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Physics of Solar Cookers
In this unit, we will study the physics of solar cookers. This includes mechanisms
for heat transfer and an introduction to solar energy. Your project for this unit
will be to design and test a solar cooker. You will engage in the engineering
design process by building a prototype, testing the prototype, and making
modifications based on the results of your testing, and your knowledge of
physics.

PHYSICS CONTENT
•
•
•
•

Heat transfer mechanisms
Blackbody Radiation
Greenhouse Effect
Solar energy, intensity, & power

SCIENCE & ENGINEERING PRACTICES
• Developing & Using Models
• Using Mathematics & Computational Thinking
• Constructing Explanations & Designing Solutions
CROSS-CUTTING CONCEPTS
• Cause & Effect
• Structure & Function
• Energy & Matter
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May be reproduced for classroom use without permission.
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Solar Cooker Project Guidelines
The goal of this project is to design a solar cooker that can cook food as quickly as possible. In
class, we will discuss the physics necessary to understand how a solar cooker works, and you
will apply this knowledge to build your solar cooker. Dream big, but remember that you will
have to actually build the device.
We will employ the engineering design process to create our solar cookers, which is iterative. It
involves designing a product, building the product, testing the product, and redesigning to
improve the performance. For this project you will complete each step in the engineering design
process and submit a final report summarizing the process.

Step 1: Design a solar cooker.
Based on your current physics knowledge, sketch your prototype solar cooker. Be sure to include
measurements and a description of the materials you will use to build the solar cooker. In your
final report, explain what you were thinking when you made the first design. Why did you make
the choices you did for materials, design, size, etc.? Be as explicit as possible in connecting your
design decisions to what we are learning about in class. Draw a clear ray diagram illustrating
how sunlight will be captured.

Step 2: Build the prototype solar cooker.
We will provide some materials for you to use: cardboard boxes, aluminum foil, plastic wrap,
overhead transparencies, black paper, tape, glue, etc. If you want something that we don’t have
in the classroom, ask. It may be found somewhere else in the building. You are also welcome to
bring in materials from home.
In your final report, give an overview of the construction process. What worked well? What was
challenging? Were you able to follow your plan? If not, explain what you changed and why.

Step 3: Test your prototype.
To test the efficiency of their solar cooker, everyone will do the same experiment. We will do the
first efficiency test in class, and the second you will do on your own.
Calculate the efficiency of your oven using the equation below:
% efficiency =

energy absorbed by water
× 100%
solar energy incident on oven

(Incident is a word that means falling on or striking something).

Step 4: Redesign the prototype.

After your first efficiency test, redesign one or more features of the solar cooker to make it even
more efficient. Repeat Steps 1, 2, and 3 for the new design. In your report, explain what outcome
you expect to get from your modifications (based on the physics involved), and how this relates
to the results of the tests of your prototype.

4
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Step 5: Compare Cookers
Compare the efficiency results from the two cookers. To compare the two tests, you can look at
the energy absorbed by the controls. Take the ratio of these values (modified/original). This
gives you some idea of whether or not you can compare the results of the two experiments. The
closer the value is to one, the more comparable the environmental conditions were.
You can adjust the efficiency measurements using this ratio. Multiply your calculated efficiency
of the modified cooker by this ratio to get the adjusted efficiency.
Apply the physics content from class to explain why one oven worked better than the other.
Things to think about:
•

Were there environmental differences between the two tests?

•

Were there any experimental differences between the two tests?

•

What was the difference in % efficiency of energy absorption between the two tests?

•

Why was the oven so inefficient? Explain using physics concepts!

Step 6: Cook your food!
Make any additional modifications to your solar cooker, and then it’s time to cook some food!
Place an apple or marshmallow in your solar cooker and record how long it takes to cook (i.e. get
soft like baked apples or squishy like a marshmallow toasted over a fire). It’s up to you to decide
where and when to cook the food, and how you want to prepare it. (It’s also fun to melt
chocolate chips with your marshmallow to make s’mores.) Make sure to report on your final test
in the conclusion of your report. You may also wish to comment on the cost to build such a
device and whether or not your solar cooker would be a viable option for people living in
developing countries.

Special note on writing about physics
The purpose of this project is to have you apply physics concepts to a real-world design problem.
When you explain your design decision and the results of your efficiency test, be as explicit as
possible about their connections to physics. This is what makes this a college project, and not a
middle school level project.
A middle school student might write:
“We added more insulation to keep the heat in.”
A good physics student would write:
“We increased the thickness of the walls on our oven to decrease the heat loss via
conduction. The following equation demonstrates that rate of thermal energy loss by
conduction is inversely proportional to the thickness of our oven (L).
Δ𝐸𝐸
Δ𝑡𝑡

=

𝑘𝑘𝑘𝑘
𝐿𝐿

Δ𝑇𝑇

(1)

Therefore, doubling the thickness of our walls, would theoretically decrease conductive
heat loss by a factor of two.”
Solar Cooker: Student Reader
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Rubric for Solar Cooker Project
Criteria
Introduction
• Explain importance of solar cookers. Why do we want to build/improve
this device?
• Explain the purpose of this project.
Methods -- Prototype Design & Construction
• Explain what your design decisions (materials, design, size, etc.) in terms
of relevant physics content including:
o Reflection
o Heat transfer by conduction, convection, & radiation
o Blackbody radiation
o Greenhouse effect
• Include measurements and a description of the materials you will use to
build the solar cooker.
• Give an overview of the construction process. What worked well? What
was challenging? Were you able to follow your plan? If not, explain what
you changed and why.
Data & Analysis -- Efficiency Tests
• Record temperature changes and weather conditions. Explain how
weather conditions will affect your experiment.
• Show calculations to determine the amount of energy absorbed by the
water, and energy entering the oven from the sun.
• Calculate the efficiency of your oven. (See class activity for details.)
• Explain why the oven is so inefficient using relevant physics principles
(i.e. reflection, radiation, heat transfer). Incorporate data from class
activities and homework problems.
Conclusions -- Redesign the prototype and compare cookers.
• Explain what outcome you expect to get from modifications made to your
oven, and how this relates to the results of the tests of your prototype.
• Compare the efficiency results from the two cookers.
• Apply the physics content from class to explain why one oven worked
better than the other.
• Comment on the effect of the weather on your results.
Writing & Formatting
• Paper is well-written and free of grammatical errors
• Tables and figures are labeled, have captions, and are explained in the
text.
• Equations are numbered and on separate lines in the text
• Sample calculations include units and appropriate number of significant
figures
TOTAL

6

Points
Points
Received Possible
10

10

10

10

10

50
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Project: Solar Cooker Prototype #1
1. Make a detailed drawing of your prototype. Include all dimensions (in SI units), including
the thickness of the walls.

2. An engineer makes design decisions intentionally. Why did you design the cooker the way
you did? What materials did you use in construction of the solar cooker? Why did you
choose each of these materials?

Solar Cooker: Student Reader
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Project: Solar Cookers Efficiency Test #1
To test the efficiency of the solar cooker, everyone will do the same experiment:
•

Put 100 mL in two cups. Place one inside the solar cooker, and one outside as a control.

It is important that you let the water come to equilibrium with the outside air temperature before
you begin the experiment!
•

You will measure the temperature of the water in each cup, and the air temperature in the
oven outside of the cup.

•

Take two temperature measurements: one when you first put out the solar cooker and
another after 90 minutes or so (at the end of class).

1. Record the weather conditions for today. Go to www.weather.com or your favorite weather
website to find the numerical data:
Temperature (in Celsius) = ________
Humidity = ____________
UV Index = ____________
Wind Speed = ____________
2. Record start and stop times:
Start: ________________ Stop: _________________
Total Time Elapsed: ___________________________ (seconds)
3. Measure the temperature of the water at the start and end of the experiment:
Initial Temp (C)

Final Temp (C)

Change in Temp (C)

Water in environment
Water in solar cooker
Air in solar cooker
Air outside cooker
4. Use the light meter to measure the light intensity outdoors at the start and end of your
experiment. To get an accurate reading, the light meter should be in the same position as your
oven. (If your oven is sitting flat on the ground, then put the light meter flat on the ground
near your oven. If the oven is tilted at an angle, then tilt the light meter at the same angle.)
The light meter will measure the luminous flux in units of kilolux (1klux = 1000 lux). For
sunlight, 1 lux = 0.0107 W/m2
I (start) = ______________lux
I (end) = _______________lux
I (average) = ____________ lux = ____________________ W/m2

8
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5. Compare this to the average intensity of solar energy in Wisconsin. Why might there be a
discrepancy?
Jan
Avg.
Intensity

Feb March April

341 412

450

433

May June

July

Aug

Sept

Oct

Nov Dec

393

395

382

420

302

250

364

269

2

(W/m )
Source: http://www.nrel.gov/gis/solar.html
6. Calculate the total amount of energy (in Joules) that was incident on your solar cooker.
Recall that 1 Watt = 1 Joule/second. (Hints: How long was your solar cooker out? What is
the area of your solar cooker?)

7. Use your temperature measurements to calculate the amount of energy (in Joules) gained by
the water in the oven.

8. Calculate the efficiency of the solar cooker �efficiency =

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

�.

Questions
9. What effect do you think the weather will have on the efficiency of the solar cooker?

10. What other factors might influence the efficiency of the solar cooker?

11. How could you improve the design of your solar cooker to make it more efficient? What
other factors could you control to make it more efficient?

Solar Cooker: Student Reader
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Project: Solar Cooker Prototype #2
1. Make a detailed drawing of your prototype. Include all dimensions (in SI units), including
the thickness of the walls.

2. An engineer makes design decisions intentionally. How is your second solar cooker
different from the first? Explain at least three design decisions that you have made using the
physics we’ve studied in this unit.

10
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Project: Solar Cookers Efficiency Test #2
We are going to repeat the efficiency test to see if the efficiency of the solar oven improved with
your re-design. We’ll do the same experiment as last time:
•

Put 100 mL in two cups. Place one inside the solar cooker, and one outside as a control.

It is important that you let the water come to equilibrium with the outside air temperature before
you begin the experiment!
•

You will measure the temperature of the water in each cup, and the air temperature in the
oven outside of the cup.

•

Take two measurements: one when you first put out the solar cooker and another after 90
minutes or so (at the end of class).

1. Record the weather conditions for today. Go to www.weather.com or your favorite weather
website to find the numerical data:
Temperature (in Celsius) = ________
Humidity = ____________
UV Index = ____________
Wind Speed = ____________
2. Record start and stop times:
Start: ________________ Stop: _________________
Total Time Elapsed: ___________________________ (in seconds)
3. Measure the temperature of the water at the start and end of the experiment:
Initial Temp (C)

Final Temp (C)

Change in Temp (C)

Water in environment
Water in solar cooker
Air in solar cooker
Air outside cooker
4. Use the light meter to measure the light intensity outdoors at the start and end of your
experiment. To get an accurate reading, the light meter should be in the same position as your
oven. The light meter will give us the luminous flux in units of lux. For sunlight,
1 lux = 0.0107 W/m2.
I (start) = ______________lux
I (end) = _______________lux
I (average) = ____________ lux = ____________________ W/m2
Solar Cooker: Student Reader
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5. Calculate the total amount of energy (in Joules) that was incident on your solar cooker.
Recall that 1 Watt = 1 Joule/second.

6. Use your temperature measurements to calculate the amount of energy (in Joules) gained by
the water in the oven.

7. Calculate the efficiency of the solar cooker �efficiency =

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

�.

Questions
Compare the efficiency results from the two cookers. To compare the two tests, you can look at
the energy absorbed by the controls. Take the ratio of these values (modified/original). This
gives you some idea of whether or not you can compare the results of the two experiments. The
closer the value is to one, the more comparable the environmental conditions were.
You can adjust the efficiency measurements using this ratio. Multiply your calculated efficiency
of the modified cooker by this ratio to get the adjusted efficiency.
1. Calculate the modified efficiency using the process described above.

2. Compare this efficiency test to the first one. Were the modifications you made to your design
effective? Explain.

3. What other factors might influence the efficiency of the solar cooker from day to day?

4. How could you improve the design of your solar cooker to make it more efficient? What
other factors could you control to make it more efficient?

12
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Reading: Introduction to Solar Energy
Solar energy is an abundant, free source of energy. This energy can be used for a variety
of purposes. Two of the most common uses are generating electricity and heating water.
Additionally, there is a growing interest in using solar energy to cook food. A solar cooker is a
device that uses reflectors to focus the sun’s energy on a pot of food. The solar cooker works
much like a slow cooker. The food cooks at a lower temperature than a traditional stove or woodburning fire, which means the food takes longer to cook. The photo below shows solar cookers
that were built by students on a recent Edgewood College study abroad trip in collaboration with
local residents of a village in Peru.

Figure 1: Solar Cookers used in Peru (Photo credit: Steve Gilchrist)

This application of solar energy is of particular interest in developing countries, where
cooking with other fuels, such as wood, charcoal or propane can be expensive and smoky, and
may lead to deforestation and other damage to the local environment. According to Solar
Cookers International (2004):
Half the world’s population cooks over wood fires. According to the United Nations, about onethird of us — two billion people — now suffer fuel wood shortages. Women, and sometimes
children, must carry fuel further distances, and spend more time doing so, than in the past. Some
urban families spend 30-50% of their income on cooking fuel or must barter away food for fuel to
cook the remainder. Families drop the nutritious foods that require lengthy cooking — such as
legumes — from their diet, contributing to malnutrition. Many governments import and subsidize
fossil fuels. With solar cookers families often reduce fuel wood needs by half.

Additionally, solar cookers help to improve quality of life for people in developing countries.
Solar cookers are a clean alternative to burning wood or kerosene indoors, which reduces smokerelated illnesses. In developing countries, indoor air pollution kills 1,250 children under age 5
daily (www.solarcookers.org). Solar cookers are a relatively inexpensive solution to both the
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wood shortage and health concerns associated with wood fire. They also provide a business
opportunity for women.

Measuring Solar Energy
Our goal for this unit will to be to design a solar cooker that can heat water using solar
energy. In order to accomplish this goal, we need to learn about the physics of solar energy and
how that energy is transferred to the water in the solar cooker. To better understand this system,
we will build a mathematical model that represents the energy inputs and energy losses from a
solar cooker.
The energy incident on the solar cooker is coming from the sun. However, solar energy is
not evenly distributed across the globe. Figure 2 shows a map of average solar energy in the
United States. In Wisconsin, for example, the key shows a value of 1500 kWh/m2. What does
this number represent? To decode what this figure is telling us, let’s review some basics about
energy and power.

Figure 2: Map of average solar energy intensity in the United States. (Image credit: Wikipedia)

The amount of solar energy a particular area receives is typically quantified with an
intensity value, which is a measure of the energy in the light and correlates with the ‘brightness’
of the light. For various reasons, intensity is easier to measure than energy or power. This means
that all of our solar energy calculations will start with intensity. Intensity represents the amount
of power incident on some area, such as the area of solar panel or a solar cooker. As an equation,
we define intensity as power per area:
𝑃𝑃
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𝐼𝐼 = 𝐴𝐴

(1)
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Where I is intensity, P is power, and A is the area. The SI unit of intensity is Watts per meterW
squared �m2�. An intensity measurement can be converted to power by multiplying by the area
of the solar cooker (𝑃𝑃 = 𝐼𝐼𝐼𝐼).

Power is the rate that energy is transformed from one form to another, or the rate that
energy is transferred from one system to another. In our case, it is the rate that energy is being
transferred from the sun to the solar cooker. We can represent this mathematically as the change
in energy over the change in time:
𝑃𝑃 =

Δ𝐸𝐸
Δ𝑡𝑡

(2)

Where P is power, Δ𝐸𝐸 is the change in energy in the system, and Δ𝑡𝑡 is the time interval over
which we are measuring the change. Power is measured in units of Watts, where a Watt is
equivalent to a Joule per second (1W = 1 J/s).

We can then use the power to calculate the total amount of energy that is incident on our
solar cooker over a given period of time. To calculate energy, we rearrange equation (2):
Δ𝐸𝐸 = 𝑃𝑃𝑃𝑃𝑃𝑃

(3)

In this case Δ𝐸𝐸 represents the total amount of energy added to the system in the time period Δ𝑡𝑡.
Energy can be measured in units of Joules (J) or kilowatt-hours (kWh). A kilowatt is equivalent
to 1000 Watts, and is a power unit. Hours represents time, so the unit kilowatt-hours is a
measurement of energy, or power times time. (Note that kWh does NOT mean kilowatts per
hour, a mistake commonly made by students.) This make sense if we look at the definition of
energy in equation (3). The unit of kilowatt-hours is often used on electric bills because it is
better suited to dealing with the large amounts of energy that households use than Joules
(1 kWh = 3.6 × 106 J). Generally, people don’t want to deal with scientific notation when
looking at their electric bills!
Finally, we can combine equations (1) and (3) to get
an expression that directly relates the intentity measurement
to the amount of energy incident on the solar cooker:
Δ𝐸𝐸 = 𝐼𝐼𝐼𝐼Δ𝑡𝑡

(4)

This means that if we want to calculate the total amount of
energy incident on our solar cooker, we need to know the
power of the sun incident at our location, the size of the area
collecting the sunlight, and the time that the cookers is in the
sun. Let’s look at an example.
In the photo, you can see that physics student Zach is
measuring the intensity of the sun using the light meter. He
measured the intensity on this particular day to be 400 W/m2.
To find the power of the sunlight incident on his solar cooker,
he needs to multiply this by the area of the solar cooker
(which he measured to be 0.50 m2) using equation (2):
𝑃𝑃 = �400
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Figure 3: Student collecting data on his
solar cooker.

W
� (0.50 m2 ) = 200 W = 0.2 kW
m2
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Let’s say that he left the solar cooker out in the sun for one hour (3600 s). The total amount of
energy can be calculated using equations (3):
Δ𝐸𝐸 = (0.2 kW)(1 hour) = 0.2 kWh

Δ𝐸𝐸 = (200W)(3600s) = 7.2 × 105 J

Where the calculation has been done in both kilowatt-hours and Joules. (See how the kilowatthour calculation is easier?)
Now, back to the map. The map is reporting a value of 1500 kWh/m2 as the average
annual amount of sunlight. Let’s think about what the units mean. It’s almost an intensity
measurement, energy per area instead of power per area. They also tell us that this is the average
annual total amount of energy; they have added up all the energy incident on an area of one
meter square over one year. This is called solar irradiance (energy per area per time). If you
read about solar energy online, you’ll often see irradiance used as a way to compare the viability
of solar power in different regions.
How does the average solar irradiance in Wisconsin compare to Zach’s measurement?
We calculated above that the power incident on his cooker was 200 W. If there are 8760 hours in
a year, we can calculate the total energy collected over the course of a year:
Δ𝐸𝐸 = 𝑃𝑃Δ𝑡𝑡 = (200W)(8760 hours) = 1782 kWh

Where this calculation assumes that the solar power is constant over the course of the year. To
find irradiance, we need to correct for the fact that Zach’s cooker was only 0.5 m2:
𝐸𝐸 1782 kWh
=
= 3564 kWh/m2
𝐴𝐴
0.50 m2
This is much higher than what was reported on the map! Why? Remember the map is showing
an average over the entire year. First of all, it’s only sunny during the day! Also, in Wisconsin
(and other northern places), the amount of solar energy incident on the earth varies greatly with
the seasons. Zach did his experiment in on a sunny day in September, which has a higher rate of
incident solar energy than the average in Wisconsin.
Irradiance =
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Activity: Solar Heating Investigation
The goal of this unit is to design a solar cooker and to build a mathematical model of the solar
cooker that can help us to predict the rate at which it will heat up. Essentially, this means we
want to build a model that can help us to see how the temperature inside the oven changes with
time.
We will begin by investigating some of the factors that will contribute to the heating of the oven
(i.e. the rate that energy is absorbed by the oven). The goal of this activity is to design an
experiment to explore the effect of one of these factors.
1. In your group, brainstorm what factors you think will influence the rate at which the oven
heats up. Write the factors here:

2. Look at the apparatus on your lab bench. Write at least three questions you could answer by
performing an experiment using this equipment. Be prepared to share with the class.

You will be assigned one of the questions to investigate. Before you begin your investigation,
you need a plan. One way to plan an experiment is to first think about what kind of data you
want to collect, and more importantly, how you will present that data.
3. The question we will be investigating is:

4. The data we will collect is:

5. Sketch what you want the graph to look like in the end. Be sure to label both the horizontal
and vertical axes.

Solar Cooker: Student Reader
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6. Now, write out a plan to collect this data. What will your control be? What will you change
in the experimental set up? Have your plan approved by the instructor before you begin
taking data.

7. Use the Capstone software to record the temperature over time. Use the
Hardware Setup Button to make sure the sensors are detected. Then add a
graph to display temperature vs. time.
8. Set the data collection rate to once every 60 seconds. At the bottom of the
screen is a button that says “Common Rate” (this will change it for both
sensors). Next to that button is the frequency.

9. Record the light intensity using the digital light meters. Note that you will need to convert
Lux to W/m2. You will need to check what type of light source you are using to get the
correct conversion factor. Conversion factors for some light sources are given below:
Light Source

Conversion

Incandescent

15 lux = 1 W/m2

Halogen

20 lux = 1 W/m2

LED

90 lux= 1 W/m2

Conclusions
1. Calculate the total amount of energy that was incident on the box during the experiment.
(Hint: What additional information do you need to do this calculation?)

2. Was all of the energy from the lamp absorbed by the water? Explain.

18
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3. What are the major conclusions from your experiment? Write your conclusions in the form of
a Claim-Evidence-Reasoning argument. Your evidence is the data that you have collected,
and the reasoning is your interpretation of that data. Be prepared to share with the class.
Claim

Evidence

Reasoning

4. After you have compared results from other groups, what lessons can you apply to the design
of your solar cooker?

Solar Cooker: Student Reader

19

Activity: Reflection and Absorption of Light
The goal of the solar cooker project is to maximize the amount of sunlight absorbed by a cup of
water. To better engineer our solar cookers, we need to understand something about the
reflection and absorption of light.

Part 1: Reflection
Reflectors are important in solar cookers because they redirect light towards the food to be
cooked. Without reflectors, a cooking pot would only be able to absorb the sunlight that fell on
its lid and sides. The reflector allows the cooking pot to absorb light that would otherwise miss
the pot. This exercise will give you practice seeing how light is redirected, depending on the
position of the reflector relative to the incoming light.
1. First, we need to consider the rays of the sun. Draw the light coming off the sun (or a
lightbulb):

2. The Earth is really far away from the sun, which means the sun looks small in the sky. Given
this draw what the rays look like when they hit the earth. What assumption can we make
about the sun’s rays when they hit the Earth? How are the rays different at noon than at other
times of the day? (Imagine we are standing on the black dot.)

Morning

Earth

20

Noon

Earth

Afternoon

Earth
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3. To model the sun’s rays hitting a reflector on the solar oven, we will use a laser pointer and a
flat mirror. For the following exercise, stand the mirror so that it is on the black line, and
shine the laser pointer at the middle of the mirror. Make sure that you can see the reflected
beam.
Turn on the laser pointer. With your pencil and a ruler, draw the beam of light to the mirror
and then the beam of light that is reflected off of the mirror. You can use either an index card
or chalk dust to help you see the beam.

Solar Cooker: Student Reader
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4. Now, we want to develop a model (i.e. a rule) for how light is reflected from a mirror. Draw
a line perpendicular to the mirror in the case above at the point of reflection (see figure
below). This is what we call “the normal” line. Use a protractor to measure the angles on
each side of the beam. Compare results with your classmates. What pattern do you notice
here? How does the angle of incidence compare to the angle of reflection?
normal

Angle of
reflection
Angle of
incidence

5. In the diagrams below, the black arrows represent the rays of the sun. Extend each ray to the
solar cooker. Complete the ray diagrams using the rules below, and then continue to answer
the questions. 1
•

Rays can pass through the thin line across the top of the box, which represents an
insulating plastic film.

•

If the ray hits a black pot, it ends there. It has been absorbed.

•

It the ray hits the black bottom of the cooker or a black painted ledge, end it there. It has
been absorbed.

•

If the ray hits a reflective surface, trace the path of reflection. (You do not have to use the
protractor to measure angles, but make a good estimate of the angle of reflection.)

•

Use a ruler!!

Note that there are eight diagrams on the following page. Divide up this work with your lab
partners and compare the results!

1

Adapted from UW-Madison Grand Challenges in Engineering Curriculum (2013).
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Which of the four reflector positions would you use at noon (A, B, C, D)? Why did you choose
it?
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Which of the four reflector positions would you use in the morning or afternoon (E, F, G, H)?
Why did you choose it?

24
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6. Look at the ray diagrams above.
a. Do all of the rays hit the pot? Do all of the rays go into the solar cooker?
b. How could we modify the design to capture the energy of the rays that hit the cooker
but not the pot?

c. How could we modify the design so that more rays would hit the cooker?

7. In the following diagrams, the solid arrow is a ray of sunlight that will warm the food. The
dashed arrow is an extra ray of light that could warm the food if you position the reflector
correctly. In each diagram, reposition the reflector so that the extra ray of light represented
by the dashed arrow falls into the solar cooker, preferably on the pot.
Draw the new position of the reflector and the path of the light. Label the angle of incidence
and the angle of reflection.
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8. Go to the following website and look up the angle of the sun on the day and time that we will
test your solar cooker.
NOAA Solar Position Calculator: https://www.esrl.noaa.gov/gmd/grad/solcalc/azel.html

9. For your solar cooker: Draw a ray diagram showing the angle of incidence of the sun and
how it will be reflected or absorbed when it hits the solar cooker.

26
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Part 2: Absorption
When light hits an object, there are three possibilities for what might happen: light could be
reflected off the surface, light could be absorbed by the object, or light could be transmitted
through the object.
1. Which of these three (reflection, absorption, or transmission) would transfer energy to the
object? Explain your answer.

When the light from the sun or the classroom lights hits an object, some of it is reflected and
some of it is absorbed. (If the object is transparent or translucent, like glass or plastic, some of it
also might be transmitted through the material.) A mirror is a special case in which almost all of
the light is reflected and we can see an image. This is called specular reflection. The Law of
Reflection that you found above holds for shiny surfaces that undergo specular reflection. More
often, light is reflected off of rough surfaces and we do not see an image. This is called diffuse
reflection.
Electromagnetic Spectrum

Sunlight is what we call white light. That means that it has all of the colors (wavelengths) of the
visible region of the electromagnetic spectrum, as shown in the diagram above. The color of an
object is determined by which wavelengths of light are reflected off of the object. A white object
reflects all of the colors from sunlight. If I have a purple water bottle on the table, the purple
light is reflected towards my eye. If my bottle looks purple, what happened to the other colors of
light? They are absorbed by the object.
2. Make a prediction: What color object will absorb the most energy from sunlight? Which
color will absorb the least energy from the sunlight? Explain.

For the next activity, you will need three light sources: an LED flashlight (white light), a red
laser pointer, and a green laser pointer. You will shine each light source at the vials of colored
water: red, green, blue, yellow, black and clear (no dye).
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3. First make a prediction. What will the light look like on the other side after it goes through
the colored water? Then do the experiment and record your results below.
Color of water

LED light
Predicted

Actual

Red laser
Predicted

Actual

Green laser
Predicted

Actual

Clear (no dye)
Red
Green
Black

4. Explain your observations in terms of reflection, absorption, and transmission.

5. How will the results of this experiment help you to design your solar cooker?
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Reading: Heat Transfer in Solar Cookers
To design a solar cooker, we need to understand how the temperature of the solar cooker
is changing over time. We will build a mathematical model that predicts the temperature by
considering how much energy is entering the solar cooker and how much energy is being lost
from the solar cooker. For the purposes of building our model, we will focus on how the
temperature of a cup of water changes as it sits in the solar cooker for a period of time.

Energy In: Solar Energy
The source of energy in the solar cooker is the sun. The intensity of the sun can be
measured at a given location and used to calculate the power (i.e. rate that energy is collected), as
shown below.
𝑃𝑃

(1)

𝐼𝐼 = 𝐴𝐴

𝑃𝑃 = 𝐼𝐼𝐼𝐼

(2)

Δ𝐸𝐸 = 𝑃𝑃Δ𝑡𝑡

(3)

Δ𝐸𝐸 = 𝐼𝐼𝐼𝐼Δ𝑡𝑡

(4)

Where P is power, I is intensity, and A is the collection area of the solar cooker. Recall that
power is measured in Watts (W) and intensity is measured in Watts per meter squared (W/m2 ).
Note that the collection area includes both the box itself and the reflectors, if all of the light from
the reflectors would be focused on the cup of water. If we know the average power, we can
calculate how much total energy is collected in a given period of time.
Where Δ𝐸𝐸 is the change in energy of the system, P is the power (which is calculated from the
intensity measurement), and Δ𝑡𝑡 is the time interval that the solar cooker was in the sun.
Combining equations (2) and (3) gives us another way to calculate energy based on the
measurements we will take:

Energy Absorbed

The amount of energy that you need to raise the temperature of 1 kg of water by 1 degree
Kelvin is known as the specific heat. This is written as an equation for calculating how adding
energy will change the temperature of a material:
Δ𝐸𝐸 = 𝑚𝑚𝑚𝑚Δ𝑇𝑇

(5)

Where ∆E is the energy transferred into the water, m is the mass of the water in kg, c is the
specific heat in units of J/kg-K, and ∆T is the change in temperature of the water measured in
either Kelvin or Celsius. (Note that some references will use Q to represent the heat gained or
lost by a system.) The specific heat for water is 4190 J/kg-K. Water has a relatively high specific
heat, which means that it takes a lot of energy to heat it up. On the other hand, once water is hot,
it tends to stay hot for a long time.

Energy Out: Heat Transfer Mechanisms
There are three main ways that heat is transferred between objects and the environment
around them. In all cases, heat moves from an object to the environment if the object is hotter
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than its surroundings, and heat moves from the environment to the object if the object is colder
than its surroundings.
Conduction is the mechanism that transfers heat when two objects are in direct contact.
You’ve probably experienced conduction if you have ever touched a hot pot on the stove. The
heat from the pot is transferred to your finger through physical contact. Different materials
transfer heat through conduction at different rates. The thermal conductivity of a material
measures how easily heat is conducted by objects made from that material. A material with high
thermal conductivity (like copper) will transfer heat more quickly than a material like wood. An
object that does a poor job of conducting heat is called an insulator. Even if you think there isn’t
anything touching the hot object, the energy can still be transferred to the environment via
conduction. This is because air is a substance! The particles in the air are physically touching the
hot object and therefore absorbing some of the energy.
The amount of physical contact is what determines the rate of energy transfer via
conduction, as shown in the equation below.
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

Δ𝐸𝐸
Δ𝑡𝑡

=

𝜅𝜅𝜅𝜅
𝐿𝐿

Δ𝑇𝑇

(6)

Where Δ𝐸𝐸/Δ𝑡𝑡 is the rate of energy transfer in or out of the system (this is equivalent to power), 𝜅𝜅
is the thermal conductivity of the material (measured in units of Watts per meter-Kelvin or W/mK), A is the cross-sectional area of the object (in m2), ∆T is the difference in temperature between
the two ends of the object (measured in Kelvin), and L is the length of the object in meters
(which in our case is the thickness of the walls).
For our solar cookers, we will consider conduction through the walls of the oven, so the
difference in temperature between the two sides of the object is the difference between the inside
and outside temperature.
Δ𝑇𝑇 = 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(7)

Note that this is a different 𝚫𝚫𝑻𝑻 than what is in the 𝚫𝚫𝑬𝑬 = 𝒎𝒎𝒎𝒎𝚫𝚫𝑻𝑻 equation! If the inside of the
oven is cooler than the outside temperature, then Δ𝑇𝑇 will be positive and energy is transferred
into the system. If the oven is warmer than the outside temperature, which will happen fairly
quickly on a sunny day, then Δ𝑇𝑇 will be negative. This means that energy is being lost from the
solar cooker to the environment!

Let’s take the example of a house, which is a lot like a solar cooker in terms of heat
transfer. In the winter, the house is warmer than the air outside (see Figure 1). You likely have
insulation in your house that helps to keep the heat in. This is a material with a low thermal
conductivity, which means it reduces the rate that energy is transferred from inside the warm
house to the colder environment outside. (The R-value of insulation is another way to measure
the thermal conductivity.) Thicker walls correspond to a lower rate of heat transfer because it
physically takes longer for the energy to transfer through the molecules of the walls. On the other
hand, a larger surface area will lead to greater rates of heat transfer. A larger house will lose heat
energy at a higher rate than a smaller, more compact house.
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𝐿𝐿

Warm Air (𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 )
Cooler Air (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 )

Figure 1: Diagram of a house that is warmer inside than outside.

Conduction is not the only way that energy is transferred from a hot object to its
surroundings. Energy can also be transferred through electromagnetic radiation. An object will
radiate energy at a rate proportional to the fourth power of its temperature. Objects also absorb
radiation from the environment around them. The rate that the object loses or gains energy again
depends on the difference in temperature between it and the environment:
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =

Δ𝐸𝐸
Δ𝑡𝑡

4
4
= 𝑒𝑒𝑒𝑒𝑒𝑒(𝑇𝑇𝑖𝑖𝑖𝑖
− 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜
)

(8)

Where Δ𝐸𝐸/Δ𝑡𝑡 is the rate of energy transfer in or out of the system (i.e. power), e is the emissivity
of the material, A is the surface area of the object in m2, 𝑇𝑇𝑖𝑖𝑖𝑖 is the temperature of the object in
Kelvin, Tout is the temperature of the environment in Kelvin and σ is a constant equal to
5.67 × 10−8 W/m2 K 4.
An object with an emissivity of 1 is called a perfect blackbody radiator. This means that
all of the energy that is absorbed by the object will be re-radiated. The sun is considered to be a
blackbody radiator. Other warm objects, such as ovens or people, don’t radiate all of the energy
they absorb, so they will have an emissivity of less than one. For our ovens, we want to capture
energy to heat the water. We should try to design the oven to capture as much energy as possible.
A third heat transfer mechanism is called convection. This is the process by which heat is
transferred through a fluid, like air or water. Take a pot of boiling water as an example. As the
temperature of the water on the bottom of the pan increases, the particles move faster, which
causes the heated water to expand (becomes less dense) and rise up and move to the top of the
pot. The warm water is now in direct conduct with the cooler air above the pot, cools down
relatively quickly, and sinks back down to the bottom of the pot. A convection oven works in a
similar way. Convection relies heavily on fluid dynamics, which is very complicated to model
and so is beyond the scope of an introductory physics class. For this reason, we will ignore
convection in our mathematical model, but we will still want to consider it when thinking about
the big picture of heat loss from out ovens.
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Efficiency
The efficiency of the solar cooker will be determined by how much of the solar energy
that is incident on the solar cooker is absorbed by the water. A more efficient system will absorb
more energy and heat the water faster. A less efficient system will lose energy to the
surroundings at a greater rate, and consequently take longer to reach a lower equilibrium
temperature. Efficiency is calculated based on the ratio of energy absorbed by the water to the
total amount of solar energy incident on the solar cooker, as shown in the equation below:
𝑒𝑒 =

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

× 100%

(9)

The efficiency (e) is usually reported as a percentage, which is why we multiply by 100% at the
end of the equation. One of our tasks will be to measure the efficiency of the solar cooker with
the goal of improving the efficiency by modifying the design. The design modifications will be
based on reducing the rate at which energy is transferred out of the cooker to the environment.
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Tutorial: Heat Transfer in Solar Cookers
At this point, you may be wondering if this is actually going to work. Can the sun really cook our
food? To answer this question, we need to explore the various mechanisms of heat transfer:
conduction, convection, and radiation.

Part 1: Energy needed to boil water.
Many foods can be cooked in boiling water (e.g. beans, rice, vegetables), so we’ll start with
seeing how much energy we need to boil water in our solar cookers. The amount of energy that
you need to raise the temperature of 1 kg of water by 1 K is known as the specific heat. This is
written in equation form as:
Δ𝐸𝐸 = 𝑚𝑚𝑚𝑚Δ𝑇𝑇

Where ∆E is the energy transferred into the water, m is the mass of the water in kg, c is the
specific heat in units of J/kg-K, and ∆T is the change in temperature �Δ𝑇𝑇 = 𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑖𝑖 � of the water
measured in either Kelvin or Celsius. The specific heat for water is 4190 J/kg-K. 2 Assume that
that water boils at 100oC.
Note: 1 mL of water = 1 g and 1 kg = 1000 g
1. Calculate the amount of energy (in Joules) required to boil 100 mL of water that starts at
25oC.

2. As an initial model, let’s assume you could harness all of the solar energy falling on one
square meter (in other words, you had a solar cooker that was 1 m2), how much time would it
take to boil this amount of water if the sun’s intensity is the 1 kW/m2?

3. What’s wrong with the assumptions we made in this calculation? How can we make it more
realistic?

For those of you who have taken chemistry, note that we are using different unit here. In chemistry, the specific
heat is typically given as 4.190 J/g-oC.

2
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Part 2: Conduction, Convection, and Radiation
The table at right is from the Solar Cookers
International Handbook. It shows different
environmental and cooking conditions that
will affect the rate at which the food cooks.
We will explain each phenomena using one of
the heat transfer mechanisms (conduction,
convection, and radiation).
Conduction is the mechanism that transfers
heat when two objects are in direct contact.
What are the factors that affect the rate of that
energy is transferred through an object? To
answer this, think about cooking spaghetti in
your kitchen.
1. To avoid burning yourself, would you
rather use a wooden spoon or a metal
spoon?
2. If you only had metal, would you rather
use a short spoon or a long spoon?

3. If you had to pick up the pot with no hot
pads, would you grab the handles or the pot itself?
All of this comes together in the equation for conductive heat transfer:

Δ𝐸𝐸

𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑣𝑣𝑣𝑣𝑣𝑣 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

Δ𝐸𝐸 𝑘𝑘𝑘𝑘
=
(Δ𝑇𝑇)
Δ𝑡𝑡
𝐿𝐿

Where Δ𝑡𝑡 is the rate of energy transfer in or out of the system (this is equivalent to power), k is
the thermal conductivity of the material (in W/m-K), A is the cross-sectional area of the object
(in m2), Δ𝑇𝑇 = 𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 which is the difference in temperature between the two ends of the
object (in Kelvin) or the inside and the outside of the oven, and L is the length of the object in
meters (which would be the thickness of the walls of your oven). This means that if you don’t
want to burn yourself (i.e. you want to decrease the rate of heat transfer), the wooden spoon is
better than the metal spoon because it has a lower thermal conductivity, the long spoon is better
because heat has a long distance to travel to move from one end to the other, and grabbing the
handle is better than the pot because it has a smaller cross-sectional area.
4. Given this, why would using a thicker pot be better for the solar cooker?
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5. Why does cutting the chicken into smaller pieces make it cook faster?

6. Assume you have a solar oven that is a cube, 20 cm on each side, made from cardboard that
is 0.5 cm thick and covered with plastic wrap (thickness is about 1 mm). Calculate the rate of
energy loss due to conduction for each side of the oven if the oven is at 320 K and the outside
temperature is 300 K. The thermal conductivity of corrugated cardboard is 0.078 W/m-K.
Note: The units for conductivity are Watts per meter-Kelvin (not milliKelvin).

7. Take the same solar oven, and calculate the rate of energy loss due to conduction for the top
of the oven if the oven is at 320 K and the outside temperature is 300 K. The thermal
conductivity for plastic wrap is 0.19 W/m-K.

8. Calculate the total rate of energy loss for the oven (side + side + side + side + top = total).
You can ignore the bottom of the solar cooker in this calculation.

9. Calculate the % of energy lost that is lost through the top. Is this calculation valid?

This is a lot of energy lost through the plastic wrap! It might be better to think about the plastic
wrap as a way to trap a layer of air around the cup of water. Air is a good insulator because the
density of particles is very low, so there are fewer collisions between particles which means the
energy is not transferred very efficiently. Let’s model this in our calculation:
𝑊𝑊

10. Repeat the calculation through the top, but use a 5 cm thick layer of air (𝜅𝜅 = 0.025 𝑚𝑚−𝐾𝐾).
What is the rate of energy loss (power) through the layer of air? Compare this number to the
plastic wrap.
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11. We are happy to be in a room that is 68oF, but would catch hypothermia in water at 68oF.
What does this tell you about the relative efficiency of conduction in water versus air?
Explain why this might be so.

12. Apply this idea to our ovens.
a) How does the humidity affect the rate of energy loss by conduction for our ovens?
b) Would food that is steamed cook faster or slower than food cooked in dry air?

13. Look at the last row in the table above. If water is better at conduction than air, why does
adding water to the pot make the cooking time increase?

Radiation is the transfer of energy by electromagnetic waves. An object will radiate energy until
it is at the same temperature as its surroundings. This is called thermal equilibrium. The rate that
the object loses energy depends on the difference in temperature between it and the environment:

Δ𝐸𝐸

𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑣𝑣𝑣𝑣𝑣𝑣 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =

Δ𝐸𝐸
4
4
= 𝑒𝑒𝑒𝑒𝑒𝑒(𝑇𝑇𝑖𝑖𝑖𝑖
− 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜
)
Δ𝑡𝑡

Where Δ𝑡𝑡 is the rate of energy transfer in or out of the system (i.e. power), e is the emissivity of
the material, A is the surface area of the object in m2, 𝑇𝑇𝑖𝑖𝑖𝑖 is the temperature of the object (e.g. the
oven) in Kelvin, 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 is the temperature of the environment in Kelvin and σ is a constant equal to
5.67 x 10-8 W/m2K4. Note that the emissivity for a perfect blackbody radiator is 1. This means
that all of the energy that is absorbed by an object will be re-radiated.
14. As the water in your solar oven heats up relative to the surrounding temperature, will the rate
of energy transfer by radiation increase or decrease? Explain.

36

Solar Cooker: Student Reader

15. Take the same oven as before (a cube, 20 cm on each side). Let’s assume that your solar oven
is a perfect blackbody radiator, estimate the rate at which it will lose heat energy if the box is
10 K above the surrounding temperature of 300 K. What if it is 20 K above the surrounding
temperature?

16. Covering the oven with plastic wrap helps to trap in some of the electromagnetic radiation
that otherwise would be lost. (More on this later.) This means that the oven is not a perfect
blackbody radiator. Repeat the calculation assuming that the emissivity is 0.5.

Convection is the process by which heat is transferred through a fluid, like air or water. As the
heated air expands, it becomes less dense and rises up. Convection is responsible for water
boiling on the stove, and weather patterns on the Earth. Convection relies heavily on fluid
dynamics, which is very complicated to model so we will stick to a qualitative description for
now.
17. Explain how the plastic wrap affects heat loss via convection in your oven.

18. The oven described above is sitting outside on a sunny day. The sun’s power is measured to
be 300 W. Under the conditions described above, is the oven heating or cooling under these
conditions? In other words, is more energy being transferred in or transferred out each
second?

19. Consider the three heat transfer mechanisms (conduction, convection, radiation). How will
each contribute to the rate that the food (water) in your solar cooker heats up? How can you
apply what you’ve learned here to the design of your solar cookers?
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Reading: Mathematical Model for Heat
Transfer
The simplest model we can build assumes that the water absorbs all of the energy from
the sun. This would be an ideal scenario; we capture all of the sun’s energy and put it to good
use! In this case, the energy in would equal the energy absorbed:
𝐸𝐸𝑖𝑖𝑖𝑖 = 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

(1)

To see how this affects the temperature as a function of time, we can plug in the energy incident
and the energy absorbed (see previous reading for details):
(2)

𝐼𝐼𝐼𝐼Δ𝑡𝑡 = 𝑚𝑚𝑚𝑚Δ𝑇𝑇

Which we can rearrange to get temperature as a function of time:
Δ𝑇𝑇 =

𝐼𝐼𝐼𝐼
Δ𝑡𝑡
𝑚𝑚𝑚𝑚

𝐼𝐼𝐼𝐼

𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑖𝑖 + 𝑚𝑚𝑚𝑚 Δ𝑡𝑡

(3)

Where we have made the substitution that Δ𝑇𝑇 = 𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑖𝑖 . This result shows us that the
temperature will increase indefinitely the longer the oven sits out in the sun.

However, we know that the water will not continue to increase in temperature
indefinitely. The warmer the oven and the water get relative to the surrounding environment, the
greater the rate that thermal energy will be lost. In other words, the hotter the oven gets, the
harder we have to work to increase the temperature.
We can improve our mathematical model by including the heat transfer mechanisms
described in the previous reading. The energy in from the sun stays the same, but the rate that the
temperature increases in the water will be affected by energy lost through conduction and
radiation. A better model includes these factors, and can be represented mathematically by the
following equation:
𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸𝑖𝑖𝑖𝑖 − 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑣𝑣𝑣𝑣𝑣𝑣 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑣𝑣𝑣𝑣𝑣𝑣 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

(4)

We can make sense of this by plugging in the energy expressions for each term:
𝑘𝑘𝑘𝑘
4
4
(𝑇𝑇 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 ) − 𝑒𝑒𝑒𝑒𝑒𝑒(𝑇𝑇𝑖𝑖𝑖𝑖
− 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜
)� Δ𝑡𝑡
𝐿𝐿 𝑖𝑖𝑖𝑖
Then rearrange to get an expression for the final temperature as a function of time:
𝑚𝑚𝑚𝑚Δ𝑇𝑇 = �𝐼𝐼𝐼𝐼 −
1

𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑖𝑖 + 𝑚𝑚𝑚𝑚 �𝐼𝐼𝐼𝐼 −

𝑘𝑘𝑘𝑘
𝐿𝐿

4
4
(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 ) − 𝑒𝑒𝑒𝑒𝑒𝑒(𝑇𝑇𝑖𝑖𝑖𝑖
− 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜
)� Δ𝑡𝑡

(5)

Where we again have made the substitution that Δ𝑇𝑇 = 𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑖𝑖 . This equation is tricky to
visualize because there are so many parameters! But never fear, this makes it a perfect candidate
for a problem that computers can solve. A computational model can help us to make sense of
how these factors are related to the rate that the temperature changes in the oven. The
computational model can also help us to understand how making physical changes to our oven
will (theoretically) change the temperature that we can expect to reach.
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Tutorial: Computational Model for Heat
Transfer
If our goal is to build a more efficient solar cooker, then we need to understand how the design
properties of the solar cookers (e.g. material, thickness of walls, size of box) will affect the rate
at which the solar cooker heats or cools. These properties are represented by the parameters in
the heat transfer equations. It would be tedious to do many of these calculations by hand, but
now that we know how to do the calculations, we can ask a computer to do them for us very
quickly!
To build this computational model, we will make a few assumptions to simplify the calculations.
We will begin by assuming that we have a box of water, rather than a cup of water inside a box
of air. At the end of the exercise, we’ll determine whether or not this model makes good
predictions despite the simplifications.
1. Our goal will be to create a graph of temperature as a function of time for the heating
water. Sketch a graph of temperature vs. time showing how you think the temperature
changes with time. Explain why you drew the shape you did.

Part 1: Ideal Model
We will begin where we started building our theoretical model – with an ideal system that does
not lose energy.
2. Write the expression for the rate at which energy enters the solar cooker from the sun (i.e.
solar power).

3. If the solar cooker sits out for a time interval Δ𝑡𝑡, how much energy Δ𝐸𝐸 enters the oven in that
time interval?

If the oven sits out for a long period of time, we want to know the total amount of solar energy
incident on the water. To do this, we will do an iterative calculation in which we add a small
amount of energy (Δ𝐸𝐸) to the total over a small time interval (Δ𝑡𝑡). The total amount of energy
we will call 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 . To find the net energy at any point in time, we will take the energy at the
beginning of the time interval and add the small amount of energy Δ𝐸𝐸 that is added during that
time interval.
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4. What happens to the total energy collected if we increase the time interval?

5. Write an expression to represent the total amount of energy (𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 ) that has been collected
overall?

In this model, we are assuming that all the incoming solar energy is absorbed by the water. If we
plug in the total time that the water sits in the sun, then we will get the total energy incident on
the water, which corresponds to the final temperature of the water.
However, it would be more useful if we could see how the temperature changes over time.
Among other things, this can help us to determine how long the box needs to be outside to reach
equilibrium.
To do this, we’re going to use the iterative method described above. We’ll add a little bit of
energy over a small time interval (Δ𝑡𝑡) and see how that changes the temperature (Δ𝑇𝑇). Then
we’ll add a little more energy over the next time interval, and calculate the new temperature, and
repeat as many times as you like. You probably don’t want to do that calculation over and over
by hand, so we’ll have Excel do it for us.
6. Write an expression that relates the net energy (𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 ) due to the solar energy input to the
final temperature of the water.

Now we will build a computational model in Excel. The model has been partially constructed for
you and we will fill in the details.
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•

Open the Excel file on Blackboard titled “Solar Cooker Ideal.xls” It should look like
what you see below.

•

The yellow box is the Control Panel. This is where you can change the parameters in the
system to see how they affect the heating and cooling of the solar cooker.

•

You will notice that your spreadsheet does not have any numbers in the “Energy_in” and
“Water Temp” columns. That’s what you need to fill in.
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7. Now you need to edit the Excel sheet. Fill in the columns for energy and water temperature.
To do this, look at the equations you wrote above. Essentially, you want to calculate the net
energy and temperature for each time step.
•

You can reference the cells in the control panel.

•

Use the screenshot above to check your work. If you have entered the equations correctly,
you should get the same values.

8. Make a graph of Time vs. Temperature. Be sure to include labels for your axes and a title at
the top. Ask if you do not know how to make a graph in Excel.
9. What observations can you make based on this graph?

10. At this starting temperature, use the plot to determine how long it take for the water to reach
boiling (𝑇𝑇 = 373 𝐾𝐾).
11. The initial temperature is set at 350 K. Is this realistic for our solar cookers?

12. What is a more realistic starting temperature? How does time to boiling temperature change
if the water begins at this temperature? (See how easy this is to calculate with the computer!)
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13. How does this period of time change if there is twice as much water?

14. What do you think about this model so far? Is it doing an adequate job modeling the behavior
of the system?

15. How could the model be improved? How would you know that you had improved the model?

Part 2: Conduction
The graph you made in Part 1 shows that the water will boil very quickly and continue to heat
forever! The ideal model is unrealistic because we know that once the water begins to heat up, it
will transfer energy via conduction back to the environment. We will now expand themodel to
account for energy lost via conduction.
1. Write the expression for energy lost via conduction for a given period of time Δ𝑡𝑡. (Recall that
the sides and the top of the box are made of different materials, so there will be two terms in
this expression.)

2. Write an expression for the total energy absorbed by the water in terms of the time interval
Δ𝑡𝑡.
We can use this expression for total energy absorbed to modify our previous model. The rest of
the model above stays the same (i.e. how to calculate temperature). This is something that would
be tedious to calculate by hand, but Excel can easily do these calculations for us.
3. Open the Excel file on Blackboard called “Solar Heat Transfer w Conduction.” You’ll see
that it looks similar to the previous model, but now there are also columns for “Energy loss”
and “Net Energy Absorbed.” There is also a bigger control panel (in yellow) where you can
input the parameters used in the model. There should already be graphs with data for you to
analyze. Take a few minutes to look at the spreadsheet and make sure you understand what is
going on.
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4. The graphs show temperature vs. time for both models. Examine the graphs with the given
parameters. What differences do you observe? What happens to the temperature of the water
after a long time?
[Note if you want to look at even longer times, change “dt” to be something greater than 10
seconds. The graph will automatically update. If you want to zoom in, you can either change
the limits of the axis or change “dt” to a smaller value.]

5. Explain physically what is happening in the system that causes the temperature to level off.
Will the water in our solar cookers ever reach boiling?

6. Play around with the initial parameters in the computational model. Under what conditions is
the oven heating? Under what conditions is the oven cooling? Will it ever cool to be less than
the surrounding air temperature? Explain.

7. Which model (with or without conduction) do you think does a better job of modeling the
physical system? Explain your reasoning.

8. Our goal is to make a solar cooker that will heat the water in a reasonable amount of time.
Vary the parameters of the box to explore how each affects the time required to heat the
water. Also note how the equilibrium temperature changes. Write your observations here:
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9. Input the parameters for the solar cooker that you built. You may have to do some research
on the thermal conductivity of various materials, if they aren’t in the table below. Use the
computational model to make a prediction about what temperature your water (or chocolate
or marshmallows) will get to in the period of time it will be in the sun. If you’ve already
taken data, compare this to your experimental data.
Material

Thermal Conductivity
(W/m-K)

Air

0.025

Glass

1.00

Plastic Wrap

0.078

Bubble Wrap

0.027

Corrugated Cardboard

0.064

Aluminum Foil
Material

237
Specific Heat (J/kg-K)

Water

4180

Chocolate

3900

Marshmallow

1430

Part 3: Radiation
Another heat transfer mechanism that we discussed is radiation. As soon as the solar cooker
begins to heat up, it will act as a radiator and emit electromagnetic radiation into the
environment. The emissivity of a perfect blackbody radiator is 1. For objects that emit only part
of the energy they absorb, the emissivity is less than one.
In this part of the tutorial, we will add radiation into our model as another heat transfer
mechanism that impacts the rate that the water heats and see what effect this has on temperature
over time.
1. Write the expression for heat transfer via radiation, and solve for the energy Δ𝐸𝐸 as a function
of time interval Δ𝑡𝑡.
2. Because our solar oven is warmer than the environment, it will lose energy as it emits
electromagnetic radiation. What is the net energy absorbed by the water as a function of Δ𝑡𝑡,
if we include both conduction and radiation in the model? Write out the equation.
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3. Open the third (and final) Excel spreadsheet titled “Solar Cooker Heat Transfer w Radiation”
which modifies the original model to include heat lost due to radiation.
•

Take a look at the data with the initial parameters and try to make sense of the graphs.

•

Note the green box shows the difference in equilibrium temperatures for the two
models.

4. Does radiation make a significant difference in equilibrium temperature? Does it affect the
time to reach equilibrium? Explain.

5. Change the emissivity of the oven. How does this affect the final equilibrium temperature?

6. Think about how this computational model can influence the design of your solar cooker.
Using the dimensions of your actual solar cooker, modify the model to improve the
performance. What changes will you make to your prototype as a result of this model?

Part 4: Evaluate the Model
Any mathematical model that we build in a physics class includes some approximations and
assumptions. No model is ever “perfect” and no model is ever “right.” The question we need to
ask is how well does our model make predictions about the behavior of the system? In other
words, how close is close enough?
1. Do you think we have built an adequate model for the temperature changes in our solar
cookers? Defend your position with evidence from the computational model and any data
you may have collected from your solar cooker already.

Now we will compare the computational data with real data that was collected for a beaker of
water heating over time. 3 Our goal here it to compare this data set to the computational model
that we are building.
Use data from the Solar Heating Investigation. If you did not complete this, then your teacher will provide you
with a data set to compare to your model.

3
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2. Input the known parameters (light intensity, area of cup, etc.) into the computational model.
3. What parameters do you not have a known value for? How can you estimate each one? Enter
a reasonable guess at what these parameters might be.

4. Graph the data on the same plot as simulated data from the computational model. At first
look, how do the two data sets compare?

5. Adjust the model parameters until the graphs to match as closely as possible. You should
question any assumptions and approximations that you have made, but don’t just change
things randomly. Remember that you will need to justify your parameters. This means you
can’t change the thickness of the cup of the thermal conductivity without good reason.
6. This final product is called a semi-empirical model. It is partially based on our theoretical
understanding of thermodynamics, but it is also partially based on data that we have collected
from the real system. What have you learned about the system by building the semi-empirical
model?

7. Use the computational model to make a prediction about the final temperature of the water in
your oven. Input the parameters you know first (like the dimensions of the oven) and then
make reasonable approximations for the other values.

8. Make a list of the assumptions that we have made in building this model.
•
•
•

Which of the above assumptions is valid?
If it is a valid assumption, justify your reasoning.
If it is not a valid assumption, explain how we might modify the model to account for
this.

Assumption/Approximation
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Valid?

Justification/Modification
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Reading: Kinetic Theory
We’ve talked about various heat transfer mechanisms at this point, and how to model
them mathematically. However, we haven’t explained exactly how thermal energy is transferred
out of a system. Our modern understanding of heat transfer is based on kinetic theory. Kinetic
theory is a conceptual model that physicists and chemists use to explain many observable
phenomena. The basic idea is that all matter is made up of small particles that are constantly
moving. Particles can refer to atoms or molecules, but the key is that the particles have kinetic
energy. (Hence the name kinetic theory.)
The kinetic theory model is used to understand large groups of particles, it doesn’t make
much sense to talk about the temperature of one individual particle. For this reason, we usually
talk about these groups of particles in statistical terms. For example, the average kinetic energy
of the helium atoms in a balloon, or the average distance a particle travels before hitting another
particle. In fact, thermodynamics is commonly referred to as statistical mechanics by physicists
to emphasize that it predicts what you would measure as the average behavior of a large group of
particles moving around and colliding with each other.
There are many aspects of physics and chemistry that can be explained by kinetic theory,
but we’ll focus on just a few here.

Temperature
Kinetic theory tells us that the higher the
average speed of the particles in a system, the greater
the temperature of that system. Temperature is a
measurement we can make of a macroscopic system.
But this measured value is related to the microscopic
behavior of particles in the system, namely the
average kinetic energy of a group of particles. The
kinetic energy of a single particle can be calculated in
the usual way:
1

𝐾𝐾 = 2 𝑚𝑚𝑣𝑣 2

(1)

In most materials, not all the particles have
the same speed. Figure 1 shows the distribution of
Figure 1: Distribution of particle speeds for a given
velocities for the particles in a gas at two different
temperature. (Image credit: LibreTexts)
temperatures. Note that the most common velocity
(and therefore the average kinetic energy) increases
as the temperature increases. This relationship represented mathematically as:
� = 3 𝑘𝑘𝐵𝐵 𝑇𝑇
𝐾𝐾
2

(2)

The bar over the K means that this is the average kinetic energy per particle, 𝑘𝑘𝐵𝐵 is the Boltzman
constant and is equal to 1.38 × 10−23 J/K, and T is the temperature of the system in Kelvin.

For a collection of N particles, the total kinetic energy of the system is the sum of the
kinetic energies of the particles in a system, which will be equal to the number of particles times
the average kinetic energy per particle:
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1

2
𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = ∑𝑁𝑁
𝑖𝑖=1 𝐾𝐾𝑖𝑖 = 𝑁𝑁 �2 𝑚𝑚𝑣𝑣 �

�
𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑁𝑁𝐾𝐾

(3)

This total kinetic energy is called the internal energy of the system. We can relate the total
internal energy U to the temperature by combining equations (2) and (3):
3

(4)

5

(5)

𝑈𝑈 = 2 𝑁𝑁𝑘𝑘𝐵𝐵 𝑇𝑇

Where N is the number of particles in the system, 𝑘𝑘𝐵𝐵 is Boltzman’s constant, and T is the
temperature. Note that this equation for internal energy only holds for monatomic particles. For a
diatomic gas, such as hydrogen (𝐻𝐻2 ), oxygen (𝑂𝑂2 ), or nitrogen (𝑁𝑁2 ), the equation is:
𝑈𝑈 = 2 𝑁𝑁𝑘𝑘𝐵𝐵 𝑇𝑇

This expression takes into account rotational and vibrational kinetic energies of the molecule.
More complex molecules would have different equations to relate internal energy to temperature

Conduction
Conduction is the heat transfer mechanism that describes the rate at which energy is
transferred through a material due to direct physical contact. Kinetic theory explains this though
describing what is happening with the motion of the particles that make up the material. At the
hot end of the object, the particles will gain kinetic energy, which means they will speed up, and
collide more often with neighboring particles. Those collisions cause the kinetic energy of the
neighboring particles to increase as well. These collisions continue as a chain reaction through
the length of the object.
Recall the conduction equation we saw previously:

Δ𝐸𝐸

Δ𝐸𝐸
Δ𝑡𝑡

=

𝑘𝑘𝑘𝑘
𝐿𝐿

Δ𝑇𝑇

(6)

Where Δ𝑡𝑡 is the rate of heat transfer via conduction, k is the thermal conductivity, A is the crosssectional area, L is the length (or thickness) of the material, and Δ𝑇𝑇 is the difference in
temperature between the two ends of the material.

The thermal conductivity is a measure of how easy it is for those particles to move
around and collide with each other. For a material that has a high thermal conductivity, like a
metal, the particles can move freely and collide frequently, so heat is easily transferred from one
part of the material to another. This means you burn yourself by touching a hot pot on the stove!
A low thermal conductivity material like wood or plastic is made of large, complicated
molecules that are bound together in a structure that makes it difficult for the particles to move
around. An insulator, like wood, does not efficiently transfer heat energy because the particles
don’t collide with each other efficiently.
The larger the cross-sectional area (A) of the object, the more particles that come in
contact with the heat source at one time and consequently speed up. Therefore, the larger the
cross-sectional area, the greater the rate of heat transfer. The larger the distance between the hot
and the cold ends of the object (L), the lower the rate of heat transfer. This is because there are
more particle collisions that need to occur to move energy from one end of the object to the
other.
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Pressure
Imagine you have a box full of particles. (You don’t have to imagine because you have a
box of particles, your solar cooker!) As the temperature in the solar cooker increases, the
particles in the box begin moving faster. As particles move faster, they will have more collisions
with nearby particles and more collisions with the walls of the box.
Particle collisions can be quantified by measuring the pressure of a system. Pressure is
the force applied by the particles on the container per area:
𝑃𝑃 = 𝐴𝐴

𝐹𝐹

(7)

𝐹𝐹Δ𝑡𝑡 = Δ𝑝𝑝

(8)

The pressure of a gas in a box is simply the sum of the forces of all the tiny gas particles banging
against the walls. The Impulse-Momentum theorem tells us that the force applied to a wall in this
situation is related to the change in momentum of the particles:
Where F is the applied force, Δ𝑡𝑡 is the collision time, and Δ𝑝𝑝 is the change in momentum of the
particle. Recall that momentum is given by 𝑝𝑝⃑ = 𝑚𝑚𝑣𝑣⃑. As the particles move faster, they have
more momentum when they collide, which means a greater force is applied to the walls of the
box.

Convection
As the temperature of a fluid increases, the speed of particles in the fluid increases. As
the particles collide with higher velocities, they will spread out away from each other. This
results in a larger mean free path or distance between particles, and therefore a larger volume.
The particles themselves don’t get bigger – just the distance between them. (Note that this also
happens for solids; they also expand when heated.)
As the temperature increases, our system of particles has increased in volume, but the
number of particles has stayed the same. How does that affect the density of the system? Density
is defined as:
𝜌𝜌 =

𝑚𝑚
𝑉𝑉

(9)

Where 𝜌𝜌 represents density, m is the mass of the particles, and V is the volume. The mass of our
system has stayed the same, but the volume has increased. This means the gas is now less dense
than it was when it was cooler.
An object that is less dense than its surroundings will float, like a cork in water. The same
is true for gases. A less dense system of particles will “float” above a more dense group of
particles. This is what is meant by the phrase “heat rises” – the less dense hot air will rise above
the more dense cold air. Technically, this is called convection. Convection is the process of heat
transfer due to the fluid that is heated up efficiently carrying heat energy away to the cooler part
of the gas.

Radiation
Radiation is not explained by kinetic theory because it does not depend on the physical
collisions of particles to transfer energy. (Radiation is a quantum mechanical process.) Radiation
describes energy transfer via electromagnetic waves, which are emitted from hot objects (called
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blackbody radiators). Electromagnetic waves (i.e. light) can transfer energy without a physical
medium. This means that energy can be transmitted through a vacuum and explains how the
sun’s energy can reach us even though there are very few particles between the sun and the
Earth. The density of space is approximately one hydrogen atom per centimeter cubed, which
means it is extremely unlikely that these particles would collide in any systematic way.
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Tutorial: Kinetic Theory
Kinetic theory is a mathematical model that describes the motion of a collection of particles
(atoms or molecules). We’ll use kinetic theory here to gain some understanding of the particles
in your solar cooker.

Part 1: Temperature
For the purposes of these calculations, assume that the oven is filled with nitrogen gas. This is a
reasonable approximation because air is 78% nitrogen. (Oxygen, which is also diatomic,
contributes 21%.) The density of air is 1.225 kg/m3. The mass of diatomic nitrogen
(𝑁𝑁2 ) molecule is 4.64 × 10−26 kg.

1. You measure the temperature in your oven to be 23oC when you first place it outside. At
this temperature, what is the average kinetic energy of one of the 𝑁𝑁2 particles in your oven?

2. Your oven is 25 cm x 20 cm x 20 cm. What is the total number of 𝑁𝑁2 particles in your oven?

3. What is the total internal energy of your oven at this temperature?

4. To cook my food, I want the temperature to heat up to 40 oC. What is the internal energy of
your oven at this temperature?

5. How much energy will need to be added into the system to increase the temperature from
23 oC to 40 oC?

6. If the intensity of the sunlight is 850 W/m2, how long would I have to leave the oven in the
sun to reach this temperature (under ideal conditions)?
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Part 2: Pressure
Imagine a particle collides with the wall of a box, such as
your solar cooker. We’ll assume that the particle is moving in
the x-direction, as shown in the figure.
1. What is the change in momentum (impulse) of this
particle?

𝑣𝑣𝑥𝑥

Before:

After:

−𝑣𝑣𝑥𝑥

2. Newton’s 2nd Law can be written as a change in momentum, as shown below. Use this
relationship to find the total average force acting on the particles in terms of m, 𝑣𝑣𝑥𝑥 , and Δ𝑡𝑡.
𝐹𝐹𝑥𝑥 =

Δ𝑝𝑝𝑥𝑥
Δ𝑡𝑡

3. What you found above is the force of the particle on the wall. What is the force of the wall on
the particle?

4. If 𝑁𝑁𝑐𝑐 particles collide with the wall in this way (in the x-direction), what would be the total
force on the system?

Now let’s think about the number of collisions (𝑁𝑁𝑐𝑐 ). If the
particles are moving with speed 𝑣𝑣𝑥𝑥 , then in a given time
interval Δ𝑡𝑡, all of the particles within range Δ𝑥𝑥 will hit the
wall.

5. What is the volume of gas represented by the area shaded
in the diagram? This is the volume of particles that will
collide with the wall in time Δ𝑡𝑡.

Δ𝑥𝑥

A

Δ𝑥𝑥 = 𝑣𝑣𝑥𝑥 Δ𝑡𝑡

We want to relate the total number of particles in the box to the number of particles that will
collide with the wall, as shown above. Assuming that the particles are distributed randomly, that
means we can set up the following ratio:
𝑁𝑁𝑅𝑅 𝑁𝑁𝑐𝑐
=
𝑉𝑉
𝑉𝑉𝑐𝑐
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Where 𝑁𝑁𝑅𝑅 represents the particles in the box that happen to be moving to the right. If the
particles are distributed randomly, this should be half of the total number of particles (N).

6. Use the above information to derive an expression for the rate of collisions (𝑁𝑁𝑐𝑐 /Δ𝑡𝑡) in terms
of area (A), x-velocity (𝑣𝑣𝑥𝑥 ), the total number of particles (N), and the total volume of the box
(V).
7. Combine the above expression with your answer to #3 to get the force in terms of mass (m),
area (A), x-velocity (𝑣𝑣𝑥𝑥 ), the total number of particles (N), and the total volume of the box
(V).

The first assumption we made was that the particles are all moving to the right with velocity 𝑣𝑣𝑥𝑥 .
We can remove this assumption by replacing 𝑣𝑣𝑥𝑥2 in the above equation with (𝑣𝑣𝑥𝑥2 )𝑎𝑎𝑎𝑎𝑎𝑎 , which
represents the average x-velocity of the particles in the system.
We also know that the particles are moving in all three dimensions, not just the x-direction. We
can allow for this by writing an expression in terms of the average overall velocity in terms of
the three dimensions:
2
𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎
= (𝑣𝑣𝑥𝑥2 )𝑎𝑎𝑎𝑎𝑎𝑎 + �𝑣𝑣𝑦𝑦2 �𝑎𝑎𝑎𝑎𝑎𝑎 + �𝑣𝑣𝑦𝑦2 �𝑎𝑎𝑎𝑎𝑎𝑎

We can safely assume that a random selection of particles is moving, on average, in all directions
equally (𝑣𝑣𝑥𝑥2 )𝑎𝑎𝑎𝑎𝑎𝑎 = �𝑣𝑣𝑦𝑦2 �𝑎𝑎𝑎𝑎𝑎𝑎 = �𝑣𝑣𝑦𝑦2 �𝑎𝑎𝑎𝑎𝑎𝑎 . This assumption can simplify the above:
2
𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎
= 3(𝑣𝑣𝑥𝑥2 )𝑎𝑎𝑎𝑎𝑎𝑎

8. Substitute this relationship into your answer for #6 to get the net force in terms of the average
velocity.

𝐹𝐹

9. Pressure is defined as force per area �𝑃𝑃 = 𝐴𝐴�. Rewrite the expression from above in terms of
pressure.

10. According to kinetic theory, the temperature of a system is related to the kinetic energy of a
� = 3 𝑘𝑘𝐵𝐵 𝑇𝑇. Use this fact combined with the above expression to derive a
particle: 𝐾𝐾
2
relationship between pressure, temperature, volume, and number of particles in a gas.
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Reading: Solar Radiation
The energy source for solar ovens or photovoltaics (solar panels) is the sun, so it is worth
our time to dig into solar energy a little deeper. In particular, we’ll start by looking at the
electromagnetic radiation emitted by the sun and other object.

Electromagnetic Radiation
Electromagnetic radiation is a fancy scientific term for light. Light energy, including
solar energy, is transferred from place to place through oscillating electromagnetic waves. 4 The
wavelength of this oscillation is very small, too small to directly observe, but it determines the
color of the light (see Figure 1).

Figure 1: A diagram of a wave

The electromagnetic spectrum refers to all of the wavelengths of electromagnetic radiation (see
Figure 2). Usually when someone says light, they are referring to visible light. Our eyes are
tuned to see only a small fraction of electromagnetic radiation, between the wavelengths of 400
and 700 nanometers. (A nanometer is 10-9 meters.)

Figure 1: The electromagnetic (em) spectrum (Image credit: Wikipedia)

The terms light, electromagnetic waves, and electromagnetic radiation all refer to the same
phenomenon. Which term is used depends on which aspect of light we want to highlight. In the
context of the solar cooker, we call it electromagnetic radiation because that emphasizes the
4

Light is called an electromagnetic wave because it can be generated by oscillating electric and magnetic fields,
such as in an antenna.
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radiation aspect as a mechanism for heat transfer between objects, such as from the sun to your
solar cooker.

Blackbody Radiation
When sunlight passes through a prism, we see that this “white” light is actually made up
of a spectrum of many colors. We can see that the sun is not just emitting yellow light (as it
appears to the naked eye) but all of the colors of the rainbow. Additionally, it is emitting beyond
the visible part of the electromagnetic radiation in the infrared (IR) and ultraviolet (UV) regions.
The sun is what we call a blackbody radiator. A blackbody radiates a continuous
distribution of electromagnetic radiation with varying intensities, and the peak wavelength is
related to the temperature of the object, as shown in Figure 3.

Figure 3: The blackbody spectrum of objects at various temperatures.

This relationship between temperature and peak wavelength is called Wien’s Displacement Law
and is given by the following equation:
2.90 × 106 nm K
𝜆𝜆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝑇𝑇
Where T is the temperature in Kelvin and λpeak is the peak wavelength in nanometers (10-9 m).
Note that the sun has a surface temperature of close to 6000 Kelvin, and consequently peaks in
the visible part of the spectrum.
All matter with a temperature gives off electromagnetic radiation (i.e. it radiates).
The peak wavelength (or color) of that radiation depends on the temperature of the object. The
hotter an object is, the shorter the peak wavelength it emits. For example, the flames of gas
stove that give off blue light (𝜆𝜆 ≈ 450 nm) are hotter than the red flames (𝜆𝜆 ≈ 700 nm) in a
campfire. We don’t see the radiation from most objects because cooler objects (like people) emit
in the infrared part of the spectrum. However, this radiation can be detected by infrared sensors,
like night vision goggles.
The radiation equation that we saw in the context of heat transfer applies to astronomical
objects, such as the sun and the earth, as well as smaller objects like the solar cooker. This
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equation represents the rate that energy is transferred away from an object via electromagnetic
radiation:
Δ𝐸𝐸
Δ𝑡𝑡

4
= 𝜎𝜎𝜎𝜎𝜎𝜎(𝑇𝑇 4 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜
)

(2)

Where Δ𝐸𝐸/Δ𝑡𝑡 is the rate of energy transfer in or out of the system (i.e. power), e is the emissivity
of the material, A is the surface area of the object in m2, T is the temperature of the object in
Kelvin, To is the temperature of the environment in Kelvin and σ is a constant equal to
5.67 × 10−8 W/m2 K 4.
For astronomical objects, we can make one small change to equation (2) and neglect the
temperature of the environment. The temperature of space is very small, about 3 Kelvin, so the
4
𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜
can be neglected. Therefore, for an object such as the sun or the earth, we can use the
simplified version of the radiation equation:
Δ𝐸𝐸
Δ𝑡𝑡

= 𝜎𝜎𝜎𝜎𝜎𝜎𝑇𝑇 4

(3)

The earth has an atmosphere which means that it can trap energy from the sun. This is known as
the greenhouse effect. For this reason, the earth does not re-radiate all of the energy that it
absorbs. Consequently, the emissivity of the earth will be less than one. It is not a perfect
blackbody radiator. Stars, such as the sun, are generally considered to be perfect blackbody
radiators and have an emissivity of 1. Regardless of whether or not the object is a “perfect”
blackbody, we refer to all objects that emit radiation as blackbodies. Generally speaking, an
object is considered to be a blackbody radiator if it emits radiation with the characteristic
intensity curve shown in Figure 2.
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Tutorial: Blackbody Radiation & the
Greenhouse Effect
Our solar cookers are dependent on energy from the sun. In this tutorial, we will explore how the
sun acts as a blackbody radiator and how the electromagnetic spectrum contributes to the
greenhouse effect.

Part 1: Modeling the sun as a blackbody radiator
To calculate the total energy produced by the sun, we can start by measuring the intensity of
sunlight that hits the Earth’s surface. Below is a graph of the solar spectrum that shows intensity
per wavelength (W/m2/nm) versus wavelength (measured in nm). From this graph, you can see
that the intensity is not uniform across the spectrum. The shape of the curve is characteristic of a
blackbody radiator.

Intensity/wavelength (W/m2/nm)

2.50

2.00

1.50

1.00

0.50

0.00

0
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1000
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2500

3000

Wavelength (nm)

1. What is the wavelength at the peak of the solar spectrum? What part of the electromagnetic
spectrum is this? (This corresponds to the wavelength with the most intensity in sunlight.)

2. Based on the peak wavelength, calculate the temperature of the sun in Kelvin.
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3. The area under the curve represents the intensity of the sunlight. (To convince yourself of
W
2

W

m
this, do a quick unit analysis: nm
* nm= m2.) Use the plot above to calculate the total
intensity of the sun for each region listed below, and over the entire spectrum. (Hint: Use
geometric shapes to estimate the area.)

•

Ultraviolet (UV) (100-400 nm): _________________ W/m2

•

Visible (400-700 nm): _________________ W/m2

•

Infrared (IR) (700-2500 nm): _________________ W/m2

•

Entire spectrum: _________________ W/m2

4. What percentage of the total intensity is the visible? IR? UV?

5. What does this mean for our solar cookers? From which part of the spectrum will most of the
energy come from to cook our food?

The spectrum that you were looking at above models the sun as an idealized blackbody radiator.
A real graph of the solar spectrum is shown below.

Image credit: Wikipedia

6. Why is there a difference between the spectrum at the top of the atmosphere (shown in
yellow) and the spectrum at sea level (shown in red)?
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Some solar radiation is absorbed by the molecules in the atmosphere. The energy of the radiation
is matched to the energy required to excite either a vibrational or a rotational state in the
molecule.
7. Why is it important to life on Earth that the atmosphere filters out some radiation?

Part 2: The Greenhouse Effect
The Earth absorbs energy from the sun and re-radiates this energy back out into space. This
means that the Earth acts like a blackbody radiator, but it has a much cooler temperature than the
sun. The figure below shows the blackbody radiation curves for the sun and the earth.
Note that the graph is not to scale. It is normalized so the peaks are the same size. The Earth
emits much less total radiation than the sun. The intensity of the sun is much greater than the
intensity of the Earth, but it does show the relative distribution of electromagnetic radiation.

1. What is the peak wavelength of the Earth’s spectrum?

2. What part of the spectrum is this?

3. How does this compare to the light that hits the Earth from the sun?

The next graph compares the blackbody radiation curves with the wavelengths of
electromagnetic radiation that are absorbed in the atmosphere. The bottom graph shows the
absorption by the atmosphere at ground level.
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Image Credit: Marie Mitchell

4. Look at the region on the absorption graph that corresponds to radiation emitted by the sun
(i.e. the visible light). Is visible light absorbed or transmitted by the atmosphere? Is infrared
light absorbed or transmitted by the atmosphere?

5. Now look at the region corresponding to the electromagnetic radiation that is being emitted
from the Earth. Is this light being absorbed or transmitted by the atmosphere?

6. Use this graph to explain how the greenhouse effect works to trap heat. What does it mean
that “heat” is trapped by the atmosphere?

Part 3: Solar Cookers
How can we use the greenhouse effect to help make our solar cookers more efficient? If you’ve
ever been in a car that has sat in the sun in the summer, you have experienced solar energy being
trapped efficiently by the windows in your car. As with the greenhouse effect on Earth, the
visible part of the solar spectrum can pass easily through the windows. The interior of the car,
like the Earth itself, absorbs that electromagnetic energy and re-radiates is back out. But because
the car is at a much lower temperature, it radiates in the infrared region of the spectrum. The
resulting infrared radiation is blocked by the car’s windows and thus traps the heat
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(electromagnetic radiation) inside the car. This is the effect that we will try to replicate in our
ovens.
The graph below shows the transmission spectrum for a PVC plastic film (i.e. saran wrap). Note
that the vertical axis is transmittance, which is a measure of how much light is getting through
the plastic film. This is different than the graph above, which showed absorption.

Image credit: SPS Canada

1. Compare the graph for the PVC film to the graph of absorption in the Earth’s atmosphere.
What similarities and differences do you notice?

2. What wavelengths are absorbed most by the plastic? (Look at the top horizontal axis, which
shows wavelength in units of 103 nm. This means 7 is 7000 nm.)
3. Assuming blackbody radiation, what range of temperatures would emit radiation in that
region?

4. Convert this temperature range from Kelvin to Fahrenheit. How does this compare to
common cooking temperatures?
𝑇𝑇𝐹𝐹 = (TK − 273.15) ∗

9
+ 32
5

5. How will you use the information from this activity to design your solar cooker?
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Tutorial: Climate Modeling
The solar cooker can be thought of as a microcosm of the Earth. Energy enters the solar cooker
in the form of sunlight and is trapped inside due to the greenhouse effect. We can use the laws of
energy conservation and thermodynamics to construct a climate model for the earth. In this case,
we will focus on predicting the temperature of the Earth based on the energy in the system.
To try and solve this problem, we will need to construct a model of the Earth-sun system. A
model is a simplified conceptual or mathematical description of a real physical system. Real
systems, like the Earth, are often complex enough that trying to use extremely precise
descriptions of them to calculate predictions of their behavior impossible or impractical. The
difficulty may lie in our inability to write down an accurate description, or the difficulty of doing
the very complex calculations needed to evaluate a complex model (e.g. computers are too slow).
But, insight can often be gained from even simple models.

Part 1: Earth’s Energy Balance
One way to model this system is by examining the ways energy gets into and out of the Earth
system, as illustrated in the diagram below. We won’t get into all of these details, but it gives you
an idea of how complicated this model could get.

Image credit: Stephen Schneider

1. Based on the diagram, what is the major source of energy into the planet?
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2. What are the two main ways that energy is lost from the planet?

3. What fraction of the incoming solar radiation is reflected back into space? This is called the
reflectivity coefficient (or albedo).

4. According to the diagram, how does the energy coming in compare to the energy leaving the
planet?

Part 2: How much energy from the sun reaches the Earth?
In the Blackbody Radiation tutorial, we calculated the total
intensity of light emitted from the sun. But this is not the same
as the total amount of energy that reaches the Earth. Note the
difference between energy, power, and intensity:
•

Intensity is power per unit area and is measured in units
of Watts per meter squared (W/m2).

•

Power is energy emitted (radiated) per second, and is
measured in units of Watts (W). A Watt is equivalent to
a Joule/second (J/s).

•

Energy is measured in Joules (J).

The total power generated by the sun is constant, but the
intensity of the light decreases as you get farther away and that
light is spread over a larger and larger area (see figure).
1. The sunlight is emitted in all directions equally, so the total power output of the sun is
distributed over the surface of an imaginary sphere at that spreads outward from the sun.
Given this, what happens to the intensity of the sunlight as you get farther from the sun? How
does the intensity on Mercury compare to the intensity on Mars?
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2. The total power output for the sun is 3.7 × 1026 W. Use this to find the
intensity (in W/m2) of the sunlight at the surface of the Earth. The
distance from the Earth to the Sun is 1.5 × 1011 m.

earth
r
sun

3. Compare this to the value given in the figure on page 1. What accounts for the discrepancy?

4. Does the power output of the sun depend on the time of year? Does the intensity? What does

change in different seasons?

We want to know how much of the sun’s energy
hits the Earth each second (i.e. the power from
the sun). Look at the diagram.
From the sun’s perspective the Earth looks like a
circle, so we can approximate the surface area
being hit by sunlight as a circle with the radius
of the Earth (Rearth = 6.4 x 106 m). This circle is
the cross-sectional area of the planet.
This approximation will also account for the fact
that the light from the sun is incident at various
angles over the surface of the sun.
Note that this is a different area than that of the sphere surrounding the sun that was used
in the calculations above.
5. Given that you now know the intensity of sunlight hitting the Earth’s surface, calculate the
power (in Watts) of the sunlight hitting the cross-section surface of the Earth.

6. How much energy (in Joules) reaches the Earth each day?
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Part 3: Simple Climate Model (Mars)
Planetary systems are generally stable, so we can build a model that assumes a stable equilibrium
condition. This means that the energy coming into the planet is equal to the energy leaving the
planet each second. As an equation, we can write:
𝑃𝑃𝑖𝑖𝑖𝑖 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜

All objects emit electromagnetic radiation based on their temperature. We can use this fact to
calculate the temperature of an object or planet based on its radiation. The rate that the object
emits energy via radiation depends on the temperature of the object:
𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑇𝑇 4

Where P is the rate of energy transfer in or out of the system (i.e. power), e is the emissivity of
the material (e = 1 for a perfect blackbody), A is the surface area of the planet (because it radiates
from all sides), T is the temperature of the object, and 𝜎𝜎 is a constant equal to
5.67 × 10−8 W/m2 K 4 . (Note that we don’t have to consider the temperature of the surrounding
environment, as we did for the solar ovens, because the temperature of space is essentially 0 K.)

The amount of energy reflected off the planet is given as a fraction of the total energy incident on
the earth. The parameter a represents this reflection coefficient, sometimes called the albedo:
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑎𝑎 ∗ 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠

Putting this all together gives us the following mathematical model:
𝑃𝑃𝑖𝑖𝑖𝑖 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜

𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑎𝑎 ∗ 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑒𝑒𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝜎𝜎𝑇𝑇 4

Now we do some algebra to get the temperature as a function of the other factors. This will make
it easier for us to test our model against known temperature values.
(1 − 𝑎𝑎)𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑒𝑒𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝜎𝜎𝑇𝑇 4
𝑇𝑇 4 =

(1 − 𝑎𝑎)𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠
𝑒𝑒𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝜎𝜎

Where a is the albedo, 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 is the power from the sun hitting the surface of the planet, e is the
emissivity, 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the total surface area of the planet, and 𝜎𝜎 is a constant (𝜎𝜎 =
5.67 × 10−8 W/m2 K).We’ll start by testing our simple climate model on Mars because it is a
simpler system than Earth. You can assume that Mars is a perfect blackbody radiator (e = 1) for
these calculations.
1. In the stable equilibrium model, what is the relationship between the incoming power and the
outgoing power?
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2. The power output of the sun is 𝑃𝑃 = 3.7 × 1026 W. If the distance from the sun to Mars is
2.28 × 1011 m, what is the intensity of the sun’s light when it gets to Mars?

3. If the radius of mars is 𝑅𝑅𝑚𝑚 = 3.4 × 106 m, what is the total solar power hitting the crosssection of Mars?

4. Astronomers have measured the reflection coefficient of Mars to be a = 0.15. Use the simple
climate model to calculate the temperature of Mars.

5. The measured average temperature of the Martian surface is T = 210 K. How does that
compare to the model prediction?

6. Assuming the Earth is a perfect blackbody radiator (e = 1) and has a reflection coefficient
that you calculated in Part 1, what would be the temperature of the Earth predicted by this
simple climate model? (Use the power from the sun calculated in Part 1.)

7. Is the simple climate model valid on Earth? Explain. What assumptions did we make about
Mars that are not valid on Earth? How could we improve the model?
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Part 4: Climate Model for Earth
The simple climate model that we derived above does not do a good job of predicting the
temperature of the planet Earth. We’ll improve on our model by adding in the greenhouse effect.
The greenhouse effect is the idea that some of the radiation emitted by the Earth is trapped by the
atmosphere. Some of the infrared radiation radiated upward by the earth is absorbed and
remitted, directing thermal energy back down to the earth. Radiation that does escape comes
from the cold upper atmosphere.
1. Which parameter from our original model do we need to modify to account for the fact that
the earth does not emit all of its radiation out into space?

2. If the temperature of the Earth is on average 288 K, what is the emissivity of the planet? (Use
the albedo you calculated in Part 1.)

3. How does your answer compare to the accepted value of e = 0.612? How can you explain
any discrepancy?

4. What would be the effect of adding more greenhouse gases (e.g. CO2) into the atmosphere on
the emissivity of the Earth? What would happen to temperature?

5. If we want to predict the effect on temperature of increasing atmospheric CO2 , we need to
know how that will change the emissivity and reflectivity. Climate scientists have estimated
that doubling the amount of CO2 would result in e decreasing from .612 to .601. If the
amount of CO2 in the atmosphere doubled, what would this model predict to be the rise in
global temperature?

6. Would this model work to explain the temperature of the solar cooker? Explain. How are the
Earth and the Solar Cooker similar and different?
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Bonus Problem: Runaway Greenhouse Effect on Venus
Let’s now apply our climate model to Venus. Scientists believe that the surface and atmosphere
of Venus was once (4 billion years ago) similar to that on Earth. Now, Venus is covered with a
thick atmosphere and has an average surface temperature of 737 Kelvin. The reflectivity of
Venus is about a = 0.8 due to a thick layer of clouds in the Venusian atmosphere.
1. Use the fact that the distance between the sun and Venus is 1.08 × 1011 m and the total
power output of the sun is 𝑃𝑃 = 3.7 × 1026 W to calculate the intensity of the suns’ light at
Venus.

2. Use the radius of Venus, 𝑅𝑅𝑣𝑣 = 6.05 × 106 m to find the total solar power hitting Venus.

3. Using the climate model derived in Part 2, calculate the emissivity for Venus.

4. How does this compare to the earth’s emissivity of e = .61? What does this say about the
amount of greenhouse gas in Venus’ atmosphere?

5. How do you think the high temperature and high greenhouse gas densities would affect the
reflectivity (albedo) of Venus? (Hint: Compare the albedo of Venus to Earth’s albedo.)
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