 

 

 

 

 

2. Measure the voltage drop across each light bulb and the battery. Wire the multimeter in 

parallel to measure voltage. Record in the table below. 

 

3. Measure the current through each bulb. To measure current, the multimeter must be in 

series with the bulbs. 

 Voltage (V) Current (mA) 

Bulb 1   

Bulb 2   

Bulb 3   

Battery   

 

4. What patterns do you notice in your measurements? 
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5. Build a parallel circuit (as shown in the schematic diagram) using the equipment on your 

table. Use the battery holders with three batteries (not the naked battery as shown). 

 

 

 

 

 

 

 

 

6. Measure the voltage drop across each light bulb and the battery. Remember to use the 

multimeter in parallel to measure voltage. Record in the table below. 

7. Measure the current through each bulb. To measure current, the multimeter must be in 

series with the bulbs. 

 Voltage (V) Current (mA) 

Bulb 1   

Bulb 2   

Bulb 3   

Battery   

 

8. What patterns do you notice in your measurements? 

 

9. What do you notice about the relative brightness of the bulbs in each system? How does 

brightness relate to the parameters you measured? 

 

 

10. Write an initial mathematical model to describe how voltage behaves in circuits. 

 

 

11. Write an initial mathematical model to describe how current behaves in circuits.  

 

 

12. Get your circuits and measurements approved by the instructor before moving on.  
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Part 2: Batteries in Series and Parallel 

Batteries can also be hooked up in series and parallel. Build a circuit with one light bulb and two 

batteries in series. Note that if you are using a battery pack, the batteries are wired in series.  

1. Draw a schematic of this circuit: 

 

 

 

 

 

2. What happens to the brightness of the bulb compared to the one battery, one bulb circuit? 

 

 

3. Use the initial model that you wrote above to predict the voltage of two batteries wired in 

series.  

 

 

4. Measure the voltage and current across each battery, both batteries together, and the bulb: 

 Voltage (V) Current (mA) 

Bulb   

Battery 1   

Battery 2   

Both Batteries   

 

5. Write a general rule for voltage in series circuits. Explain how you came up with this rule. 

 

 

6. Write a general rule for current in series circuits. Explain how you came up with this rule. 
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Build a circuit with one light bulb and two batteries in parallel.  

7. Draw a schematic of this circuit: 

 

 

 

 

8. What happens to the brightness of the bulb compared to the one battery, one bulb circuit? 

 

 

9. What do you predict is the voltage of the two battery system? 

 

 

 

 

10. Measure the voltage across each battery, both batteries together, and the bulb: 

 Voltage (V) 

Bulb  

Battery 1  

Battery 2  

 

11. Write a general rule for voltage in parallel circuits. Explain how you came up with this rule. 

 

 

12. Write a general rule for current in parallel circuits. Explain how you came up with this rule. 
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Reading: Series and Parallel Circuits 
There are two different ways to wire circuits: series 

and parallel. These terms can refer to the arrangement of 

bulbs, batteries, PV cells, or any other circuit element. For 

simplicity, we start with resistors wired in series and 

parallel. Resistors are simple circuit elements, but can be 

used to represent electrical devices that would be in your 

circuit, such as a light. 

It is cumbersome to draw out lots of little batteries 

and bulbs, so we simplify by using the symbols shown in 

the table at right. These symbols will be used in the 

schematic diagrams below to represent how circuits are 

designed. You should get accustomed to drawing circuits 

using the proper symbols. This is an important visual 

representation that physicists use to communicate ideas 

about circuits.  

Resistance & Ohm’s Law 

As an electron makes its way through a circuit, it 

gains energy as it passes through the battery (or solar cell) and loses energy as it passes through a 

resistor. Imagine we have a circuit with just one resistor (or device with resistance). The 

resistance of a device is determined by how much current can flow through the circuit at a given 

voltage. This relationship is called Ohm’s Law, and is represented mathematically as: 

𝑅 =
Δ𝑉

𝐼
    (1) 

Where R is the resistance measured in units of Ohms (Ω), Δ𝑉 is the voltage, and I is the current. 

A device that has constant resistance when the voltage is increased is called Ohmic.3  

Kirchoff’s Rules 

Kirchoff’s Rules are two mathematical models that we use to describe the current and 

voltage in electrical circuits. They are based on two fundamental conservation laws in physics: 

charge conservation and energy conservation. If you remember these two rules, then you can set 

up the equations you need to find the current or voltage in any circuit. 

Rule #1: Loop rule.  

The loop rule represents energy conservation. It’s called the loop rule because circuits are 

always a closed loop. The electrical current can only flow if the wires are connected to both ends 

of the battery. The energy gained by the electrons as they pass through the battery must be equal 

to the energy lost as they pass through resistors or other electrical devices. The total amount of 

energy in the circuit must be conserved. Mathematically we represent this as: 

                                                           
3 Not all devices are Ohmic. For example, the resistance of incandescent light bulbs can change as more voltage is 

applied because the temperature increase changes the properties of the filament in the bulb.  

Symbols for Circuit Diagrams 
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Δ𝑈𝑔𝑎𝑖𝑛𝑒𝑑 − Δ𝑈𝑙𝑜𝑠𝑡 = 0 

Δ𝑈𝑔𝑎𝑖𝑛𝑒𝑑 = Δ𝑈𝑙𝑜𝑠𝑡 

𝑞Δ𝑉𝑔𝑎𝑖𝑛𝑒𝑑 = 𝑞Δ𝑉𝑙𝑜𝑠𝑡 

Where Δ𝑈𝑔𝑎𝑖𝑛𝑒𝑑 represents the energy the electron gains by passing through the battery and 

Δ𝑈𝑙𝑜𝑠𝑡  represents the energy lost as the electron travels through the circuit. In the second line, we 

have substituted the definition of electrical potential energy. Cancelling out the charge on each 

side gives us an expression in terms of voltage:  

∑ Δ𝑉𝑔𝑎𝑖𝑛𝑒𝑑 = ∑ Δ𝑉𝑙𝑜𝑠𝑡   (2) 

The sigma (Σ) represents the summation symbol, which reminds us to include all of the circuit 

elements in the loop in our equation. The voltage gained will typically come from a battery or 

other voltage source. The voltage lost is typically from resistors or other devices such as lamps. 

Rule #2: Junction Rule.  

The junction rule is based on the principle of charge conservation. At any junction in the 

circuit, the amount of charge going in must equal the amount of charge going out. This is 

analogous to a traffic intersection. Some cars go straight, some turn right or left. But overall, the 

total number of cars that enter the intersection must leave the intersection. This principle is 

represented mathematically as: 

∑ 𝐼𝑖𝑛 = ∑ 𝐼𝑜𝑢𝑡    (3) 

Where again we use the summation symbol as a reminder to include all of the wires at a junction.   

Series Circuits 

The term series refers to a collection of bulbs and/or 

batteries that are arranged in such a way that there is only 

one path for the current to travel through, as shown in the 

diagram.  When we apply the loop rule (eq. 2) to this 

circuit, we get: 

Δ𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = Δ𝑉1 + Δ𝑉2 + Δ𝑉3  (4) 

Where the right side represents the voltage drop across each 

of the resistors in the circuit. In this case, there are three 

resistors, so there are three voltage terms: Δ𝑉1 represents the voltage drop across the first resistor, 

etc. The total electrical energy lost across these resistors must be equal to the energy the electron 

gained as it passes through the battery.  

Applying the junction rule (eq. 3) to this circuit is straightforward because there is only 

one path for the electrons to take. This means that the current is the same everywhere in the 

circuit: 

𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝐼1 = 𝐼2 = 𝐼3   (5) 

Where 𝐼1 represents the current through the first resistor, 𝐼2 is the current through the second 

resistor, and so on.  
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A common question that arises when studying series and parallel circuits is: What is the 

equivalent resistance of all the resistors in this circuit? Equivalent resistance means if I replaced 

all of the individual resistors with just one resistor, what would the resistance be that would 

produce the same current through the battery? This question may not seem very interesting on its 

own, but it can help us to determine the voltage and current at various points in a complex 

circuit. To figure out the equivalent resistance, we can combine Ohm’s Law (eq. 1) with the loop 

rule equation above (eq. 4): 

Δ𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = Δ𝑉1 + Δ𝑉2 + Δ𝑉3 

𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦𝑅𝑒𝑞 = 𝐼1𝑅1 + 𝐼2𝑅2 + 𝐼3𝑅3 

𝑅𝑒𝑞 = 𝑅1 + 𝑅2 + 𝑅3          (6) 

Where 𝑅𝑒𝑞 is the equivalent resistance and 𝑅1, 𝑅2, and 𝑅3 the resistances in each individual 

resistor. Note that we can cancel out the current (I) because the current is the same through each 

resistor in a series circuit. Equation (6) is for a circuit with three resistors, but the same reasoning 

can be applied to any number of resistors in series. The equivalent resistance is the sum of all of 

the resistors in series. 

Parallel Circuits 

A parallel circuit is shown in the figure at 

right. Note that the big difference between a 

series and a parallel circuit is the number of 

pathways available for the current to travel 

through. We can still apply Kirchoff’s Laws, but 

things get a little more complicated.  

Let’s start with the loop rule. Now that we 

have many wires, we can draw many loops! A 

loop is a complete path that the electron could 

make from the battery, through some part of the circuit, and back again. For each loop, the 

voltage gained by the battery must be the same as the voltage drop across the resistor.  

For example, the first loop (shown in orange) would include the battery, then turn right at 

the orange junction, down through 𝑅1, then return to the battery. The next would start at the 

battery, go straight through the orange junction, turn right at the green junction, passes through 

𝑅2, and then return to the battery. The third loop follows the outer perimeter of the circuit, 

through 𝑅3. We can write the following expressions for three different loops (each containing 

one resistor): 

Loop #1:  Δ𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = Δ𝑉1 

Loop #2:  Δ𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = Δ𝑉2 

Loop #3:  Δ𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = Δ𝑉3 

Where Δ𝑉1 represents the voltage drop across resistor 𝑅1, Δ𝑉2 is the voltage drop across 𝑅2, etc. 

What we see here is that the voltage drop across each branch in the parallel circuit is the same! 

This is what we would expect based on energy conservation – the electron gains energy as it 

passes through the battery and loses energy as it passes through each resistor. 
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The junction rule can be applied to any 

point in the circuit where the wires are 

connected. At the orange junction, the current 

from the battery splits into two wires.  

𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝐼1 + 𝐼23  (7)  

Where 𝐼1 is the current through 𝑅1 and 𝐼23 is 

the current in the wire between the green and 

the orange junctions. At the green junction, the 

current splits again: 

𝐼23 = 𝐼2 + 𝐼3 

Where 𝐼2 is the current through 𝑅2 and 𝐼3 is the current through 𝑅3. The net effect of this is that 

the current from the battery is split three ways, across the three parallel resistors: 

𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝐼1 + 𝐼2 + 𝐼3   (7)  

Note that the current does not split equally among the branches of the circuit. A branch with a 

larger resistance will have less current than a branch with lower resistance.  

Again, we can apply Ohm’s Law to find the equivalent resistance in the parallel circuit. 

To do this, we will plug equation (1) into equation (7): 

Δ𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦

𝑅𝑒𝑞
=

Δ𝑉1

𝑅1
+

Δ𝑉2

𝑅2
+

Δ𝑉3

𝑅3
 

1

𝑅𝑒𝑞
=

1

𝑅1
+

1

𝑅2
+

1

𝑅3
  (8) 

In the last step (8), we have cancelled out the voltage because it is the same in each branch of the 

circuit. Note that this is a curious result. Adding more resistors in parallel decreases the total 

resistance in the circuit! This makes sense if you think about the system in terms of current. 

More parallel branches provide more different options for where the current can flow, which 

corresponds to an increase in the overall current in the system.  

 

  

𝐼𝑏𝑎𝑡 

𝐼1 

𝐼3 

𝐼2 

𝐼23 
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Reading: Circuit Problem Solving  
Many circuits involve both series and parallel elements, such as in the circuit shown below. The 

question you are typically asked about circuits like this is what are: 

• What is the equivalent resistance of the circuit? 

• What are the voltage and current across each resistor? 

• What is the power generated across each resistor? 

Step 1: Find equivalent resistance 
To answer the first question, we’ll use rules (6) and (8) that we derived above. To apply 

those equations, we need to know which resistors are in series and which are in parallel. Looking 

at the figure we can see that 𝑅2 and 𝑅3 are in parallel. Resistors 𝑅1 and 𝑅4 are in series with the 

battery. We can also say that the combination of 𝑅3 and 𝑅4 is in series with the other two 

resistors. To see this better, we can redraw the circuit, as shown below.  

 

 
For the redrawn circuit, we can write the equivalent resistance as the sum of the three series 

resistors (as shown in the bottom left diagram): 

𝑅𝑒𝑞 = 𝑅1 + 𝑅23 + 𝑅4 

Where 𝑅23 represents the equivalent resistance of the two resistors in parallel. To find this value, 

we use equation (8): 

1

𝑅23
=

1

𝑅2
+

1

𝑅3
 

1

𝑅23
=

1

30Ω
+

1

50Ω
 

𝑅23 = 18.75 Ω 

𝑅23 =? 𝑅𝑒𝑞 =? 
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This result can be substituted into the equation for equivalent resistance: 

𝑅𝑒𝑞 = 20Ω + 18.75Ω + 20Ω = 58.75Ω 

Step 2: Fill in known values given in the problem. 
Next we will set up a table to help organize the information that we are solving for in this 

problem. You should have columns for voltage, current, and resistance. Then fill in all known 

values. 

Circuit Element Voltage (V) Current (A) Resistance (𝛀) 

𝑅1   20 

𝑅2   30 

𝑅3   50 

𝑅4   20 

battery 10   

 

Step 3: Find the total current through the battery. 
We can write the equivalent resistance of the circuit in the line for the battery. This makes sense 

if you imagine the battery is in a circuit with just one resistor that has a resistance equivalent to 

all of the others in the circuit. Once we know the total equivalent resistance of the circuit, we can 

figure out the total current going through the battery using Ohm’s Law: 

Δ𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦𝑅𝑒𝑞 

𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦 =
Δ𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦

𝑅𝑒𝑞
=

10𝑉

58.75Ω
= 0.17 𝐴 

Circuit Element Voltage (V) Current (A) Resistance (𝛀) 

𝑅1   20 

𝑅2   30 

𝑅3   50 

𝑅4   20 

battery 10 0.17 58.75 

 

 

Step 4: Identify circuit elements in series with the battery. 
The resistors that are in series with the battery will have the same current as the battery. Once 

you know the current through these resistors, you can find the voltage drop using Ohm’s Law 

(eq. 1). For example: 

Δ𝑉1 = 𝐼1𝑅1 = (0.17 𝐴)(20 Ω) = 3.4 𝑉 
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Fill this in the table: 

Circuit Element Voltage (V) Current (A) Resistance (𝛀) 

𝑅1 3.4 0.17 20 

𝑅2   30 

𝑅3   50 

𝑅4 3.4 0.17 20 

battery 10 0.17 58.75 

 

Step 5: Apply loop rule. 
We know that the current splits in the parallel part of the circuit, but we don’t know how much 

goes to each branch. We need to find the voltage first. We know that the two branches of the 

parallel circuit will have the same voltage. To find the voltage, we’ll use the loop rule. I’ll draw a 

loop that goes through the battery and resistors 1, 2, and 4: 

Δ𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = Δ𝑉1 + Δ𝑉2 + Δ𝑉4 

Δ𝑉2 = Δ𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 − Δ𝑉1 − Δ𝑉4 = 10 𝑉 − 3.4 𝑉 − 3.4 𝑉 = 3.2 𝑉 

Because 𝑅2 and 𝑅3 are in parallel, we know the voltage will be the same for each branch.  

Once we know the voltages, then we can use Ohm’s Law again to find the current through each 

branch. For example: 

𝐼2 =
Δ𝑉2

𝑅2
=

3.2𝑉

30Ω
= 0.11 𝐴 

𝐼3 =
Δ𝑉3

𝑅3
=

3.2𝑉

50Ω
= 0.06 𝐴 

Fill this in the table: 

Circuit Element Voltage (V) Current (A) Resistance (𝛀) 

𝑅1 3.4 0.17 20 

𝑅2 3.2 0.11 30 

𝑅3 3.2 0.06 50 

𝑅4 3.4 0.17 20 

battery 10 0.17 58.75 

To check your current values are correct, make sure that the junction rule holds. 

𝐼1 = 𝐼2 + 𝐼3 

0.17 𝐴 = 0.11 𝐴 + 0.06 𝐴 

If the current doesn’t add up, then go back and check your calculations. 
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Step 6: Find Power 
A final calculation that we can do it to find the power generated across each resistor. With the 

table, this is straightforward. Recall that power is current times voltage. For example: 

𝑃1 = 𝐼1Δ𝑉1 = (0.17 𝐴)(3.4 𝑉) = 0.58 𝑊 

One of the benefits of calculating power is that is provides a check on your other calculations. 

The power generated by the battery must be equal to the total power lost by each resistor. If they 

are not equal, then go back and check your earlier calculations.  

𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝑃1 + 𝑃2 + 𝑃3 + 𝑃4 

 

Circuit Element Voltage (V) Current (A) Resistance (𝛀) Power (W) 

𝑅1 3.4 0.17 20 0.58 

𝑅2 3.2 0.11 30 0.35 

𝑅3 3.2 0.06 50 0.19 

𝑅4 3.4 0.17 20 0.58 

battery 10 0.17 58.75 1.70 
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Reading: Light & Matter 
How exactly does a photovoltaic cell turn light into electricity? The answer to this 

question lies within a far bigger question: How do light and matter interact? This is a question so 

fundamental that you may have never even considered it before. Light and matter are in constant 

interaction. We see objects because light is reflected off the surface towards our eye. Light bends 

(refracts) as it passes through air into a transparent medium such as glass or plastic.  

In the study of optics, light can be treated as a wave. By the early 1900’s, this model was 

generally accepted as a good explanation for the behavior of light. However, there were a few 

experiments that couldn’t be explained by this model: 

1. Blackbody Radiation (studied by Max Planck) 

2. Photoelectric Effect (studied by Albert Einstein) 

3. Atomic Spectra (studied by Niels Bohr) 

Each of these experiments revealed that light and matter interact on a more fundamental level 

than what had been observed before. Out of these anomalous experiments grew a new area 

physics called quantum mechanics. We’ll look at each of these experiments in turn. 

Blackbody Radiation 

The first puzzling phenomenon 

regarding the interaction of light and matter is 

blackbody radiation. This is the fancy name for 

objects (matter) emitting light in the form of 

electromagnetic radiation. It had been known 

since the 1850’s that the temperature of the 

object determined the color, or wavelength, of 

the peak radiation, as shown in Figure 1. Why 

should matter emit light? Why does the light it 

emits depend on the temperature of the object? 

No scientists had been able to explain using 

classical thermodynamics why temperature was 

linked to wavelength in this way. The classical 

theory (shown in black on the graph) clearly 

doesn’t match the data! 

In the late 1800’s, a German scientist, Max Planck, attempted to build a mathematical 

model that would describe the observations. He succeeded in finding an equation that would fit 

the data, but only if he made a weird assumption: something was oscillating in the black body 

that would emit the radiation, and those oscillations had to be quantized. He didn’t know what 

exactly was oscillating, but he knew there was a frequency dependence to the light emitted.  

In his formula, he represented this term as “hf” where h was a constant and f was the 

frequency of whatever was oscillating.  Planck’s original plan was to take the limit as h 

approached zero, which would eliminate the assumption of quantization. However, he found that 

the equation wouldn’t work as ℎ →  0 , but fit the data only if  ℎ = 6.626 × 10−34 J/s. This is a 

very, very small number, but, significantly, not zero. This result was considered an oddity, and 

not even Planck believed the result. 

Figure 1: Blackbody Radiation 

Image credit: Wikipedia  

:%20https:/en.wikipedia.org/wiki/Black-body_radiation
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Photoelectric Effect 

Fast forward a few years, and we have another puzzling phenomenon related to the 

interaction of light and matter. In 1902, Philip Lenard discovered that shining light on a piece of 

metal could cause electrons to be emitted. However, there were some peculiar observations: 

• Only light above a certain threshold frequency would emit electrons 

• The electrons emitted all had energy proportional to the frequency of the light. 

Albert Einstein cracked the code and published his results in a famous 1905 paper. In this 

paper, Einstein explains that the Lenard’s observations can be explained by treating light as a 

particle. As a particle of light energy (a photon) collides with the metal, it deposits some of its 

energy into the metal and the remainder in transferred to the ejected electron. This is similar to 

two billiard balls interacting: one incident photon causes one electron to be ejected. In 

mathematical form, we can write: 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = 𝐾𝐸𝑒 + Φ𝑜   (1) 

Where 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 is the energy of the photon, 𝐾𝐸𝑒 is the kinetic energy of the ejected electron, and 

Φ𝑜 is the work function. The work function is the amount of energy needed to remove the 

electron from the metal, and depends on the physical properties of the metal.  

The most interesting result of Einstein’s paper was that he found the energy of a photon 

to be the product of its frequency (f) and a constant (h): 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = ℎ𝑓    (2) 

The remarkable result is that the constant has the exact same value that Planck found in his work 

on blackbody radiation! Here we have two completely different experiments that are explained 

by the same number. A new fundamental constant had been discovered! 

It was in this paper 1905 that Einstein proclaims that light is quantized: 

According to the assumption considered here, in the propagation of a light ray emitted from a 

point source, the energy is not distributed continuously over ever-increasing columns of space, 

but consists of a finite number of energy quanta localized at points of that space that move 

without dividing, and can be absorbed or generated only as complete units.  

This means that the photon is a discrete bundle of light energy. Light can’t have just any amount 

of energy, it must have a multiple of h. Einstein’s work was, of course, exciting for Planck to 

read. After reading Einstein’s article, Planck helped Einstein to get an academic position at a 

university, which launched his career as a theoretical physicist. Einstein’s work on the 

photoelectric effect, which spawned the study of quantum mechanics, won him the Nobel Prize 

in 1921.  

Atomic Spectra  

In the early 1900’s, physicists and chemists were making a steady stream of discoveries 

that radically altered their ideas about the internal structure of atoms. Ernst Rutherford 

discovered the atom had a dense, positively charged central core that he called the nucleus. 

Scientists knew that atoms were neutral, which meant that the newly discovered electrons must 

exist outside of the nucleus. But how exactly the electrons were organized around the nucleus 
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was a mystery. Niels Bohr cracked the code in 1912 by studying… drumroll, please… 

interactions between light and matter!  

Bohr investigated a phenomenon known as gas discharge. A sample of a gas, usually a 

pure element, was heated and light was emitted. This may sound similar to blackbody radiation, 

but there is a big difference in the nature of the light emitted. In Bohr’s experiments, the gas only 

emitted light at particular colors, or wavelengths, not a continuous spectrum of colors (as is the 

case with blackbody radiation). Furthermore, each element appeared to have its own unique 

pattern of light emission. Bohr explained this observation by linking the energy of the electron 

around the nucleus to the energy of the photon, similar to Einstein’s reasoning to explain the 

photoelectric effect.  

In Bohr’s model, the electrons orbit the nucleus, 

like planets orbiting the sun. The electrons have an 

energy, specific to their distance from the nucleus. When 

energy is absorbed by the atom, the electrons can move up 

to a higher “energy level” (i.e. farther from the nucleus). If 

an electron then falls back down to an energy level closer 

to the nucleus, it must release the extra energy in the form 

of light. A diagram of Bohr’s model is shown in Figure 2.  

Bohr won the Nobel Prize for this work in 1922. 

Mathematically, we can represent this relationship 

as: 

Δ𝐸𝑒 = 𝐸𝑝ℎ 

Where Δ𝐸𝑒 is the change in energy of the electron, based 

on its position around the nucleus. A positive change in 

energy indicates that light energy (i.e. a photon) has been absorbed by the system. A negative 

change in energy means that energy has been released from the system in the form of a photon. 

The photon energy (𝐸𝑝ℎ) is the same as defined by Einstein: 

𝐸𝑝ℎ = ℎ𝑓 =
ℎ𝑐

𝜆
    (3) 

Where we have substituted the relationship 𝑐 = 𝜆𝑓 into the equation. Either version of the 

equation can be used to calculate photon energy. If left in units of electron-volts, the constant 

ℎ𝑐 = 1240 eV − nm, can be used to make the calculations easier. 

One interesting aspect of Bohr’s model is that the electrons cannot exist at just any 

energy. Each atom has a very particular set of discrete energy levels that are allowed. In other 

words, the energy levels are quantized.  

Light & Matter 

These experiments led to a new way to think about interactions between light and matter, 

and represent the beginning of quantum mechanics. The fundamental principle in quantum 

mechanics is that light is quantized. A particle of light is now called a photon, a term coined by 

chemist Gilbert Lewis in 1926. The word quantum means discrete; and a photon is essentially a 

discrete or quantized amount of light energy. What this means is that if I consider a beam of 

light, it may be made of a million photons, or 10,000 photons, or just one photon. But it can 

Figure 2: The Bohr Model for the atom 

Image credit: Wikipedia 

hf 

https://en.wikipedia.org/wiki/Bohr_model
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never be half a photon or 10.3 photons. There must always be a whole number of photons. But it 

is not just light, everything is quantized! Charge is quantized, light is quantized, the energy levels 

around a nucleus are quantized, and many other physical properties as well.  

But, what about the old model of light as a wave? It turns out that light is both a particle 

and a wave – we need two complimentary models to completely explain the behavior of light and 

how it interacts with matter. As we saw when we studied optics, the wave model for light works 

amazingly well to describe our observations on the macroscopic scale. The limit to the wave 

model is when we look at interactions on the very small, atomic scale. At this level, we must 

consider light to be a particle, as described above. It is necessary that we have two models to 

describe the behavior of light because neither is complete on its own. This is called wave-

particle duality, and it one of the key tenets of quantum mechanics.  

Sometimes students ask – but what is light really? How can it sometimes be a particle and 

sometimes be a wave? It is important to note that when we talk about light as a particle or light 

as a wave, we are using conceptual metaphors. These are words that we use to describe how light 

behaves in terms of concepts we understand from our everyday experiences in the macroscope, 

physical world. The answer is that light isn’t really a particle and it isn’t really a wave – it’s 

something completely different that our brains can’t understand. So, we use mathematical 

models and analogies to things we do understand to try and make sense of the world.   

But wait, it gets even weirder. The models in quantum mechanics tell us that everything 

is both a particle and a wave. The effect is most pronounced on the atomic scale for electrons, 

neutrons, protons, and other subatomic particles. This radically changed the way we think about 

physics. Even large objects – like you – could be described as a wave.  

These early experiments in quantum mechanics eventually led to the invention of 

semiconductors, transistors, microchips, and pretty much all of modern computer technology. 

Photovoltaic cells are a particular type of semiconductor, which operate based on a combination 

of the photoelectric effect (incident light ejects an electron) and the Bohr model, which can be 

extended to describe molecular solids as well as atoms.  
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Activity: Atomic Spectra  
The Bohr model explains the relationship between light and matter at the atomic level. In 

particular, Bohr studied gases with one free electron, but his model can be extended to more 

complicated atoms and molecules. A semiconductor, such as is used in a photovoltaic cell, is a 

molecular solid. It turns out that molecules also have energy levels that can absorb and release 

light energy, similar to atoms. We’ll start by studying the spectra of atoms in a gaseous state, and 

then later worry about molecular energy levels.  

The purpose of this activity is to investigate the atomic spectra of excited gases. In this case, 

excited means the electrons are in an “excited state” or higher energy level, farther from the 

nucleus. As the electrons return to a lower energy state, they release energy in the form of light. 

Because the light is emitted from these gases, we call this an emission spectra. The emission 

spectra is like a fingerprint that can be used to identify the composition of the gases.  

We will be looking at lamps that use very high voltage to excite these gases. Use caution when 

handing the tubes, and never remove a tube when it is turned on (high voltage + hot = bad 

news for you). 

1. Use the spectroscope to look at each of the lamps listed below and draw the pattern that you 

see. Use the colored pencils to approximate the colors that you see.  

Gas Sketch of Spectra  

Hydrogen  

Helium  

Neon  

Mercury  

 

 

2. Look at the spectrum of Hydrogen above. The wavelength of each line is given in 

nanometers. Use this information to calculate the photon energy of each of the visible lines. 

Leave your answers in units of electron-Volts (eV). 
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3. In the gas discharge tubes, light is emitted. In this case, are the electrons moving to a higher 

energy state or a lower energy state? Does this correspond to a positive or negative change in 

energy for the electron? 

 

4. Look at the energy level diagram for Hydrogen. Which transitions correspond to the energy 

of the emitted photons?  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hydrogen 

Lines 

Wavelength 

(nm) 

Energy of Light 

(eV) 

Transition 

Red    

Blue    

Purple    

Purple/UV    



Photovoltaics & Circuits: Student Reader   31 
 

 

5. Look at the spectrum of Mercury above. The wavelength of each line is given in nanometers. 

Use this information to calculate the photon energy of each of the visible lines. Leave your 

answers in units of electron-Volts (eV). 

 

 

6. Look at the energy level diagram for Mercury shown at the right. Which transitions 

correspond to the energy of the emitted photons? (You can refer to them by the letter.) 

Mercury 

Lines 

Wavelength  

(nm) 

Energy of Light 

(eV) 

Transition 

Orange    

Yellow    

Yellow    

Green    

Blue    

Purple    

 

 

 

 

7. Look at the fluorescent lights in the room with the 

spectroscope or rainbow glasses. Can you identify what type 

of gas is in the tubes? 

 

 

8. If you have time, look at other light sources around the building. Can you identify any other 

elements based on their spectra? 
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Lab: Photoelectric Effect 
The photoelectric effect is the phenomenon in which electromagnetic radiation incident on a 

piece of metal can cause electrons to be ejected. This is the effect behind camera sensors and 

photovoltaics. Both of these technologies convert photons into electrical signals. In the camera, 

the electrical signal is used to record an image. In the solar panel, the electrons become the 

energy source for an electrical circuit. However, the photoelectric effect doesn’t happen in all 

case; only certain conditions will allow the electrons to be ejected into an electrical circuit. 

Understanding how and when electrons are emitted is crucial to designing new technologies that 

employ the photoelectric effect.  

Part A: Classical Predictions 

Classically, we think of light as a wave, and thus the intensity (energy) of the light is determined 

by the amplitude of the wave. In particular, intensity is proportional only to the square of the 

amplitude: 

𝐼𝑎𝑣𝑔 ∝ 𝐴2 

1. Based on this classical interpretation of light as an electromagnetic wave, is there a 

relationship between the intensity of the light and the frequency of the light? Explain. 

 

 

2. I shine a light of a particular color (frequency) on the metal and electrons are ejected. Using 

the classical wave model for light, what would you expect to happen if I shine a brighter light 

of the same color on the metal? 

 

 

 

3. I shine a light of a particular intensity on the metal and electrons are ejected. Using the 

classical wave model for light, what would you expect to happen if I shine a light of the same 

intensity but of a different color on the metal? 

 

 

 

4. I shine a light on the metal and nothing happens, an electron is not emitted. Classically, why 

do you think the electron was not ejected? What do I need to change about the incident light 

to eject the electron? 
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Part B: Experimental Evidence 

In this next part of the activity, we are going to take data to test the classical predictions of the 

photoelectric effect. In particular, the classical theory predicts:  

Experiment #1: The greater the intensity of the light, the more energetic the electrons will be. 

Brighter light gives the electrons more kinetic energy. 

Experiment #2:  The color (frequency) of the light should not affect the final energy of the 

electrons. 

These classical predictions will be tested by 

shining light of different frequencies on a metal 

and measure the stopping potential of the ejected 

electrons. The diagram at right illustrates a typical 

set up used to study the photoelectric effect. The 

stopping potential is how much voltage we have 

to apply to stop the electron. From conservation of 

energy, we know that this is proportional to the 

kinetic energy of the electrons:  

|Δ𝑈𝑒| = |Δ𝐾| 

 |𝑞Δ𝑉| =
1

2
𝑚𝑣2 

Quantum mechanics predicts that the energy of the incoming photon should be equivalent to the 

kinetic energy of the ejected electron plus the work function (Φ𝑜), which is the amount of energy 

required to eject the electron from the metal. Each metal has a characteristic work function. 

𝐸𝑝ℎ = 𝐾𝐸𝑒 + Φ0 

Experiment #1 

Size of aperture Stopping Potential (V) 

Color #1: ____________ 

Stopping Potential (V) 

Color #2: ____________ 

2 mm   

4 mm   

8 mm   

 

1. Does the intensity of the light affect the stopping voltage? 

 

 

2. Does the data support the classical hypothesis? Explain. 
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3. How can you explain this result using quantum mechanics? 

 

 

4. What effect would increasing the aperture have on the number of electrons ejected? 

 

 

 

Experiment #2 

Light Color Frequency (Hz) Stopping Potential (V) 

Yellow 5.20 × 1014  

Green 5.49 × 1014  

Blue 6.88 × 1014  

Violet 7.41 × 1014  

UV 8.22 × 1014  

 

1. We will analyze this data in Excel. Begin by entering the data from the table into a 

spreadsheet. 

2. In Excel, convert the stopping potential to electron kinetic energy. 

3. Make a graph of frequency vs. kinetic energy. Make at least two observations about the 

graph. 

 

 

4. Refer to Einstein’s mathematical model for the photoelectric effect on the previous page and 

use this information to interpret your results. 

a. What does the slope of the line on the graph represent? 

b. What does the intercept of the line on the graph represent? 

 

 

 

5. Do your experimental results support a wave model or a particle model of light? 
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Reading: Photovoltaics 
Solar panels generate electricity using a clever combination of the quantum mechanical 

effects described previously: the photoelectric effect and the Bohr model. The photoelectric 

effect explains how a photon incident on a piece of metal can cause an electron to be ejected. 

However, if we want to use the energy of that electron in a circuit, we need a way to capture it. 

This is where semiconductors enter the picture. 

Semiconductors  

A conductor is a material, such as a metal, that allows electrons to flow through it when 

a potential difference or voltage is applied. An insulator is a material that will not allow 

electrons to flow, even if it is connected to a battery. The difference between these two materials 

is in the molecular structure. The atoms that make up metals are typically very ordered and 

bonded in such a way that makes it easier for electrons to flow (Figure 1). In an insulator, such as 

plastic or glass, the molecular structure is very disordered (technically called amorphous), which 

makes it physically difficult for electrons to flow. 

Figure 1: The molecular structure of an insulator (left) and a conductor (right). 

A semiconductor is a material that is 

sometimes electrically conducting and sometimes not. 

To understand how this is possible, we need to revisit 

the Bohr model of the atom. Recall that Bohr’s model 

has a heavy, dense nucleus surrounded by electrons 

orbiting at particular energy levels around the 

nucleus. It turns out that when atoms bond together 

into molecules, they retain this same type of structure. 

However, the energy levels get shifted and blurred 

due to the interactions with the other charged 

particles, which gives a band of energy instead of just 

one particular energy level (Figure 2).  

The gap between energy levels is called the band gap. The ground state for the electrons 

is the in the lower band, called the valence band. The upper level is called the conduction band. 

If electrons are in the upper band, then they will move through the material and generate a 

Figure 2: Molecular energy bands. 
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current. In order for the electrons to jump from the valence band to the conduction band, energy 

must be added into the system.  

In a photovoltaic semiconductor, this energy comes from photons incident on the surface. 

The photons transfer enough energy to the electrons so that they can be excited into the 

conduction band. The catch is that the amount of energy captured by the solar panel for each 

electron is only the band gap energy. Any extra energy that the photon transfers to the electron is 

not captured. This can lead to inefficiencies in the system.  

 

Figure 3: Energy band gaps in materials. (Image credit: Mapping Ignorance) 

Doping 

It is possible to fine-tune a semiconductor’s properties by adding a small amount of 

another material through a process called doping. This creates what is a called an impurity 

semiconductor. As an example, silicon has four electrons in its outermost shell (this corresponds 

to the valence band) and arsenic has five. Thus,, while four of arsenic’s outer-shell electrons 

participate in covalent bonding with its nearest neighbors (just as another silicon atom would), 

the fifth electron is very weakly bound. It takes only about 0.05 eV to move this extra electron 

into the conduction band. The effect is that adding only a small amount of arsenic to silicon 

greatly increases the electrical conductivity. 

Because arsenic adds an extra electron 

into the material, it makes the system more 

negative. For this reason, it is called an n-type 

semiconductor. The new arsenic energy levels 

just below the conduction band are called donor 

levels because an electron there is easily 

donated to the conduction band. On the other 

hand, we could add impurities that are missing 

electrons. This makes the system overall more 

positive, so these are called p-type 

semiconductors.  

 

Figure 4: Arsenic impurities in Silicon increase the 

conductivity of the material 

 

https://mappingignorance.org/2016/02/25/semiconductors/
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A photovoltaic is made of two layers of semiconductors (Figure 5). The p-type 

semiconductor is on the bottom, acting as the positive end of the circuit. On the top is the n-type 

semiconductor, acting as the negative end of the circuit and the source of the electrons that will 

flow through the wires. When a photon hits the lower, p-type semiconductor, electrons are 

excited into a higher energy level and they cross into the n-type semiconductor. A barrier 

prevents the electrons from returning to their lower energy state, forcing them to flow through 

the circuit as an electrical current.  

 

Figure 5: A solar cell generating electricity in a circuit. (Image credit: Madison Gas & Electric) 

Light Emitting Diodes 

Light emitting diodes or LEDs are constructed in a manner similar to photovoltaic cells, 

where an n-type and p-type semiconductor are stacked together. However, the photovoltaic 

material converts light energy into electrical energy while the LEDs convert electrical energy 

into light energy. The light that is emitted by the LEDs corresponds to electrons falling from a 

higher energy band to a lower band. The band gap determines the energy of the emitted photon. 

This process is similar to the atomic spectra observed by Bohr. Instead of emitting just one 

specific wavelength of light, the LED produces a range of wavelengths due to the blurring of the 

energy levels in the semiconductor solid. Different colors of LED lamps are caused by different 

molecular solids in the semiconductor.  
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Tutorial: Efficiency of Solar Panels 
Most photovoltaic cells are made from silicon crystals.  In the silicon 

crystals there exists a valence band where almost all of the electrons 

reside.  Electrons in the valence band are stuck to their atoms and 

cannot move around as part of an electric current. 

There is, at higher energy, a conducting band into which the electrons 

can be excited.  Electrons in the conduction band are free to move 

around as an electric current that can be harvested as electric 

potential energy.   

Through the photoelectric effect, photons from sunlight can be 

absorbed by electrons in the valence band, giving them enough 

energy to move into the conduction band and causing a current.  The 

energy of that current is then transformed into electric potential energy. 

 

Part 1: Efficiency of Si photovoltaics 

The energy difference between the valence and 

conducting bands in Si is about 1 eV 

1. What frequency of light has photons with an energy 

of 1 eV? 

 

 

2. What is the wavelength of that light, and what part of 

the electromagnetic spectrum is it? 

 

  

 

 Conducting 
Band 

Valence Band 

1 eV 

Helpful Information 
𝐸 = ℎ𝑓 

𝑐 = 𝜆𝑓 

𝑐 = 3.0 × 108
m

s
  

ℎ = 6.626 ×  10−34 Js 

1 eV = 1.6 × 10−19 J 
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The sun is a blackbody radiator. Below is a graph of the solar spectrum.  It is a graph of intensity 

per energy (W/m2/eV), versus photon energy in eV. 

 

3. What is the photon energy at the peak of the solar spectrum?  This corresponds to the 

wavelength with the most intensity in sunlight. 

 

 

 

4. Draw a line at 1 eV in this graph.  This is the energy of the bandgap in a Si PV (Photovoltaic) 

cell.  Any photon with less energy than this cannot excite an electron from the valence band 

into the conducting band, and so its energy cannot be captured by a Si PV.   

5. Let’s estimate how much of the intensity on a Si solar panel is wasted because of this.  We 

need to use the graph above to estimate the amount of solar intensity that is at photon 

energies below 1 eV.  This is the area underneath the curve from 0 to 1.   It’s probably best to 

approximate that area as a triangle.  How much intensity is between 0 and 1 eV? 

 

6. Now, let’s figure out how much intensity is in light with photon energies above 1 eV.  All of 

this light can excite electrons into the conducting band, producing a current whose energy 

can be collected.  It’s easiest to divide the curve up into regions (1-2 eV, 2-3 eV, etc.).   

In each region break the area under the curve up into rectangles and triangles.  Find the total 

area under the curve in each region, and together all the regions at energies above 1 eV.  

Record the totals on the next page.  

1 2 3 4 5 6 7
Energy eV

50

100

150

200

250

W

m2
per eV
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Region Intensity (area under curve) 

0-1 eV  

1-2 eV  

2-3 eV  

3-4 eV  

4-5 eV  

5-6 eV  

6-7 eV  

Total  

 

7. What percentage of the light was wasted because it had a photon energy less than 1eV? 

 

 

This doesn’t tell the whole story about the efficiency of the PV.  The other issue is that for every 

electron excited to the conduction band only 1 eV of energy can be converted to electric potential 

energy, even if the photon absorbed has more energy than that.  The conversion of photon energy 

to electric potential energy is inefficient for this reason as well. 

8. To estimate this effect, we need to know how much intensity there is in the solar spectrum at 

different photon energies.  We will, again, take an average over energy ranges.  Take a look 

again at the photon energy range from 1 to 2 eV.  What was the intensity of light with this 

range of photon energies? 

 

 

9. Let’s approximate the average energy of a photon in the range 1-2 eV as carrying 1.5 eV of 

energy. If only 1eV of energy is collected per photon incident on the photovoltaic cell, what 

is the fractional percent of energy collected by the device? 

 

 

10. Use this result to calculate the fraction of the intensity between 1 and 2 eV that will be 

harnessed. 

 

 

 

 



Photovoltaics & Circuits: Student Reader   41 
 

11. Repeat this exercise for each energy interval. Fill in the table below.  Then, find the total 

intensity that will be collected. 

Region Average 

Energy 

(eV) 

Energy 

collected 

(eV) 

Fraction of 

total energy 

collected 

Total 

Intensity 

(from #6) 

Intensity collected 

(fraction * total 

intensity) 

1-2 eV 1.5 1 1/1.5 = 0.66   

2-3 eV      

3-4 eV      

4-5 eV      

5-6 eV      

6-7 eV      

Total      

 

12. Compare the collected intensity to the total intensity in the sunlight to calculate an 

efficiency for the Si PV.   

 

 

 

13. We’re not quite done yet. For a traditional Silicon solar panel, 38% of the solar energy is 

reflected. What is the overall efficiency, if we include the reflected light? (Hint: what 

fraction is absorbed?) 

 

 

 

14. Commercial solar panels are 15-18% efficient. What other factors could affect the efficiency 

of solar panels? 
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Part 2: A more efficient PV panel 
Now consider the possibility of increasing efficiency by using two different semiconductor 

materials.  Imagine putting an InGaP crystal, with a bandgap of about 2 eV, on top of a Si 

crystal.  In this case, light with photon energy above 2 eV will be collected by the InGaP layer, 

harvesting 2 eV per photon.  As before, light between 1 and 2 eV will be collected by the Si 

crystal, harvesting 1 eV per photon.   

1. Figure out how much intensity will be harvested now.   

Region Average 

Energy 

(eV) 

Energy 

collected 

(eV) 

Fraction of 

total energy 

collected 

Total 

Intensity 

(from #6) 

Intensity collected 

(fraction * total 

intensity) 

1-2 eV 1.5 1 1/1.5 = 0.66   

2-3 eV      

3-4 eV      

4-5 eV      

5-6 eV      

6-7 eV      

Total      

 

2. What is the efficiency of this dual material PV? 

 

 

3. If these materials have a higher efficiency, why aren’t they used more in commercial solar 

panels? 

 

 

4. Commercial solar panels are 15-18% efficient. What other factors could affect the efficiency 

of solar panels? 
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Project: Solar Powered Lighting System 
The goal of this project is to design a lighting system that will run on solar power. Ideally, a 

lighting system like this could be used by a home or other building in an under-developed 

country that does not have a reliable electrical grid. Many homes in rural Africa now use 

kerosene lamps for lighting, which are unsafe for a number of reasons including fire risk and 

smoke pollution in the homes.  

Each group will get a different building from the fictional town of Aridia. All buildings will be 

open for four hours in the evening.  

• School – The school is used for several hours each evening for adult education classes. 

• Medical Clinic – The clinic is open at night to treat injuries and to hold heath training 

classes. 

• Aridia Engineering – A machine shop that opens at night for users to work on individual 

projects. 

• Corner Supplies – A shop that hosts a sewing group in the evenings. 

By the end of this unit, you will have the tools to design a lighting system to meet the needs of 

each building. To do this, you must think about: 

• What are the lighting needs of the building? What light source would be best to use? 

• Design a circuit for these light sources. How many bulbs will you need? Will you wire 

them in series or parallel? 

• How will you power the lights? How many solar panels will you need? Will you wire 

them in series or parallel? 

• How will you store the energy collected during the day to use at night? How efficient are 

the rechargeable batteries? 

Your final report will be a grant proposal, which includes a description of the electrical circuit 

that you have designed to solve the lighting needs of your building and an argument for how 

much funding is necessary to complete the project. Each member of your group will investigate a 

slightly different configuration of light bulbs, and your final report will assess which of these 

would be best for the job.  

Your final report will include: 
1. Introduction. An introduction to the problem that your lighting system will solve. Why are 

photovoltaic lighting systems a good choice for rural Africa? Convince the funding agency 

that they should support this project.  

a. What do you predict will be the biggest challenge that the Aridians will face in 

constructing and maintaining the new lights? Explain. Use the New Yorker article or other 

references to help make your case.  

b. How does your project cost per kilowatt (kW) compare to the cost of building a new 

coal fire plant (about $3,500/kW)? If the project cost is higher, why might we still choose 

to use solar powered lights rather than building a power plant? 
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2. Design of Lighting System. A justification of which lighting configuration you decide to 

ship to Aridia.  

a. Each member of your group solved the lighting problems with a different configuration 

of light bulbs. Compare the lighting systems and explain which you chose to use for your 

building. 

b. Were there configurations that you missed? What other ways would there be to tackle this 

problem? 

c. What is the total area (in m2) of solar cells required for the project? 

d. Does this seem like an area that can be accommodated in Aridia? 

 

3. Wiring Instructions. They do not have a professional electrician in Aridia, so you must 

provide instructions for wiring your light fixtures. As part of your instructions, include: 

a. A clearly drawn circuit diagram showing the number and configurations of light bulbs, 

solar panels, and batteries. 

b. A sketch made to scale of where the light fixtures will be installed in your building. 

c. A description of how photovoltaic cells work to covert solar energy into electrical energy. 

 

4. Project Budget. Use the worksheet to calculate the total cost of the project. Include a 

description of how you decided on the number of batteries, bulbs, etc. 

a. Use the information about to calculate the total cost per fixture. 

b. Use the information about to calculate the total project cost. 

c. Which component made up the highest proportion of the fixture cost? How could that 

component be changed to reduce fixture costs? 

d. Assume that an Aridian ceiling can support 10 kg per square meter. If the fixture is too 

heavy, will you choose a new one or modify the way the fixture is packaged so that its 

heavier components are in different places? 

e. Compare costs and pie charts with other members of your group. Which fixture will you 

choose to send to Aridia? Justify your choice with your calculations.  

 

 

 

 

 

 

Project idea adapted from:  

Grand Challenges of Engineering/Solar Energy. UW-Madison College of Engineering. (2013).   
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Solar Powered Lighting Project Rubric 

Criteria Points 

Earned 

Points 

Possible 

Introduction  

• Make an argument for funding this project. Why is a solar lighting system the 

best choice for brining electricity to Aridia? (Cite sources!) 

• What do you predict will be the biggest challenge that the Aridians will face in 

constructing and maintaining the new lights? Explain. 

• How does your project cost per kilowatt (kW) compare to the cost of building 

a new coal fire plant (about $3,500/kW)? If the project cost is higher, why 

might we still choose to use solar powered lights rather than building a power 

plant? 

 10 

Design of Lighting System 

• Each member of your group solved the lighting problems with a different 

configuration of light bulbs. Present each design and compare the results of 

your calculations (number of bulbs, storage capacity, size of solar panels, etc.). 

Which do you recommend for this project? Clearly explain your reasoning. 

• Compare costs with other members of your group. Which fixture will you 

choose to send to Aridia? Justify your choice with your calculations.  

• What is the total area (in m2) of solar cells required for the project? Does this 

seem like an area that can be accommodated in Aridia? 

• Were there configurations that you missed? What other ways would there be to 

tackle this problem? 

 20 

Instruction Manual 

• A clearly drawn circuit diagram showing the number and configurations of 

light bulbs, solar panels, and batteries. 

• A sketch made to scale of where the light fixtures will be installed in your 

building. 

• A description of how photovoltaic cells work to covert solar energy into 

electrical energy. 

 5 

Project Budget & Logistics 

• Use the information about to calculate the total cost per fixture. 

• Use the information about to calculate the total project cost. 

• Which component made up the highest proportion of the fixture cost? How 

could that component be changed to reduce fixture costs? 

 5 

Writing Mechanics 

• Paper is proofread and free of grammatical and spelling errors. 

• All references are cited in the text and in a bibliography. 

• Equations are numbered and written on a line separate from the text. 

 5 

Physics Content 

• Explanations and evidence demonstrate an understanding of the physics 

content. 

• All physics concepts and mathematical equations are correct. 

• All calculations are correct, and include appropriate units. 

 5 

TOTAL  60 
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Project: Investigating Light Sources 
The project for this unit is to design a lighting system for a village in Africa that is off the grid. 

Your task over the next few days will be to (1) decide how many lights we should use and (2) 

figure out how to wire the lights.  

The brightness of a light is called illuminance, and is measure in a unit called Lumens. The 

brightness of an area, such as a room, is measured in units called lux, which is lumens per meter-

squared (Lumen/m2). Lumens are calibrated to the sensitivity of your eye. For example, your eye 

will see yellow and green light as being brighter than red light, even if the light is the same 

intensity, as measured traditionally in units of Watts per meter-squared (W/m2).  

Another reason to use lumens rather than intensity is that it accounts for the fact that some 

lightbulbs (incandescent bulbs in particular) are not very efficient, meaning that most of the 

energy goes into heat and not visible light.  

Part 1: Classroom lights 

We will practice by calculating the illuminance of the classroom.  

1. Use the table below to estimate how many total lumens are in the classroom. 

Type of Light Bulb Lumens per bulb 

60-W incandescent or  

13-W compact fluorescent 

660 

100-W incandescent or  

26-W compact fluorescent 

1365 

Linear fluorescent – 3 ft long 1930 

Linear fluorescent – 4 ft long 2660 

Linear fluorescent – 5 ft long 3500 

Linear LED  300/foot 

2. Now calculate the average illuminance of the classroom (in lux).  

Recall that 1 lux = 1 lumen/m2. 

 

 

3. The typical room illumination for office work is 300-1000 lux. How does your answer 

compare to this?  

 

 

4. Use the light meter to check the actual illumination of the classroom. How does it compare to 

your calculation? Walk around the room to check if it is the same everywhere. 
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5. The calculation assumed that the total number of lumens was spread out evenly over the 

classroom area. Was this a reasonable assumption? Explain. 

 

 

6. What are some possible sources of error in your analysis? How might you improve the 

accuracy of your estimate? 

 

 

7. Look at the chart below. Why do different light bulbs have different power requirements 

(Watts) if they all give the same illuminance? 

 

8. If each of these bulbs was on for 4 hours per day for one year, how many kilowatt-hours of 

energy would they use?  

 

 

 

9. The chart also gives us information on the lifespan of the bulbs. Assuming the bulb is on for 

4 hours each day, how long will each bulb last? 
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Part 2: Lighting Design Challenge 

Look at the floor plan for your building. To ensure that the villagers have enough lighting in their 

buildings, we want to design the lighting system to have at least 500 lux of illuminance.  

1. Calculate the area of your building. 

 

 

2. How many lumens total will you need so that the average illuminance is 500 lux? 

 

 

3. Assume that the bulbs available in Aridia have an illuminance of 300 lumens. Figure out how 

many bulbs are needed to meet the lighting needs in your building. Some things to keep in 

mind: 

• How will you orient the lights? 

• The direction of the light. Incandescent bulbs radiate light in all directions. LED lamps 

may be concentrated in a small beam. How will that affect your design? 

• What is the distance between the light fixture and the surface being illuminated (e.g. a 

desk)? 

• Would the addition of reflectors help to redirect the light? 

• What would be the effect of adding lampshades? 

 

 

 

4. Why is it important to determine the use of a space before designing a lighting solution for 

it? 

 

 

5. In the US, our power comes from electricity generation plants fueled by coal or natural gas 

(usually). Where will the power for these lights be coming from in Africa? How does this 

affect your decision to choose a particular light source? 

 

 

6. What decisions need to be made before we can submit the final design for the lighting 

project? What else do you need to know before you finish designing and build this system? 
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Project: Design a Solar Powered Light 
Fixture 
Now that you have figured out how many lights you will need to illuminate your space, we need 

to figure out how to power the lights using solar cells and how exactly to wire the bulbs, 

batteries, and solar cells to meet the needs of our building. There are many ways that the system 

could be wired, but some will be more cost effective than others. This is an optimization 

problem, the type of problem that engineers spend a lot of time solving. How can they not only 

provide a service to a customer, but also do it in a cost-effective way? 

Specifications 

For the purposes of doing the calculations in this activity, we will assume that you chose to use 

LED lights. They are more expensive, but also more energy efficient, which is important given 

that we will be generating all of the electricity from solar panels. Note that LED “bulbs” are 

made up of many tiny LEDs. 

Specifications for the LED bulbs: 

• Dimensions: 40 x 80 x 20 mm (rectangular) 

• Current: 250 mA 

• Voltage: 12 V 

• Output: 300 lumens 

• Weight: 100 g 

• Retail price: $23 

• Bulk price: $15 

We will need to store the solar energy collected during the day so we can use it to power the 

lights in the evening. To do this, we will use rechargeable batteries. Each battery will be charged 

individually. In order to charge, a battery needs to be connected to a power source (in this case 

the solar panel) with a voltage at least as high as the battery’s voltage.  

Specifications for the rechargeable batteries: Specifications for the solar cells: 

• Voltage: 12 V 

• Capacity: 1200 mAh  

• Dimensions: 10 cm x 6 cm x 4 cm 

• Weight: 0.60 kg 

• Cost: $10 

• Max voltage: 8 V  

• Max current: 150 mA 

• Dimensions: 10 cm x 20 cm x 2 cm  

 

For the village of Aridia: 

• Intensity of sun in winter: 0.5 kW/m2 

• In winter, the cells work at 6 V and 75 mA for 8 hours per day 

• In summer, the cells work at 8 V and 100 mA for more than 8 hours per day 
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Part 1: Practice Calculation 

Before we get to your system, let’s do a practice calculation so you can see how this will go. For 

this exercise, we’ll assume you’ve decided on an arrangement shown below of 3 parallel strands 

which each have 5 LED bulbs wired in series. 

 

1. What is the total voltage required for each strand of lights? Look at the specs on the first page 

to figure out how much voltage and current is required for each bulb. 

 

 

 

2. How many batteries are required to generate this voltage? Would you wire them in series or 

parallel? Explain. 

 

 

  

3. What is the current required by each strand of lights? What is the total current required for 

the system? 

 

 

 

4. The battery’s capacity represents the total amount of charge in the battery. A capacity of 

1200 mAh means that the battery could provide a maximum1200 mA of current for one hour. 

If we want our lights to run for 4 hours, what is the maximum current we can draw from the 

batteries? 

 

 

5. Will one strand of batteries in series be about to provide enough current to our lights? If not, 

how can we address this problem? How will you wire the batteries? 
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Part 2: Choosing a Lighting Configuration 

1. Based on the lighting exercise, how many LED bulbs are needed in your room(s)?  

 

You will want to break up this total into a number of light fixtures. For example, you might have 

calculated that you need 24 bulbs to light your room. Think about how you want these bulbs to 

be distributes. In this case, you might want 4 fixtures with 6 bulbs each. Do not attempt to put 

all of your lights in one fixture! This not only will be inconvenient for the users of your space, 

it will make your calculations more difficult. 

2. How many light fixtures do you want for your space? How many LED bulbs will be in each 

fixture? 

 

 

3. There are a variety of ways that these bulbs could be wired in series and parallel. To make 

the calculations easier, you should have equal numbers of bulbs in each string. (This might 

mean that you need to add bulbs to your circuit.) For the example above, the 6 bulbs could be 

all in series or all in parallel. Or you could have two strands of three bulbs in series.  

Draw your configuration here. Each group member should choose a different 

configuration to use for the calculations. 

 

 

 

 

 

 

 

4. Calculate the total voltage required for this arrangement. Look at the specs on the first page 

to figure out how much voltage and current is required for each bulb. 

 

 

5. How many batteries will it take to produce this voltage? Should the batteries be connected in 

series or parallel? Sketch your battery configuration below: 
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6. What is the current that your light fixture requires for the voltage you found above? Show 

your calculations. 

 

 

Capacity is the total charge drawn in a given amount of time. It is measured in units of milliamp-

hours (mAh). This is actually a unit of charge! 

7. What is the total capacity required by your lighting fixture for one day (in units of mAh)? 

Assume that it will remain on for four hours each evening.  

 

 

8. Count the number of battery strands you have in parallel. The current supplying capacity of 

your battery pack is the current capacity of a single battery multiplied by the number of 

battery strands in parallel. Is the current capacity of your battery pack adequate for your 

configuration of lights? If not, add more battery strands in parallel until the capacity is 

adequate.  

 

 

9. Draw a sketch of your battery arrangement below: 

 

 

 

 

 

10. Summarize the needs of your lighting project in the table below. Note that this is per light 

fixture. 

Total batteries  

Total bulbs  

Total voltage (V)  

Total current (mA)  
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Part 3: Charging the Batteries 

To charge the batteries, we will connect them to solar (photovoltaic) cells. The specifications for 

both the batteries and the solar cells are given on the first page. To answer the first few questions 

below, we can treat the solar panels as batteries. They follow the same rules for series and 

parallel voltage.  

1. How would you connect two solar cells to increase the total voltage produced? 

 

2. How would you connect two solar cells to produce more current? 

 

 

 

3. Which configuration will have a larger power output? Explain. 

 

 

4. Not all of the energy makes it from the solar cell to the battery. Most systems are about 80% 

efficient. At this rate, how much voltage needs to be produced by the solar panel to charge 

one 12 V battery?  

 

 

5. How many solar cells and in what configuration would produce enough voltage to charge one 

battery? Will there be enough voltage in summer and winter? 

 

 

 

6. In order to charge the battery to full capacity in 8 hours of sunlight, what is the minimum 

amount of current needed? 

 

 

7. The maximum charge current in mA for a lead-acid battery is approximately its capacity in 

mAh (milliAmp-hours) divided by four. Given this, what is the maximum charge rate the 

battery can handle? 
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8. How many parallel strands of solar cells will you need in order to produce more than the 

minimum charging current in winter and less than the maximum charging current in 

summer? 

 

 

9. Sketch your final solar cell configuration necessary to charge one battery. 

Number of solar cells: ___________ 

Total output voltage: ____________ 

Output current in winter: ___________mA 

Output current in summer: ____________mA 

 

 

 

10. How many total solar cells will be required to meet the lighting needs of your building? 

Compare responses with the other members of your group: 

Group 

Member 

Light bulb 

configuration  

# LED bulbs # batteries 

needed 

# solar cells 

  

 

   

  

 

   

  

 

   

  

 

   

 

11. Are there any arrangements that your group missed?  
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Part 4: Optimization Spreadsheet 

Each member of your group should have analyzed a different arrangement of LEDs bulbs in your 

light fixtures. Here we will compare your results and decide on which arrangement to 

recommend for the project in Aridia. 

It would take a lot of time to test every possible arrangement. Maybe you decide you want six 

light fixtures instead of four, which would change the number of bulbs in each fixture. Going 

back and repeating all of those calculations is likely not something you want to do. The solution 

is to build a spreadsheet that can do the calculations for us!  

You teacher will tell you which of the following options to complete. 

Option A 
Your teacher will provide a template that can be used to do these calculations. You will program 

the spreadsheet to do the calculations you did above. You should get the same results that you 

got from doing the calculations by hand, and then you can look at other arrangements you might 

have missed.  

If you are unsure how to program Excel to do computations, ask your instructor for help. 

• Step 1: Open the spreadsheet. 

o Enter in the information about your building in Step 1 (room area, # of bulbs in 

each fixture).  

• Step 2: Identify possible circuit arrangements.  

o You have likely already done this! Enter the number of bulbs in series and 

parallel.  

o Have Excel calculate the total number of bulbs for you. 

o Program Excel to calculate the total voltage and current required for each strand 

of bulbs in series.  

o Calculate the total current required for the system. 

• Step 3: Calculate the number of batteries needed for each arrangement. 

o Based on your voltage calculation in Step 2, have Excel calculate how many 

batteries are needed to get the desired voltage for each strand.  

o Use the current from Step 2, calculate the required capacity for each system. 

o Each battery strand has a capacity of 1200 mAh. Use this fact to calculate the 

number of strands that are necessary to get the desired capacity. 

o We can’t have a fraction of a battery or a bulb, so we will need to round the 

number of strands up (never down!) to a whole number. Use the function 

“=ROUNDUP(cell,0)” where you enter the cell that you want to round up. (Don’t 

change the 0 part, that tells us to use 0 decimal places.) 

o Multiple the number of batteries in series by the number of strands to get the total 

number of batteries.  
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• Step 4: Calculate the number of solar panels needed for each arrangement.  

o Recall that the solar panels have an 80% efficiency. Given this, the voltage that 

must be generated is higher than what is required by the batteries. Use Excel to 

calculate the voltage required to be generated by the solar cells. 

o Determine how many solar cells are needed per strand to achieve the desired 

voltage.  

o Again, we will have to round up so that we have an integer number of solar cells. 

o The current required for the system was found in Step 2. How many parallel 

strands will you need to generate this amount of current? 

o And round up one more time! Then determine the total number of solar cells that 

you will need to generate the needed power.  

At this point, you should double check to make sure the calculations you did by hand agree with 

what you’ve found in your spreadsheet. 

Option B 
Your teacher will provide a template that can be used to do these calculations. The spreadsheet 

has the equations built in, but we’ll want to check the calculations to see if they agree with what 

you found above. You should get the same results that you got from doing the calculations by 

hand, and then you can look at other arrangements you might have missed.  

• Step 1: Open the spreadsheet. 

o Enter in the information about your building in Step 1 (room area, # of bulbs in 

each fixture).  

• Step 2: Identify possible circuit arrangements.  

o You have likely already done this! Enter the number of bulbs in series and 

parallel.  

o The spreadsheet with automatically calculate the total number of bulbs, the total 

voltage, and the total current for each arrangement.  

o Check to make sure that these values agree with what you found in Part 2. 

• Step 3: Calculate the number of batteries needed for each arrangement. 

o Excel will do the next set of calculations for you. Click on each of the cells to 

look at the equations and make sure you understand what each cell is calculating. 

o Check to make sure that these values agree with what you found in Part 2. 

• Step 4: Calculate the number of solar panels needed for each arrangement.  

o Again, Excel will do the calculations for you. Click on each of the cells to look at 

the equations and make sure you understand what each cell is calculating. 

o Check to make sure that these values agree with what you found in Part 3. 
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Part 5: Budget Analysis 

Last step! We will calculate how much it will cost to assemble your lighting system. The data 

table below shows you the material costs and weight of each item. We need to know the weight 

of the fixtures because they will have to be shipped to Aridia. 

Supplies Price each Weight each 

LED light bulbs $15 0.100 kg 

Batteries $10 0.600 kg 

Solar Cells Donated! 0.600 kg 

Other useful information: 

• Shipping costs are $6.50 per pound. (2.2 kg = 1 pound) 

• Batteries do not have to be shipped because they can be purchased locally.  

• The solar panels are being donated, so have no supply cost. They do have shipping costs. 

1. Use the information above to calculate the total project cost (in Excel). 

2. Which component made up the highest proportion of the fixture cost? How could that 

component be changed to reduce fixture costs? 

 

 

3. Compare the cost of different arrangements with other members of your group. Which fixture 

will you choose to send to Aridia? Justify your choice with your calculations.  

 

 

4. Here’s where the spreadsheet gets fun! We can change the parameters (at the top of the 

screen) and see how the bottom line is affected. Play around a bit and see how the total costs 

change.  

• Use the spreadsheet to change the number of bulbs in each light fixture. Is there a more 

cost-effective solution that you might have missed? 

• How does the total number of batteries, bulbs, and lamps change when you change the 

area of the room? 

• What happens if the solar panels are not donated, but instead cost $20 each? 

 


