Carbon Imbalance: Algae to the Rescue?
Module Overview
One of the reasons that global environmental issues are so difficult to solve is the complexity of
environmental problems. While their complexity also contributes to the challenge of
incorporating these issues in the classroom, it allows for rich educational experiences connecting
topics within biology and connecting biology with chemistry and engineering.
This module will engage students in hands-on lab activities, a virtual lab, and an engineering
design activity. The initial activities are very structured, much like traditional lab investigations,
while the later activities are more open. The engineering design activities are related to
atmospheric carbon dioxide and will require students to apply and synthesize concepts related to
photosynthesis and the cycling of carbon in living and nonliving components of the biosphere as
well as gain a basic understanding of engineering concepts and introductory level of related
skills. It addresses common misconceptions regarding gas exchange among organisms and issues
surrounding global climate change. The module is intended to be implemented in the classroom
after teaching photosynthesis and respiration or in conjunction with an ecology unit. The social
perspectives, technology, and engineering standards and objectives will be addressed as students
engage in an extended design activity.
National Science Education Standards (NSES) that will be addressed in the module with
corresponding performance expectations:
Content Standard C: Life Science
• Interdependence of organisms
o Specific aspects of the standard
• The atoms and molecules on the earth cycle among the living and
nonliving components of the biosphere
• Human beings live with the world’s ecosystems. Increasingly, humans
modify ecosystems as a result of population growth, technology, and
consumption. Human destruction of habitats through direct harvesting,
pollution, atmospheric changes, and other factors is threatening current
global stability, and if not addressed, ecosystems will be irreversibly
affected. (Overlaps with “Science in Personal and Social Perspectives” in
NSES and “Environmental Literacy” in 21st century skills.)
o Performance expectations
• Trace carbon atoms from CO2, through plants and animals to inorganic
compounds.
• Describe the impact of human activities such as burning of fossil fuels and
clear-cutting forests on the level of CO2 in the atmosphere.
• Matter, Energy, and Organization in Living Systems
o Specific aspects of the standard
• The energy for life primarily derives from the sun. Plants capture energy
by absorbing light and using it to form strong (covalent) chemical bonds
between the atoms of carbon-containing (organic) molecules.
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o Performance expectations
• Predict the impact of CO2 concentration, light color and intensity on
photosynthesis.
Content Standard E: Science and Technology
• Abilities of technological design
• Understandings about science and technology
• Performance expectations
o Apply biology concepts to a design problem that requires specific criteria to be
met within constraints
Content Standard F: Science in Personal and Social Perspectives (Overlaps with “human
impact on ecosystems” in NSES life science standard and “Environmental literacy” in 21st
century skills)
• Natural and human-induced hazards
• Science and technology in local, national, and global challenges
• Performance expectations
o Describe the impact of human activities such as burning of fossil fuels and clearcutting forests on the level of CO2 in the atmosphere.
Content Standard A: Science as Inquiry
21st Century Skills that will be targeted in the module with corresponding performance
expectations and sample assessment items:
• Communication and collaboration
o Performance expectations
• Effectively work in a group to share knowledge and ideas to address a
problem, propose possible solutions to a problem, and/or critique proposed
solutions.
• Environmental literacy (Overlaps with “human impact on ecosystems” in NSES life
science standard and “Science in Personal and Social Perspectives” in NSES)
o Performance expectations
• Describe the impact of human activities such as burning of fossil fuels and
clear-cutting forests on the level of CO2 in the atmosphere.
New Jersey Core Curriculum Content Standards
5.3 Life Science
• Strand B: Matter and Energy Transformations
o Content Statements
• As matter cycles and energy flows through different levels of organization
within living systems (cells, organs, organisms, communities), and
between living systems and the physical environment, chemical elements
are recombined into different products.
• Strand C: Interdependence
o Content Statement
• Stability in an ecosystem can be disrupted by natural or human
interactions
5.1 Science Practices
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•
•

Strand B: Generate Scientific Evidence Through Active Investigations
Strand D: Participate Productively in Science
o Content Statement
• Science involves practicing productive social interactions with peers, such
as partner talk, whole-group discussions, and small-group work.
8.2 Technology
• Strand B: Design: Critical Thinking, Problem Solving, and Decision-Making
o Content Statement
• The design process is a systematic approach to solving problems.
Outline of Content and Activities
Notes about implementation:
• The module should take a maximum of 17 class periods to implement if all of the
activities are completed. The schedule shows 29 days, but 12 of those class periods each
involve about 5 minutes of class time. It is expected that teachers would continue with
their course curriculum during the time it takes to allow the algae to grow.
• Some of the activities, Optimizing Photosynthesis, for example could be assigned for
homework rather than in-class activities, depending on the level of the students,
decreasing the amount of class time required to complete the module.
• To allow for flexibility based on varying curricula and student characteristics, not all
activities are required. The lessons identified with an asterisk below are the core
components of the module and may be used to replace or in addition to lessons that are in
the existing curriculum.
• Advance planning: Before beginning the module, have students begin collecting
materials. They will need one or more containers for the algae farm but they should have
a variety from which to choose. Also, the optional activity “Measuring Your Carbon
Footprint” will require students to have a copy of a gas and electric utility bill. If this
assignment will be used, students should be directed to obtain a copy of the bill about a
month prior to beginning the module.
*Day 1:

Day 2:

*Day 3:

Pre-test and Assign “Green Roofs” article and questions for homework
The article introduces the idea that plants can impact atmospheric CO2 levels while
reinforcing a concept that hinders understanding of the carbon cycle: a carbon
dioxide – oxygen cycle. This activity will begin to have students identify the
problem with this model.
“Trends and Oscillations” activity followed by discussion of “Green Roofs” article
This activity serves as an introduction to the unit and draws upon students’
awareness of carbon dioxide as a greenhouse gas as well as building on the idea
introduced in the “Green Roofs” article that plants can impact atmospheric CO2
levels on a global scale.
Introduction to Engineering Design
Beginning with the engineering design problem that will immerse students in a
design activity, and drawing on students’ knowledge of engineers and engineering,
this lesson uses the Nightline episode “Deep Dive” to have students elucidate a
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design process and the collaboration and communication skills required for a
successful design.
Assign “Engineering Design Practice” for homework
*Day 4:
Practicing Design
After considering one version of the engineering design process, students will
engage in a focused design activity that will subsequently be adapted for use in the
primary design activity.
Assign Virtual Lab: Optimizing Photosynthesis for homework
Using an online lab simulating photosynthesis, students will investigate the impact
of CO2 concentration and light intensity and color on the rate of photosynthesis.
*Day 5-6:
Build and Test
Students will build and test a prototype CO2 collection/delivery device or
procedure based on their plans that were generated on Day 4 and reflect on both
the results and the process.
Day 7-8:
Investigation: Three Organisms and Carbon Dioxide
Students will perform an investigation to determine whether CO2 is used or
generated by three different types of organisms under different circumstances.
Their observations should demonstrate that all organisms produce carbon dioxide
as would be expected from their understanding of cellular respiration, although
commonly overlooked with respect to plants.
Assign Algae Selection Activity for homework
Day 9:
Optimizing Photosynthesis
A virtual experiment in which students will investigate the optimal light color,
intensity, and level of CO2 for photosynthesis in the water plant, Elodea.
*Day 10:
Designing a Small Scale Algae Farm
Students will engage in the design process to design a small scale algae farm that
utilizes the means/apparatus designed previously to introduce CO2 from a burning
candle into the algae farm.
*Day 11:
Design and Build
Students will complete their designs and construct their algae farms.
Day 12:
Optional: Carbon Footprint
*Days 12-18 Burning to Grow
Approximately 5 minutes of each class period will be used for students to add CO2
to their algae farms. Continue growing algae until significant differences in algal
growth are observed. This may be 6-8 days.
*Day 19:
Evaluate Results
Students will make observations, compare results for the various designs, student
presentations, and disassemble their farms.
*Day 20:
Redesign and Build
Based on their observations and experience from their original designs, students
will redesign and build their algae farms.
*Day 21:
Post-test
*Day 21-27: Burning to Grow
Approximately 5 minutes of each class period will be used for students to add CO2
to their algae farms.
*Day 28:
Final Reflections
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*Day 29:

Performance Assessment

*Denotes an essential component of the module. See note above for further explanation.
Materials List for the Unit
Teaching Materials
Computers with Internet access
Overhead projector
Blank transparencies to record student ideas
Pens for transparencies
Transparencies of Global Average Temperature and CO2 Concentration
and Terrestrial Carbon Cycle
Student Handouts
Trends and Oscillations
Global Average Temperature and CO2 Concentration (optional or display using PowerPoint or a
transparency)
Green Roofs
Terrestrial Carbon Cycle
Memorandum
Engineering Design Process
Practicing Design: CO2 Capture and Transfer
Lab Investigation: Three Organisms and Carbon Dioxide
Virtual Lab: Optimizing Photosynthesis
Design Again: Algae Farms
Lab Materials
Plastic, glass, and foil containers for the algae farm – begin saving these early in the year and
encourage the students to do so as well. Some suggestions are:
Take-out food containers
Salad containers, e.g., from salad bar
Beverage containers, e.g., 1- or 2-liter soda bottles
Peanut butter or mayonnaise jars
Just about any container
2-3 containers with a sprig of Elodea in water with a small amount of bromothymol blue added
to detect the presence of CO2 in the testing phase (e.g., large beaker, large test tube, small
flask)
Candles
Matches, both standard and long wooden
Balloons
Vinyl tubing
Glass funnels
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Large plastic syringes
Glass plates
Straws
Large beakers
Algae (suggested strain)
Tetraselmis
Medium for growing fresh water or marine algae
8” or 9” disposable cake pans with clear plastic lids
Clear vinyl tubing, assorted sizes
Sealable plastic bags, quart and gallon size
Soft drink or juice bottles, 1- and 2- liter
Cotton balls
Tape
Clamps – test tube, thermometer, or C-clamps
Light source
Magnetic stirrer (if available)
Balloons (helium quality)
Vinyl tubing
Glass funnels
Large plastic syringes
Glass plates
Straws
Large beakers
Test tube and cap or parafilm
Test tube rack
Bromothymol blue solution
Wood splint
Bunsen burner or matches
Two Erlenmeyer flasks (125 or 250 mL)
Small test tube
Modeling clay
Bromothymol blue solution
Decomposition matter (e.g. compost, leaves, grass, apple)
Balances
Grow lights or 60-watt light fixtures
Hot plate(s)
Test tubes or vials with caps – 4
Bromothymol blue solution to fill 4 tubes
Drinking straw, bendable
Elodea 2 pieces
250 mL Erlenmeyer flasks – 3
Balloons (helium quality) to fit the mouth of the flasks
Yeast – 2 g
Table sugar – 12 g
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Day 1: Pretest
Administer the pretest. Assign the article “Green roofs…” and the accompanying questions for
homework. If students complete the pretest early, they can begin the article in class.
Materials and Resources

•

Photocopies of the following documents
o Pre-test (supplied by Stevens Institute of Technology)
o “Green Roofs” article (pages 8-9)
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Green roofs offset global warming, study finds
Grasses and plants can sop up, hold carbon to help cut greenhouse gases

While green roofs certainly won't
solve the global warming problem,
their ability to sop up greenhouse
gases — even just a little bit —
bolsters the case for planting them on
city buildings, despite extra costs on
the front end, new research argues.

Green Roofhires
By Emily Sohn
Oct . 6, 2009
Filling rooftops with plants and dirt can help pull a modest amount of heat-trapping carbon
dioxide out of the atmosphere, found a new study.
While green roofs certainly won't solve the global warming problem, their ability to sop up
greenhouse gases — even just a little bit — bolsters the case for planting them on city buildings,
despite extra costs on the front end, said lead researcher Kristin Getter, of Michigan State
University in East Lansing.
"The key to fighting global warming is capturing carbon from the atmosphere and storing it in
new reservoirs that weren't storing carbon before," Getter said. "In the whole scheme of things,
green roofs are not the one answer to sequestering carbon, but they will certainly help."
Green roofs offer a long list of known benefits. They lower air-conditioning costs in the summer
by absorbing and reflecting heat. They lower heating costs in the winter by adding extra
insulation.
Green roofs appeal to cities because they soak up rainwater, making excess stormwater less
likely to flood sewage systems and inflate sewage treatment costs. Plant-filled rooftops make
urban areas less likely to become heat islands. They reduce air pollution and noise pollution. And
vegetation, even when it's several stories up, provides habitat for animals.
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Like any forested or vegetation-covered area, a patch of green on top of a roof should
theoretically lower levels of carbon dioxide in the air, as well. Plants breathe in the greenhouse
gas like we breathe in oxygen, and they store carbon in their leaves and other tissues. Until now,
however, no one had measured how much carbon a green roof could actually take in.
Getter and colleagues began by measuring the amount of carbon stored in vegetation above
ground on 12 typical green roofs in Michigan and Maryland. For two growing seasons, they also
measured carbon both above and below ground on an experimental roof at Michigan State
University.
Although the numbers varied from roof to roof and even between different areas of the same
roof, the scientists calculated a total of 375 grams of carbon in an average square meter of roof.
The metropolitan area of Detroit has between about 65 million square meters and 85 million
square meters of rooftop land. Greening all of that area, the researchers reported in the journal
Environmental Science & Technology, would be like removing 10,000 mid-sized SUVs or trucks
from the roads for a year.
A green roof's ability to sequester carbon lasts only a year or two. At that point, the amount of
carbon emitted by the decay of soil and plant material balances out the carbon taken in by
photosynthesis. Still, that's two extra years of offsets that make a green roof potentially
worthwhile, said David Sailor, an engineer at Portland State University in Oregon.
His models estimate a nine-year delay before the energy savings of a green roof offset the money
and energy required to build it. Those costs can be up to twice as high as what it takes to build a
traditional roof. The new study lowers the estimated payback time to seven years.
That's a significant benefit, Sailor said, given that green roofs also last up to twice as long as
traditional roofs.
"Their argument is that the carbon sequestration in plant biomass should be considered one of the
co-benefits of a green roof," Sailor said. "Taken along with other co-benefits, you start to tell a
very compelling story for green roofs."
© 2010 Discovery Channel
1.

Explain how green roofs could help address the problem of global climate change.

2.

List two costs and limitations of using green roofs and two benefits.

3.

Do you think green roofs should be used more frequently to combat global climate
change? Why or why not?
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Day 2: Trends and Oscillations and Green Roofs
Overview

Introduce the module with the image of the calving glacier (http://spisab.com/ukindex.html) and
ask students what they think is happening in the picture. Accept all responses without
commenting about whether they are correct. Then show the video clip with the explanation and
the time lapse footage of a calving glacier in Greenland.
(http://icestories.exploratorium.edu/dispatches/on-speeding-glaciers-and-huge-icebergs-part-2/)
At the conclusion of the video, clarify what was shown and ask students why glacier calving has
become a more common occurrence. Finally, tell students that they will be taking a closer look at
the science related to global climate change and working on a model that could help address the
problem, then move into the Trends and Oscillations activity.
This activity takes a closer look at the trend of increasing levels of carbon dioxide in the
atmosphere, a fact most high school students know, to focus on the oscillations within the overall
trend and to link that pattern to seasonal plant growth. The relationship between atmospheric
CO2 levels and global average temperature are also considered. These two pieces are intended to
set the foundation for exploring a cycle that has become unbalanced and the possibility of
utilizing plants in an attempt to restore a balance or at least slow the increase in atmospheric
carbon dioxide. While students are generally very aware of the issue of global climate change,
they tend to relate that to a wide range of atmospheric conditions including ozone depletion and
atmospheric pollution in general. This lesson is also intended to begin to address this
misconception.
After discussing the Trends and Oscillations activity, the lesson will focus on the possibility of
using plants to sequester carbon dioxide. A recent article from Discovery News describes several
key benefits of creating green roofs with plants in urban areas, including the ability to sequester
CO2, if only temporarily. Of particular importance in the article is the reinforcement of a fact that
hinders student understanding of the carbon cycle: the oxygen – carbon dioxide gas exchange
between plants and animals. The article provides an avenue to addressing the problem.
Objectives

Students will be able to:
1. Analyze graphs for overall trends and secondary trends
2. Describe the overall and secondary trends in atmospheric CO2 level and relate the overall
trend to global mean temperature
3. Describe the benefits and limitations of incorporating plant materials in “green” roofs
4. Explain how the oxygen – carbon dioxide exchange model is inadequate with respect to
the cycling of matter
Materials and Resources

•
•

Photocopies of Trends and Oscillations
Computer and projector to show Global Average Temperature Graph (Alternatively, use
an overhead projector and transparency or photocopies for students)
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•
•

Computer with Internet access and means of projecting a web-based video
Photocopies of the following documents:
o Diagram: Terrestrial Carbon Cycle
o Optional Assignment: Measuring and Offsetting Your Footprint

Activities

Discuss Trends and Oscillations, focusing on the sources of CO2, the cause of the oscillations
(secondary trend) in the CO2 level, and the methods that students proposed to help control the
increasing CO2 level.
Post Activity Discussion Questions
1) Do you think that the increasing carbon dioxide levels are becoming an environmental
issue? Why do you think that?
2) What will be the effect on the carbon cycle if we continue to increase our production of
carbon dioxide?
3) What were your ideas about how to control the increasing carbon dioxide levels?
4) What are some potential advantages or disadvantages of your ideas? (Group discussion
Have students capture some of these ideas.)
Discuss the Green Roofs article, particularly as it relates to the Trends and Oscillations activity.
Students will have created a list of benefits, costs, and limitations of covering rooftops in urban
areas with plants. Discuss the student-created lists by having students compare their lists in pairs
or small groups before engaging in a whole class discussion. This discussion could be set up as a
debate where half the class is assigned to argue in favor of green roofs and the other half against.
(If this approach is taken, more time will be required.)
Possible discussion questions:
1) Based on the list of benefits, costs, and limitations, do you recommend using green roofs?
2) Are the other benefits listed in the article, such as decreasing the need for air conditioning
in the summer and heat in the winter likely to impact the carbon cycle beyond the
sequestration of carbon by the green roof?
3) Does this change your opinion? Why?
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Pose a question about the gas exchange that the article mentions, that involving plants and
people. Have students discuss this view of gas exchange, for example, whether they agree with
this representation and why; how this has been simplified and how to improve upon the concept
as it is presented in the article. (The article states: “Plants breathe in the greenhouse gas like we
breathe in oxygen…” which reinforces gas exchange the way it is taught in many instances and
shown in the diagram below. This overlooks respiration in plants, even suggesting that plants
Oxygen

While technically true, this
diagram presents an
oversimplification of gas
exchange that hinders
understanding of the carbon
cycle.
Carbon dioxide

somehow use carbon dioxide in a way that is analogous to our use of oxygen, and hinders
understanding of the carbon cycle because carbon mysteriously disappears. It is not
recommended that the diagram be shown to students because it will likely reinforce the
oversimplification that leads to the misunderstanding.) Then, have students complete the
Macroscopic Carbon Cycle diagram and check for accuracy. Finally, share with students the
more complete image of the carbon cycle and in a class discussion have them identify the pieces
of the cycle that were not included in the terrestrial carbon cycle they just examined.
Terrestrial Carbon Cycle

Plants, algae,
cyanobacteria
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http://commons.wikimedia.org/wiki/File:Carbon_cycle-cute_diagram.jpeg

The following Eco-Bunny clip is optional as is the Measuring and Offsetting Your Carbon
Footprint mentioned below.
Discussion prior to Eco-Bunny clip
Suggested questions to pose to students:
1) What is a carbon footprint?
2) Do you have a large or small carbon footprint based on your activities?
3) How they can you control the size of your carbon footprint?
Show the Eco-Bunnies video clip (http://www.youtube.com/watch?v=el58_QppCtY) and ask
them what the relationship is between their activities, planting trees, and their carbon
footprint.
Optional: Assign Measuring and Offsetting Your Carbon Footprint for homework. Allow several
days for students to complete the assignment because it requires them to obtain and understand
utility bills for their household. (Note: It is helpful if you ask students to obtain a utility bill
before beginning the module. Particularly recognize that the utility bill is distributed to
household toward the end of a month.)
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Name __________________________________

Period_____ Date_______________

Carbon Dioxide: Trends and Oscillations
Carbon dioxide is in the news almost every day… and it is rarely good news. Let’s take a look at
measurement data for carbon dioxide and link it to what you know from the news and from
biology.
The graphs below show the measurement data for carbon dioxide levels in the atmosphere over
1000 years ending in the year 2000 and 50 years ending in the year 2006.

.
1. What has been the general trend in the atmospheric CO2 level during this time period?

2. Briefly describe the concern regarding this change in the carbon dioxide level in the
atmosphere. (Why is carbon dioxide in the news so often?)

3. List two sources of atmospheric carbon dioxide.

4. In addition to an overall or general trend, there is a pattern within the general trend. Describe
that pattern.
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The graph below is focused on a small segment of the data shown in the graph on the front of
this page. Atmospheric carbon dioxide levels are measured each month. The data points on the
dotted line on the graph represent the monthly measurements.

5. Describe the pattern of the data observed for the year 2007.

6. Which other years follow a similar pattern?

7. Approximately when during each year does the carbon dioxide level begin to decrease?

8. Write a hypothesis regarding the reason for this decrease.

9. Based on your hypothesis, propose a method to possibly help control the increasing carbon
dioxide levels and explain why this would help.

10. What type of models do the graphs in this activity represent?
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Name __Key_____________________________

Period_____ Date_______________

Carbon Dioxide: Trends and Oscillations
Carbon dioxide is in the news almost every day… and it is rarely good news. Let’s take a look at
measurement data for carbon dioxide and link it to what you know from the news and from
biology.
The graphs below show the measurement data for carbon dioxide levels in the atmosphere over
1000 years ending in the year 2000 and 50 years ending in the year 2006.

1. What has been the general trend in the atmospheric CO2 level during this time period?
Increasing
2. Briefly describe the concern regarding this change in the carbon dioxide level in the
atmosphere. (Why is carbon dioxide in the news so often?)
CO2 is a greenhouse gas. It causes radiant energy to be trapped in Earth’s atmosphere and is a
contributor to global climate change.
3. List two sources of atmospheric carbon dioxide.
Partial list:
Combustion of fossil fuels
Manufacturing cement
Respiration
Volcanoes
4. In addition to an overall or general trend, there is a pattern within the general trend. Describe
that pattern.
Any response acknowledging the oscillations, e.g., peaks and valleys; it goes up and down.
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The graph below is focused on a small segment of the data shown in the graph on the front of
this page. Atmospheric carbon dioxide levels are measured each month. The data points on the
dotted line on the graph represent the monthly measurements.

5. Describe the pattern of the data observed for the year 2007.
It starts near a low point but is increasing. It increases to a peak and then decreases to a low
point just prior to the end of the year.
6. Which other years follow a similar pattern?
All of them
7. Approximately when during each year does the carbon dioxide level begin to decrease?
Around May
8. Write a hypothesis regarding the reason for this decrease.
Accept any plausible hypothesis, e.g., the CO2 decreases during the time when there is the
most active plant growth because plants are consuming more CO2. (Consider whether to point
out the fact that this occurs specifically during the growing season in the northern hemisphere
due to the significantly larger land mass as compared to that in the southern hemisphere.)
9. Based on your hypothesis, propose a method to possibly help control the increasing carbon
dioxide levels and explain why this would help.
Student responses should suggest increasing the amount of vegetation because plants use
carbon dioxide in photosynthesis which could help offset the increasing CO2 level.
10. What type of models do the graphs in this activity represent?
Graph with plotted points and lines connecting them is a visual model. (Graph with a curve fit
would be a mathematical model.)
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Terrestrial Carbon Cycle

Plants, algae,
cyanobacteri
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Name __________________________________

Period_____ Date_______________

Measuring Our Footprint
The Eco-Bunnies talked about their carbon footprints and zeroing out those footprints in the
video clip that you saw in class (http://www.youtube.com/watch?v=el58_QppCtY). Now you
will take a look at the size of your carbon footprint and the average footprint worldwide. First,
gather some information from your parents. You will need as many of the following documents
or pieces of information as possible before you get started:
1. How is your house heated? Gas, electricity, or oil (Circle one)
2. Collect gas, electric, and/or oil bills, preferably one or two from both the summer and
winter months so an average value can be used.
3. Complete the following table for all of the cars in your household.
Car

No. of Miles Driven
(per week or per year)
(Circle one)

Gas Mileage*
(miles per gallon)
(See note below)

* If you do not know the mileage for the cars, there is a link on the
website that will allow you to look up the average value for each car.
If there are more than four vehicles in your household, collect the information in the table
for each of the other cars and write it somewhere on this page (or on a separate piece of
paper if you are not concerned about your carbon footprint).
Now go to this website to calculate the carbon footprint for your household and an average value
for your footprint: http://www.epa.gov/climatechange/emissions/ind_calculator.html.

Questions
1. Based on the EPA calculator, what is your total estimated emissions for CO2?
2. This value is only an estimate.
a. Do you think your actual emissions are greater or less than this value?
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b. What are other considerations that would make your emissions different from the
estimate?

3. How do you think the carbon emissions for U.S. residents compares to that of residents of
other countries? Support your answer with reasons.

The website listed below shows the
percent of a country’s contribution
to CO2 emissions and population.
For example the illustration on the
right from the website indicates
that Canada has approximately
0.5% of the world’s population and
2.2% of the total CO2 emissions.
4. If CO2 emissions were equal for
every person in the world, what
would the % emissions be for
Canadian residents? What does this
mean about the carbon footprint for
Canadian residents?

5. Now go to this website and find the CO2 emissions and % share of the world population for
the U.S.: http://hdr.undp.org/en/statistics/data/climatechange/shares/. Record these values
here.

6. What country might have a larger percent share of CO2? Find the value for that country.

7. Find two countries that have a smaller % share of CO2 emissions than % share of world
population. In what ways other than CO2 emissions are these countries different from those
like the U.S. that have a greater % share of CO2 emissions than % share of world population?
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Day 3: Introduction to Engineering Design
Overview

Students will be introduced to the primary engineering design challenge in the unit and the
engineering design process. As they are introduced to the design challenge, they will begin to
develop connections among plants, atmospheric carbon dioxide levels, combustion, and energy.
Objectives

Students will be able to:
1. Provide at least a superficial explanation for the connection among plants, atmospheric
CO2 levels, combustion, and energy.
2. Briefly describe the engineering design process
Materials and Resources

•

•
•

Photocopies of the following documents:
o Memorandum
o Deep Dive Video Viewing Worksheet
o Engineering Design Process
o Engineering a Fishy Solution (for homework)
Monitor and DVD player (or other method of showing a program recorded on DVD)
DVD: The Deep Dive

Curriculum Standards

National Science Education Standards
•
•

Science and Technology
o Abilities of technological design
o Understandings about science and technology
Science in Personal and Social Perspectives
o Science and technology in local, national, and global challenges

New Jersey Core Curriculum Content Standards
8.2 Technology
• Strand B: Design: Critical Thinking, Problem Solving, and Decision-Making
Activities

Introduce the engineering design challenge by having students read the memo describing the
scenario. Draw on students’ knowledge of engineers and engineering careers to discuss what
engineers do and their role in our society. If necessary, provide a few examples of significant
engineering feats to begin or advance the discussion, from the civil engineering feats of the
Panama Canal and Chunnel (English Channel Tunnel); to the biomedical engineering examples
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including MRI, and the pacemaker; the use of genetic engineering to increase the growth rate of
trees and produce human insulin; and on to food engineering including the processes of
pasteurizing milk and decaffeinating coffee.
Ask the students how they think engineers engage in their work, specifically as they design
products or processes. What is the engineer’s work situation like? Introduce The Deep Dive by
explaining that they will be seeing an industrial design company in action, as they redesign a
shopping cart. While the video shows an industrial design company, they are using a design
process that is very similar to the process that engineers use. One significant difference is that
industrial designers are most often interested in improving the usability and/or aesthetics and
therefore does market research, talking to users of a product whereas an engineer develops
solutions based on scientific knowledge and mathematical modeling. Engineers may also
interview potential users, but they are generally less concerned with the appearance of the
product and ergonomics. It should be stressed to students that the process shown in the video is
the key as it is the process that they will be using to solve problems in this module.
Distribute the handout, “Deep Dive Video Viewing Worksheet” prior to viewing the video.
Direct students to answer the guiding questions while viewing the video. Show The Deep Dive
(approx. 20 minutes).
The video describes the design process as focused chaos and enlightened trial-and-error, two
descriptions that might warrant further discussion. Students often approach design tasks as trialand-error, but it should be pointed out that in engineering design, the trials are based on
background knowledge and/or research. The shopping cart example in the video is a good
example for the general public because it is a familiar object and the redesign was based more on
the needs and desires of supermarket staff and customers than on scientific principles. While
physics principles certainly were considered in the redesign, that was not the focus and these
were not discussed in the video. A primary reason for this is that IDEO, the company highlighted
in the video, is an industrial design firm rather than an engineering design company. (Describe
the difference.) Again, the important point is for students to understand the design process which
is very similar in both situations and to observe effective communication and collaboration in
action.
Other online video resources for the design process are listed below. It is suggested that these
resources be integrated at appropriate times in the development cycle if it is deemed that they
would be beneficial rather than presenting them in an introductory lesson.
 Examples of various parts of design process can be seen on the Design Squad
website: http://pbskids.org/designsquad/. Specifically, the short (1-2 minute) video
clips showing students engaged in the design process may be helpful to illustrate
isolated parts of the process. These are identified as design process on this page:
http://pbskids.org/designsquad/parentseducators/teachers_guide.html
 General discussion of design process with comparison to scientific method:
http://www.youtube.com/watch?v=6PJTlzY0Aak
After viewing the video, engage the students in a discussion of their observations regarding the
design process and the collaborative process. Some of the concepts they will likely touch upon
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are in the list below. As they describe characteristics of the process introduce the corresponding
terminology for the characteristics. For example, if a student states that the designers had to
consider competing factors such as cost and durability, explain that cost is a constraint and that
durability may be a trade-off to keep costs low. Do not feel compelled to introduce all of these
concepts at the outset; just as engineering is an iterative process, this introduction to engineering
is intended to be iterative. That is, the design process will be considered again after students have
experienced it with an introductory design activity.




Nature of the process
• Iterative
• Non-sequential
• Cooperative effort
• Comparison to scientific method
Concepts
• Requirements and constraints
• Trade-offs
• Modeling
• Prototyping
• Optimization
• Analyzing
• System

It should be made clear to students that there is no single correct or perfect answer in engineering
design. Rather there may be many good designs, each of which may optimize a different
characteristic. Consider cars for example. Essentially, cars are a means of personal
transportation, but there are many designs, with various models optimizing different
characteristics. You might ask students what characteristics are being optimized in different cars,
e.g., Cobra, Toyota Prius, Chevrolet Tahoe. Each of these vehicles provides transportation, but
has unique characteristics that appeal to different people. But, not all designs are equally good.
The Chevy Vega, with its unreliable aluminum engine, and the Ford Pinto, with its vulnerable
gas tanks, are two examples of design failures.
(Basic explanations of terminology and concepts are on page 27, titled Background Information.)
Optionally, the distinction between invention and innovation may be discussed. A pertinent
article (http://wistechnology.com/articles/4184/) describes the difference using an example that
students may relate to: the iPod.
One example is the iPod, which as a standalone product is really not very
inventive. MP3 players had been around for several years before the iPod.
While there may be unique hardware and software aspects to the device, the
fundamental invention of having a handheld MP3 player was not at all new.
What made the iPod truly innovative was its combination of aesthetic design,
elegant ergonomics, and ease of use. Also, there was the creation of the
iTunes software and website that enabled listeners to actually use their fancy
iPod. It is the combination of all these elements that made the iPod truly
innovative.
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Also highlighted in the video are the collaboration and communication that are central to the
success of IDEO, the company being showcased. In the discussion of the video, draw out some
of the characteristics of the collaboration and communication that were shown, including the
following:
• People with a wide range of backgrounds
o Engineers
o Marketing department employees
o Sociologist
• No hierarchy in the groups
o Titles are absent
o Seniority is not a consideration
• Brainstorming guidelines for success
o One conversation at a time
o Stay focused
o Encourage wild ideas
o Defer judgment
o Build on the ideas of others
Additional information related to successful communication should be discussed, including these
suggestions for improving communication skills, especially those listed under “stay positive” and
“listen actively”:
Be Clear
• Make sure you understand what you want to say before you start.
• Explain the context of your point so your listener clearly understands why you're talking
to them. Are you asking for a favor? Are you trying to tell an important fact? Do you
want to know something?
• Use simple words and language to express your point.
Stay Positive
• Phrase your ideas and suggestions in a positive, rather than critical way.
• Be confident. Don't assume that what you have to say isn't worthwhile.
• Keep in mind that a listener's silence doesn't necessarily mean consent or disapproval. It
may just mean that the person needs to think about a response before answering.
Listen Actively
• Make sure you understand what the other person is trying to say. Try paraphrasing
someone's point—"So, what you're saying is..."—and see if you got it.
• Don't get so preoccupied planning what you'll say next that you don't pay attention.
• Keep an open mind. Be flexible about compromises and alternate solutions.
• Make sure you understand someone's point before you react. Speak with self-control—
don't just say the first response that comes to mind.
(From: http://www.collegeboard.com/student/plan/boost-your-skills/9847.html)
Present and discuss one model of the engineering design process (student handout) and explain
that there are many versions of this model. Students should also understand that this model
serves as guidance and that strict adherence to the model is not expected.
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Assign Engineering a Fishy Solution for homework after conducting this lesson.
Background Information: Engineering and the Engineering Design Process
To answer the question: What is engineering?
• Engineering is applying scientific knowledge and mathematical analysis to the solution of
practical problems.
• It usually involves designing and building artifacts.
• It seeks good, and if possible, optimum, solutions, according to well-defined criteria.
• It uses abstract and physical models to represent, understand and interpret the world and
its artifacts.
• It applies well-established principles and methods, adapts existing solutions, and uses
proven components and tools.
(From Engineering Thinking and Rhetoric by John A. Robinson; retrieved online July 17, 2010
from http://www.intuac.com/userport/john/writing/nthinking.html)
Terminology and concepts related to engineering design:
Design – An iterative process conducted within specified constraints to develop products or
systems to satisfy human needs and wants.
Iterative – repetitive; it is expected that the entire design process or subsets of that process will
be repeated to improve upon the design. Unlike trial and error, however, the design process
should be based upon knowledge of underlying concepts and principles.
Requirement – necessary characteristics or capabilities of a product or the expected
characteristics and outcome(s) of a process.
Constraint – limitations faced in the design process; e.g., funding, time, materials, staffing
Trade-off – a compromise of sorts; exchanging one characteristic in return for another; e.g.,
algae species that are available to high school students may be either fast growing or
relatively high producers of oil. A group might decide to use the fast growing algae, trading
off oil production for growth.
Modeling – creating a visual, mathematical, or three dimensional representation in detail of an
object or design, often smaller than the original. Modeling is often used to test ideas, make
changes to a design, and to learn more about what would happen to a similar real object.
Prototyping – creating a model of the product or process
Optimization – working to minimize or maximize some important aspect(s) of a product or
process while meeting all of the design requirements; e.g., maximizing the fuel efficiency of
a car while meeting acceleration, comfort, cost, and safety requirements.
Analysis – Using tools such as analytical models, empirical equations, and experience to predict
the performance or behavior of an object or system throughout the life of the design process.
System – A group of interrelated components designed collectively to achieve a desired goal.
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Memorandum - Confidential
To:
From:
Date:
Re:

Engineering department
Al Granger
4/9/2013
New venture

Addressing global climate change while meeting the world’s growing demands for energy
will require a variety of creative approaches to develop effective solutions. BioFuels
Incorporated is committed to being a key player in this arena and you, our engineers, are
important to our success.
Beginning immediately, we will be exploring growing algae as one approach to reduce CO2
emissions while providing energy. As members of our engineering department, your
assignment is to design and construct a small scale algae farm that will serve as a prototype
for a larger farm or a component of a larger farm if the results of these designs suggest that
this could be cost effective on a larger scale.
Specifically, given the materials available here at BioFuels Inc. or those approved by your
department manager, you will design and construct a small scale algae farm in your teams.
This small scale farm must be able to maximize algae growth under normal classroom
conditions using a candle as a combustion source to provide CO2 to the algae and it must be
a model for a system that would be practical to scale up for use with a fossil fuel burning
power plant. Successful designs will produce noticeable or measureable increases in algae
growth (as captured in photographs or measured using a spectrophotometer) in
approximately 8 days. Aside from the physical design of the farm, several other aspects
should be considered before beginning construction, including:
• Type of algae to use (e.g., freshwater or marine, species)
• Optimizing growing conditions
o Light source and length of “daylight”
o Medium (water, nutrients in which algae will grow)
o Open or closed system
• Active or passive systems
The most successful designs will likely develop in groups with excellent collaboration and
communication skills. Attention to developing and utilizing these skills will benefit your
team and your design.
Your department manager will provide details regarding the timeline and other details. I look
forward to seeing your creative and varied solutions to this challenge.

Prototype: a model of the product or process
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Combustion: the process of burning
Algae Farm – The Details
Your prototype small scale algae farm must be constructed from materials available here at
BioFuels Inc. or those that you may have available and are approved by your department
manager (teacher). The following materials are available through your department manager:
•

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Algae (suggested strains)
o Chlorella vulgaris ($10.40/tube)
o Dunaliella salina ($7.30/tube)
o Haematococcus ($9.25/tube)
o Tetraselmis ($7.30/tube)
Medium for growing fresh water or marine algae (actual cost)
8” or 9” disposable cake pans with clear plastic lids ($0.50 each)
Clear vinyl tubing, assorted sizes ($0.90/ft for narrow diameter; $1.50/ft for wide
diameter)
Sealable plastic bags, quart and gallon size ($0.05 each)
Soft drink or juice bottles, 1- and 2- liter ($1.00 each)
Cotton balls ($0.03 each)
Tape ($0.02/inch)
Clamps – test tube, thermometer, or C-clamps (actual cost)
Light source (actual cost)
Magnetic stirrer (if available)
Balloons, helium quality ($0.10 each)
Rubber tubing ($1.90/ft)
Glass funnels ($10.00 each)
Large plastic syringes ($5.00 each)
Glass plates ($3.00 each)
Straws ($0.02 each)
Large beakers ($8.00 each)
Other materials: actual cost

This algae farm must include some means of delivering the exhaust gases (CO2) from a
combustion source to the algae. In the case of the prototype, the combustion source will be a
burning candle. The materials for this adaptation will come from the list above unless provided at
no cost and approved by your department manager.
After 6-8 days of observation (not to include weekends), the designs will be evaluated on the
basis of algal growth, the practicality of scaling the farm up to full size, and the cost of the
prototype. While this is the endpoint observation for the first prototype, it is expected that group
members will be considering possible revisions to their designs throughout the growing stage so
the redesign and building process that will occur at the end of the first iteration will be efficient.
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Deep Dive Video Viewing Worksheet
Answer each of the questions in the space provided.
Previewing: What do engineers do? What is their workplace like?

While watching the Deep Dive video, complete the table below with phrases and examples.
Activities the team(s) are engaged in

Characteristics of effective collaboration and
communication

Other observations and characteristics of the teams:
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After watching the video describe what each of these terms means as it relates to the design
process shown in the video.
Iterative

Prototyping

Requirement

Optimization

Constraint

Analyzing

Trade-off

Invention

Modeling

Innovation

What is the benefit of having a group of people working together with different backgrounds and
areas of expertise?

How are design problems different from textbook and test problems that are assigned at school?
In your answer, consider the types of problems they are, how they are solved, and how many
correct answers they have.
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From: Teach Engineering
www.teachengineering.com
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Engineering a Fishy Solution
In the Deep Dive, a group of employees at a design company worked on the redesign of a
shopping cart. The process they used to arrive at a prototype and their communication and
collaboration techniques were highlighted. In this assignment, you will become more familiar
with the design process from an engineering perspective. That is, analyzing a problem to address
a human need by using science concepts and modeling. For this introduction, you will not need
to solve the problem, but you will analyze the problem and a solution proposed by another group.
The following design brief describes a problem and a possible solution. The questions that
follow are related to the brief and the prototype that was designed by one group working on the
problem. Read the design brief below and answer the questions in the space provided.
Design Brief
Introduction:
Rising prices of energy, changing global climate, and rising prices of food have caused
malnutrition and conflict throughout the world, particularly in developing nations. Farming in
many locations can be challenging due to inadequate resources such as water and fertile land, as
well as the cost of fertilizer and farming equipment. A solution is needed that will allow small
communities to obtain food by growing food locally, inexpensively, and in a manner that can be
sustained over a long period of time. A possible solution is aquaponics. This is a self-contained
system that is described in more detail below that will allow people to grow crops such as beans
and greens while also raising fish such as trout or tilapia.
Systems like this could be useful in developing countries where people may be limited to
eating grains in order to survive. By allowing them a means of growing fresh vegetables and
raising fish, people in these regions can improve their diets, which can improve their health and
standard of living.
Background Information:
Aquaponics is the combination of aquaculture (fish farming) and hydroponics (farming without
soil). In aquaponics, the nutrient-rich water that results from raising fish provides a source of
natural fertilizer for the growing plants. The nutrient-rich waste from the fish is broken down by
bacteria. The nutrients can then be used by plants. For this system to be successful, three types of
organisms must be kept alive - fish, plants and bacteria. And as a result, a sustainable ecosystem
where both plants and fish can thrive is created that will provide fresh fish and vegetables yearround with little maintenance.
Problem Statement:
Develop an aquaponic system capable of sustaining plant and animal life using appropriate
technologies that takes advantage of the relationship among organisms. The final solution should
be large enough to sustain 50 plants using the nitrogen created from a population of fish and
bacteria.
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Name __________________________________

Period_____ Date_______________

1. Define the problem in your own words.

2. Identify two requirements and two constraints that are specific for this problem.
Requirements:

Constraints:

3. Identify three questions that you would need to research before designing your aquaponic
farm.

4. Some of the steps in the design process for the aquaponic farm are shown below. Review the
steps and view the animation.

The collaborative process
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The design of the prototype.
Animation of a similar prototype bathtub aquaponic farm can be found here:
http://www.ecofilms.com.au/bathtub-aquaponics/
5. After reviewing the design drawing above and the animation of the prototype, identify a
requirement that has not been met in either design and a requirement that has been
prioritized.
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6. Identify the term in engineering design that describes the compromises made to optimize one
aspect of the design at the expense of another aspect.

7. In a redesign of the aquaponic system, what one modification would you make to this
system?
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Name ____Key___________________________

Period_____ Date_______________

1. Define the problem.
Design a self-sustaining system for raising fish and crops that uses the waste from the fish to
fertilize the plants and doesn’t use soil.

2. Identify two requirements and two constraints that are specific for this problem. (Answers
will vary.)
Requirements:
System must support 50 plants
Must include fish, plants, and bacteria
Self-sustaining system

Constraints:
No soil
No artificial fertilizer
Time, money, materials (not specific to this problem, but constraints in all design problems)

3. Identify three questions that you would need to research before designing your aquaponic
farm. (Answers will vary.)
What type of fish can be used for this design?
How many fish are needed to support 50 plants?
What conditions must be maintained in the water for survival of fish and plants?
How to keep the right type and amount of bacteria in the system?
What type of crop plants can be grown in this system?

4. Some of the steps in the design process for the aquaponic farm are shown below. Review the
steps and view the animation.

5. After reviewing the design drawing above and the animation of the prototype, identify a
requirement that has not been met in either design and a requirement that has been optimized.
(Answers will vary.)
Neither design shows 50 plants being supported.
Movement of water containing nutrients has been optimized.
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6. Identify the term in engineering design that describes the compromises made to optimize one
aspect of the design at the expense of another aspect.
Trade-off

7. In a redesign of the aquaponic system, what one modification would you make to this
system?
Answers will vary. Accept all reasonable responses.
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From: Teach Engineering
www.teachengineering.com
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Day 4: Practicing Design
Overview
In this lesson, students will be engaged in an introductory engineering design activity that will
allow them an opportunity to apply the process with a scenario that will contribute to the primary
design activity in the module, the algae farm. They will design a device and/or process that will
feed the combustion gases from a burning candle into the environment of an aquatic plant,
Elodea. This device or process will eventually be used or adapted for their algae farms.
Developing a successful product or process is important, but equally important is having students
reflect on the process, including the communication and collaboration skills required to have a
successful design. Have students consciously adapt some of the techniques they observed in The
Deep Dive with their groups and consider how the engineering design process can best be
employed in their group interactions and design work.
Objectives
Students will be able to:
1. Apply the engineering design process to a narrowly focused problem.
2. Make their thought processes apparent.
Materials and Resources
•
•
•
•
•
•
•
•
•
•

2-3 containers with a sprig of Elodea in water with a small amount of bromothymol blue
added to detect the presence of CO2 in the testing phase (e.g., large beaker, large test
tube, small flask)
Candles
Matches, both standard and long wooden
Balloons
Vinyl tubing
Glass funnels
Large plastic syringes
Glass plates
Straws
Large beakers

Curriculum Standards
National Science Education Standards
•
•

Science and Technology
o Abilities of technological design
o Understandings about science and technology
Science in Personal and Social Perspectives
o Science and technology in local, national, and global challenges
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New Jersey Core Curriculum Content Standards
8.2 Technology
• Strand B: Design: Critical Thinking, Problem Solving, and Decision-Making
Activities
Teacher Notes
Inform students that they will have an opportunity to engage in the engineering design process to
decrease the carbon footprint by creating an algae farm. Discuss with students what algae are and
that algae perform photosynthesis. Today students will design one component of the algae farm.
Have students refer to the Memorandum distributed to them on Day 3 to point out that one
requirement of the algae farms that they will eventually design and construct is the ability to
introduce the combustion gases from a burning candle into the farm. You may want to provide
students with a general equation for the combustion of a hydrocarbon: Wax is made of
hydrocarbons and when combined with oxygen, carbon dioxide and water vapor are produced
with the release of energy.
To provide an opportunity to practice the design process and to begin thinking about components
of the algae farm, students will design a device and/or process that could be used to introduce the
combustion gases from a burning candle to the Elodea’s environment. Show students the
containers of Elodea. Pose questions regarding why they would want to do this, aside from the
fact that it is a requirement for the algae farm. That is, why would it be beneficial to introduce
combustion gases to the Elodea and algae? (Draw out the fact that combustion gases are in large
measure carbon dioxide gas, which plants use for photosynthesis, adding mass. This is beneficial
to the plant and to the global ecosystem if atmospheric CO2 can be reduced or stabilized. Review
the equation for photosynthesis at this point stressing why the input of CO2 is important to the
algae.)
And, explain to students that in order for them to better understand the requirements of plants,
they will be working with the water plant Elodea for a few days. This plant will serve as a model
for algae. Ask students why scientists use models in design.
In addition to solving this design challenge, as they work through this problem, students should
think about the design process, their strategies for collaboration and communication, in addition
to the direct assignment of supplying the Elodea with a rich source of carbon dioxide. Provide
students with the handout Practicing Design: CO2 Capture and/or Transfer and the materials
they may use for their designs and have them decide on a design by the end of the period. (This
is intended to be a relatively quick first design experience. Students will have an opportunity to
redesign this device and/or procedure when they design and construct their algae farms. If time is
being limited for this design cycle, be specific in advance to define time as a constraint that
cannot be breached without personal sacrifice. Ask students when it may be appropriate for an
employer to ask a design team to stay late (after school or a lunch period) to achieve their goal.
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If students feel lost about what may be important in designing the system for delivering carbon
dioxide, you may guide them to consider the density of carbon dioxide and other gases, and the
ability to provide a source of oxygen to keep the combustion reaction going,
Notes on grouping: Teachers may choose to assign students to groups so they have to work with
different people to teach them about collaboration or you can have students put themselves into
groups. To avoid students teaming up with only their friends you could ask them to group using
different expertise bases, such as was done in the Deep Dive. For example, students may be
asked to determine which of their classmates they felt were the most creative in the class. Each
of these students could then be put into a different group. For time considerations, it is helpful to
have determined groupings before the actual design day. This gives each group a chance to do
some outside research.
Notes on assessment: Teachers may choose to assess the design activity in numerous ways.
Some suggestions include having students present their design to the class demonstrating the
delivery of carbon dioxide and having a class discussion to talk about the advantages and
limitations of different systems. It is suggested that teachers also collect the design worksheet
provided and score it. A rubric is provided to score both the CO2 delivery system design and the
algae farm. In lieu of using the rubric, a completion score could be provided. Another method
would be to not score the design, but use it to provide individual or group feedback of things to
consider in the algae farm design.
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Name __________________________________
CO2 delivery
system

Beginnning
1

Developing
2

Accomplished
3

Exemplary
4

Score

Teacher
Scoring

Rank
Teammates
Team
Contribution
Research
and Gather
Information

Does not
collect any
information
that relates to
the topic.

Share
Information

Does not
relay any
information to
teammates.

Punctual
(Includes
research,
participation)
Fulfill their
role on the
team

Does not
hand in any
assignments.

Contributes
ideas to the
design

Does not
perform any
duties of
assigned
team role
Does not
contribute any
ideas

Participates
in student
presentation

Does not
speak during
the project
presentation

Value others’
viewpoints

Listen to
other
teammates

Cooperates
with
teammates

Usually
argues with
teammates.

Collects
very little
information-some
relates to
the topic.
Relays very
little
information-some
relates to
the topic.
Hands in
most
assignments
late.
Performs
very few
duties.

Collects some
basic
information-most relates to
the topic.

Collects a
great deal of
information-all relates to
the topic.

1)
2)
3)
4)

Relays some
basic
information-most relates to
the topic.

Relays a
great deal of
information-all relates to
the topic.

1)
2)
3)
4)

Hands in most
assignments
on time.

Hands in all
assignments
on time.

Performs
nearly all
duties.

Performs all
duties of
assigned
role.

1)
2)
3)
4)

Contribute
ideas that
are off task

Contributes
several
different ideas

1)
2)
3)
4)

Either gives
too little
information
or
information
which is
irrelevant to
topic.
Usually
doing most
of the
talking-rarely allows
others to
speak.
Sometimes
argues.

Offers some
information-most is
relevant.

Contributes
ideas and
actively
listens to the
ideas of
others
Offers a fair
amount of
important
information-all is relevant.

Listens, but
sometimes
talks too much.

Actively
listens and
speaks a fair
amount.

1)
2)
3)
4)

Rarely argues.

Never argues
with
teammates.

1)
2)
3)
4)
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Makes Fair
Decisions

Project
Evaluation
Carbon
dioxide
delivery
system

Usually wants
to have things
his/her way.

Often sides
with friends
instead of
considering
all views.

Usually
considers all
views.

Always helps
team to reach
a fair
decision.

Prototype
does not
deliver CO2
(does not
change BTB
color)

Prototype
delivers
some CO2
Some
change in
BTB color

Prototype
delivers CO2
change in BTB
color, but not
in 5 minute
time

Prototype
delivers CO2
change in
BTB color
within 5
minute time.
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Name __________________________________

Period_____ Date_______________

Practicing Design: CO2 Capture and/or Transfer
1. In the table below, list what you know about the design problem that will be important in
creating a successful design. Then list what you need to know about the problem, about
carbon dioxide or the materials to create a solution.
What You Know

Information or Skills You Need

2. Research the information that you need to know to solve this design problem. In the space
below, summarize what you learned from your research.
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________

Copyright © 2011 Stevens Institute of Technology, Center for Innovation in Engineering and Science Education
All Rights Reserved.

Page 45 of 95

3. In the boxes below, make several labeled sketches for possible solutions.

4. Circle the design above that your group has selected for the prototype.
5. In the space below, explain your group’s reasons for selecting this design.
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________

6. Build and test your prototype transfer device or method.
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7. In the table below list any design or construction problems that were noted during the
building and testing stages and list improvements that might be made to correct each design
problem.
Type of
Problem
(Design or
Construction)

Problem Description

Suggested Improvements

8. What improvements, if any, would you make if you had an opportunity to redesign your
device or method?
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
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9. What constraints (limitations) were posed by the design challenge involved in this activity?
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________

10. Consider the design process you used to create this device or method. Compare and contrast
this design process with the scientific method.

___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
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Days 5-6: Build and Test
Overview
As an introduction to engineering design, this lesson is intended to provide students with direct
experience with a focused design experience before engaging in a complex problem. Students
should be consciously thinking about the design process and collaboration and communication
techniques as they solve the problem.
Objectives
Students will be able to:
1. Evaluate their designed devices and procedures against the requirements and constraints
of the design task, particularly with respect to optimizing CO2 delivery to an aquatic
plant.
Materials and Resources
•

Refer to the list of materials for Day 4

Curriculum Standards
National Science Education Standards
•
•

Science and Technology
o Abilities of technological design
o Understandings about science and technology
Science in Personal and Social Perspectives
o Science and technology in local, national, and global challenges

New Jersey Core Curriculum Content Standards
8.2 Technology
• Strand B: Design: Critical Thinking, Problem Solving, and Decision-Making
Activities
(Teacher Notes)
Before students construct and test their devices and procedures, discuss with them how they will
evaluate the success of their designs. Using a straw, demonstrate the color change that occurs
when you blow into a small beaker containing bromothymol blue (BTB). Ask students what is
present in exhaled air that is either not present in the atmosphere or is present in higher
concentrations. Since the BTB has been exposed to the atmosphere without undergoing a color
change, something in exhaled air must be causing the color change. (Both water vapor and CO2
are present in higher concentrations in exhaled air. As the BTB is an aqueous solution of solid
BTB, the CO2 and not the water vapor must be causing the change. Explain that BTB is an acid–
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base indicator and that CO2 forms an acid, carbonic acid, when dissolved in water and that it is
this acidification that causes the color change. Although this module does not discuss the
environmental impact of increased CO2 on aquatic ecosystems as a result of acidification as
demonstrated in this example, students may ask about or be aware of the impact.)
Discuss how a color change of the BTB solution will allow students to evaluate their designs
with respect to increasing the carbon dioxide concentration in the Elodea’s environment. Allow
students to construct and test their designs. The handout for this design activity should be
completed for homework, although a couple of days might be allowed because students should
complete the pre-lab assignment for Three Organisms and Carbon Dioxide for the next class
day.
A follow-up discussion of the activity, the design process, and communication and collaboration
should occur at some point after students have completed the activity and the handout. This
could be done at the beginning after the Three Organisms and Carbon Dioxide activity. An
example of the comparison between engineering design and the scientific method is below.
Science

Engineering

Identify a question

Define a problem

Research the question
Generate ideas

Research the problem
Generate possible solutions

Formulate a hypothesis
Conduct an experiment

Create a prototype
Test the prototype

Communicate results
Identify a new question

Present product
Redesign

One major difference between science and engineering that is not obvious from the table above
is the reason for engaging in either discipline. Students should know that the goal of science is to
understand the natural world, to discover new knowledge about the universe (and all its living
things) and how it works, while engineering takes that knowledge and applies it to solve practical
problems that address human needs or desires. There is significant overlap between the two
fields and the processes involved but there are also some important differences.
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Days 7-8: Lab Investigation: Three Organisms and Carbon Dioxide
Overview
Two hands-on lab activities and a multi-day demonstration will engage students in investigating
gas exchange in Elodea, yeast, and bacteria as well as introducing the concept of optimal
conditions for organisms.
Objectives
Students will be able to:
1. Collect and analyze data in hands-on lab investigations to test their hypotheses regarding
gas exchange in specific organisms and optimal growing conditions.
Materials and Resources
•
•

•

•

•

Photocopies of the lab sheet Three Organisms and Carbon Dioxide (Distribute at least
one day prior to performing the lab)
Materials for combustion demonstration
o Test tube and cap or parafilm
o Test tube rack
o Bromothymol blue solution
o Wood splint
o Bunsen burner or matches
Materials for decomposer demonstration
o Two Erlenmeyer flasks (125 or 250 mL)
o Small test tube
o Straw
o Modeling clay
o Bromothymol blue solution
o Decomposition matter (e.g. compost, leaves, grass, apple)
Lab materials shared at each table or in a central location for the class
o Balances
o Grow lights or 60-watt light fixtures
o Hot plate(s)
Lab materials for each pair of students
o Test tubes or vials with caps – 4
o Bromothymol blue solution to fill 4 tubes (1:20 dilution of 0.04% solution from
supplier to water)
o Drinking straw
o Elodea 2 pieces
o 250 mL Erlenmeyer flasks – 3
o Balloons to fit the mouth of the flasks
o Yeast – 6 g
o Table sugar – 12 g
o Water heated to 40°C and 70°C
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Curriculum Standards
National Science Education Standards
•
•

Life Science
o Interdependence of organisms
o Matter, energy, and organization in living systems
Science as Inquiry

New Jersey Core Curriculum Content Standards
•
•

Standard 5.1B: Science Practices: Generate Scientific Evidence Through Active
Investigations
Standard 5.3 Life Science
o Strand B: Matter and Energy Transformations
o Strand C: Interdependence

Activities
(Teacher Notes)
Combustion Demonstration: Perform the Combustion demonstration as follows:
Place a test tube containing 3-4 mL of BTB (basic blue form) in a test tube rack. Have a cap or
parafilm to cover the test tube nearby. Light a wood splint and insert the burning wood splint into
the test tube above the BTB. When the flame goes out, remove the wood splint from the test tube
and cover the tube. Shake the test tube to mix the BTB with the gas in the tube. The BTB should
turn yellow.
Ask students what can be concluded from their observations. (Drawing on their knowledge from
the previous day’s exhaled air demonstration, students should conclude that carbon dioxide is
produced when the wood splint burns.) Explain that in combustion reactions, the atoms in the
material being burned combine with oxygen. When the material being burned contains carbon, as
does the candle and anything that was once living, like a fireplace log or gasoline (a fossil fuel),
carbon dioxide is produced. These carbon-containing materials are referred to as organic
compounds and this combustion reaction can be represented as follows:
organic compound + O2 → CO2 + H2O
Decomposer Demonstration: This demonstration provides evidence for the role of
decomposition in the carbon cycle and allows for a discussion comparing decomposition and
respiration based on observations. The demonstration will show that CO2 is given off during
decomposition. (Note: A similar demonstration is often performed to show a decrease in mass
during decomposition, but the loss in mass for the demonstration as it is usually done is primarily
due to water loss. Rather than trying to show the change in mass, students can be asked to predict
whether there would be a change in mass and to explain why.) It is suggested that this be set up
on Day 2 and an initial discussion and data collection occur at that time. Additional data can then
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be collected on a daily basis and a final discussion held with the discussion of the Three
Organisms and Carbon Dioxide investigation.
Set up a flask with plant material for decay (compost, leaves, grass, even an apple will work). To
hasten this process with little advance preparation, obtain compost from another source, e.g.,
recycling center, to which fresh materials for decomposition may be added. Seal the container
with a one-holed rubber stopper and glass bend or modeling clay and a flexible straw emanating
from the top. The glass bend or straw is to be inserted into a tube with BTB solution. This tube
must also be sealed.
Data and observations should be recorded every day until noticeable changes occur. A color
change in the BTB from blue to yellow should be observed in the closed system. These
observations can be discussed as they are recorded and should be tied into the discussion of the
lab investigation Three Organisms and Carbon Dioxide.
Discussion: Discuss the pre-lab questions briefly and provide logistical information regarding
the materials and procedures for the lab before students perform the investigations. The
decomposer demonstration will be set up in advance; data will be collected and observations
made over several days.
Three Organisms Lab Activity: Options for implementation
1. For the yellow version of Elodea procedure, teacher can make yellow BTB prior to class
instead of having each group make their own.
2. The teacher could demonstrate both Elodea versions and have students discuss and record
results in data tables at culmination of activity. Student groups would perform yeast
experiments on their own and discuss results in post-lab discussion. After discussion,
groups answer analysis questions based on all data gathered.
3. Activity could be implemented as a jigsaw. Half of the groups could set up Elodea
versions and the other half could set up yeast versions. Each group records their own
data. In post-lab discussion Elodea groups discuss their data and share with yeast groups
and vice versa. After discussion groups answer analysis questions based on all data
gathered.
4. Activity could be set up one day and results gathered the next day.
5. Technology can be introduced as a data collection option. Students can use cell phones to
take pictures of results of each experiment, email them to themselves and import them
into their lab report document. If this technique is to be used, it should be approved by
school administration in advance.
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Results from the yeast experiment:
1, 5, and 10 g sugar from left to right
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Name __________________________________

Period_____ Date_______________

Lab Investigation: Three Organisms and Carbon Dioxide
Introduction
Carbon dioxide is an important component of our atmosphere and an integral part of life
processes. In this investigation, you will compare how this gas figures into those processes for
three organisms under different circumstances.
Pre-lab Questions
1. In the demonstration of blowing exhaled air through a solution of bromothymol blue (BTB)
what color change occurred? What does this color change indicate? How do you know?

2. Write a hypothesis regarding the color of the BTB after several days.

3. Review the two Elodea procedures (blue and yellow versions). What is being investigated in
each version that makes them different?

4. Propose hypotheses for each of the Elodea procedures. Support each hypothesis with a
statement explaining why these results are expected.
Blue version:
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Yellow version:

5. What is the purpose of the balloons being used in the two yeast procedures?

6. Propose hypotheses for each of the yeast procedures.
Temperature version:

Sugar version:

Elodea Procedure – Blue Version

Label 4 test tubes or vials with
group ID and “light” or “dark”
(2 “light” and 2 “dark”)

Fill 4 test tubes with blue form
of bromothymol blue (BTB)

Place a piece of Elodea into 2
of the tubes; one labeled
“light,” the other “dark”

Tightly seal all tubes

Place one tube with
Elodea and one without it
under light

Place one tube with
Elodea and one without it
in the dark

Record observations after 25 minutes
Perform Yeast Procedure while waiting
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Elodea Procedure – Yellow Version

Label 4 test tubes or vials with
group ID and “light” or “dark”
(2 “light” and 2 “dark”)

Determine the volume of the
test tube being used for this
investigation

Pour yellow BTB into the four
test tubes

Place a piece of Elodea into 2
of the tubes; one labeled
“light,” the other “dark”

Tightly seal all tubes
Multiply the volume by 4
(Four test tubes will be filled)
Place one tube with
Elodea and one without it
under light

Place one tube with
Elodea and one without it
in the dark

Measure this volume of
bromothymol blue (BTB) and
pour it into a beaker or flask
Record observations after 25 minutes
Perform Yeast Procedure while waiting
Using a straw, blow gently into
the BTB until it turns yellow
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Yeast Procedure – Temperature Version
Label 3 Erlenmeyer flasks with
the following temperatures:
room temp., 40°C, 70°C

Place 3 g of sugar in each of
the flasks

Carefully stretch the mouth of
a balloon over each of the
mouths of the flasks, being
careful not to allow the yeast to
fall into the flask

Place the two flasks with
heated water into water baths
at the respective temperatures

Place 0.5 g of yeast in each of
three balloons

Add 50 mL of room temp. or
heated water and 3-4 drops
concentrated BTB to the flasks

Swirl the flasks until the sugar
dissolves

Lift the three balloons
simultaneously, allowing the
yeast to fall into the flasks

Record observations every 5
min. for 30 minutes

Yeast Procedure – Sugar Version
Label 3 Erlenmeyer flasks with
the following sugar amounts:
1g, 5g, 10g

Carefully stretch the mouth of
a balloon over each of the
mouths of the flasks, being
careful not to allow the yeast to
fall into the flask

Place the corresponding
amounts of sugar in the flasks
Place the flasks in a water bath
at 40° C
Add 50 mL of water at 40°C
and 3-4 drops concentrated
BTB to each of the flasks

Swirl flasks until sugar
dissolves

Place 0.5 g of yeast in each of
three balloons

Lift the three balloons
simultaneously, allowing the
yeast to fall into the flasks

Record observations every 5
min. for 30 minutes
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Data and Observations:
Decomposition Demonstration
Day

Observations

Elodea Procedure
Blue Version
Under the light

In the dark

Yellow Version
Under the light

In the dark
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Yeast Procedure
Temperature Version
Temperature
(°C)

Observations

Sugar Version
Mass of
sugar (g)

Observations

Concluding questions:
1. Which of these organisms consume carbon dioxide? How do you know?

2. Which of these organisms release carbon dioxide? How do you know?
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3. Do any of these organisms both consume and release carbon dioxide?
If so, which one(s) and under what conditions is CO2 consumed and under what conditions is
it released?

If not, which one(s) and how does carbon from the atmosphere become part of the molecules
that make up those organisms?

4. How are the processes of combustion and cellular respiration similar? How are they
different?
Similar:

Different:

5. How can the results of these experiments be used to make decisions about the design of the
algae farm?
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Day 9: Virtual Lab: Optimizing Photosynthesis
Overview
The most successful algae farms that students will be designing and constructing will be those
that optimize the growth of algae. The intent of this lab is to focus the students’ attention on the
requirements of photosynthetic organisms so students consider these conditions and optimize
them in their algae farms.
This activity is less structured than the hands-on investigations just completed in that students
must design their investigations of light color, and intensity, and level of carbon dioxide to
maximize the rate of photosynthesis in Elodea. As a virtual lab, it allows for many trials in a
short period of time and reconsideration of their procedures in the event they have not controlled
all of the variables apart from the one of interest.
Objectives
Students will be able to:
1. Test their hypotheses regarding the optimal carbon dioxide level, and light intensity and
color on the rate of photosynthesis in Elodea using an online simulation.
Materials and Resources
•
•
•

Copies of student handout: Virtual Lab: Optimizing Photosynthesis
Computers with Internet access (Ideally each student will have a computer, but they may
work in pairs if there are not enough computers.)
Copies of Algae Selection Activity for homework; provide url for students to access the
Doubling Rate spreadsheet

Curriculum Standards
National Science Education Standards
•
•

Life Science
o Matter, energy, and organization in living systems
Science as Inquiry

New Jersey Core Curriculum Content Standards
•
•

Standard 5.1B: Science Practices: Generate Scientific Evidence Through Active
Investigations
Standard 5.3 Life Science
o Strand B: Matter and Energy Transformations
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Activities
Ask students to consider the requirements of their algae farms and ask them to list these
requirements. Lead them to including the implied requirement that maximizing algae growth is a
goal if not a specified requirement. Ask students how this activity will benefit them in designing
their algae farms. (They should be familiar with the lab as a result of completing the pre-lab
assignment for homework.)
Have students complete the virtual lab either individually or in pairs. If it is necessary to have
students working in pairs reinforce the importance of employing the collaboration and
communication skills that they observed and discussed in The Deep Dive lesson.
Alternatively, this can be assigned for homework. If some students do not have a computer or
Internet access at home, be certain to assign it well in advance of when it is to be discussed in
class so students will have an opportunity to use a computer at school during their free time.
The Algae Selection Activity that is to be assigned as homework expects students to consider the
requirements and constraints related to the algae farm. Students naturally want to select the algae
that have the highest growth rate, but they should also consider the growth requirements for the
algae and the conditions that are easily maintained in the classroom. Students will select different
strains of algae depending on which of these factors they consider. If they consider all of the
factors and corresponding data, they should conclude that Tetraselmis is the best algae to use for
this set of conditions.
A note about units in the Algae Selection Activity: No units are listed for light intensity or the
salt concentration of the medium to preclude a discussion and possible misunderstanding or
overemphasis on the meaning of those units. The units for light measurement are the same for
each strain and a standard unit. It is important to note that the light intensity for Dunaliella is
approximately 10 times greater than for any of the other strains listed. This should raise a
question in the students’ minds regarding the ability to grow these algae in the classroom, and on
a large scale, the cost of maintaining this level of light for optimal growth.
For the medium, students’ considerations should go beyond the classroom situation. Certainly on
a small scale, it may make little difference whether fresh or salt water is used. But when the
algae farm is scaled up, it will require a significant amount of water, perhaps straining an already
limited supply of freshwater if a strain of algae is selected that requires freshwater.
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Name __________________________________

Period_____ Date_______________

Virtual Lab: Optimizing Photosynthesis
The diagram below shows an image from an online simulation of a water plant, Elodea, in an
apparatus where three environmental conditions can be controlled. This simulation will be used
to investigate the impact of these variables on the rate at which photosynthesis occurs. The three
variables are:
• Color of the light shining on the plant
• Level (or intensity) of light directed at the plant
• Level (or amount) of CO2 in the air surrounding the plant
Review the diagram below, including the directions for controlling the three variables and
determining whether they will have an impact on the rate of photosynthesis.
Water Weed (Elodea) Simulation

Bubbles will appear
here to indicate that
photosynthesis is
occurring.

Move this slider to
adjust the level
(intensity) of light
shining on the plant.

Select X1 for the process
to occur in real time or X5
to have it occur five times
faster than real time.

Move this slider to
adjust the level of
CO2 available to the
plant.

Click on the – or +
to change the color
of light shining on
the plant.

Pre-lab Questions
Answer the following questions based on your understanding of photosynthesis and the
information provided for the simulation.
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1. Which two variables are controlled in a similar manner?

2. How can you get the results to the investigation faster?

3. How will you be able to determine the rate of photosynthesis in this simulation?

4. Write the chemical equation for photosynthesis in the space below.

5. What gas do the bubbles that appear in the simulation represent?
6. Write a hypothesis for each of the controlled (or independent) variables in this simulation. Be
certain to include both a statement of what you would expect the impact to be for each
variable on the rate of photosynthesis (the number of bubbles appearing in a set period of
time) and the reason it would have this impact.
a. Color of light:

b. Level (or intensity) of light:

c. Level of CO2:

7. Describe how you would investigate the impact of different CO2 levels on the rate of
photosynthesis. Include in your explanation any variables that would be kept constant and
any that you would change.
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The conditions and results of each of your trials will automatically appear in a data table on the
website. An example of the data table is shown below. Remember to copy the data before closing
the page.
Trial
number

Level of
CO2 and light

Color of
light

Number
of bubbles

Data collection:
Now go to the website and collect data to test each of the three hypotheses you wrote for
question #6. Data tables are provided for you to record the results of each of your trials (runs) but
note that YOU must decide how much data to collect. Depending on the approach that you take,
you may not need to fill the data tables or you may need to continue the data table(s) on separate
paper. Collect as much data as needed to be able to write a conclusion that you can adequately
defend.
http://www.saddleworth.oldham.sch.uk/science/simulations/waterweed.htm
Data Table 1: Impact of the COLOR OF LIGHT on the Rate of Photosynthesis
Run

CO2

Light

Filter

Count
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Data Table 2: Impact of the LIGHT INTENSITY on the Rate of Photosynthesis
Run

CO2

Light

Filter

Count

Data Table 3: Impact of the LEVEL OF CO2 on the Rate of Photosynthesis
Run

CO2

Light

Filter

Count

Conclusion questions:
1. Write a conclusion discussing the impact of each factor on the rate of photosynthesis. In your
conclusion, state what effect that factor has on photosynthesis, include evidence from your
investigation, and explain why it would have that effect based on your knowledge of
photosynthesis.
a. Color of light
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b. Light intensity

c. Level of CO2

2. A student wants to grow and sell Elodea (the water weed) for people to use in their home
aquaria.
a. What conditions of light and CO2 (both color and intensity) would you suggest this
student use to optimize the growth of this water plant?

b. Is there anything else the student would need to optimize growth? Justify your answer.

3. Cutting down a large number of trees in forested areas contributes to global climate change.
What is one reason that cutting down trees would increase the greenhouse effect?

4. Using what you have learned from this simulation about photosynthesis, discuss the factors
you will need to consider when designing your algae farm.

5. How do the results from this simulation inform your algae farm design decisions?
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Name ____Key____________________________ Period_____ Date_______________
Virtual Lab: Optimizing Photosynthesis
The diagram below shows an image from an online simulation of a water plant, Elodea, in an
apparatus where three environmental conditions can be controlled. This simulation will be used
to investigate the impact of these variables on the rate at which photosynthesis occurs. The three
variables are:
• Color of the light shining on the plant
• Level (or intensity) of light directed at the plant
• Level of CO2 in the air surrounding the plant
Review the diagram below, including the directions for controlling the three variables and
determining whether they will have an impact on the rate of photosynthesis.
Water Weed Simulation

Bubbles will appear
here to indicate that
photosynthesis is
occurring.

Move this slider to
adjust the level
(intensity) of light
shining on the plant.

Select X1 for the process
to occur in real time or X5
to have it occur five times
faster than real time.

Move this slider to
adjust the level of
CO2 available to the
plant.

Click on the – or +
to change the color
of light shining on
the plant.

Pre-lab Questions
Answer the following questions based on your understanding of photosynthesis and the
information provided for the simulation.
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1. Which two variables are controlled in a similar manner?
Light intensity and level of CO2
2. How can you get the results to the investigation faster?
Select (or click on) the X5 radio button

3. How will you be able to determine the rate of photosynthesis in this simulation?
By the bubble count
4. Write the chemical equation for photosynthesis in the space below.
light

CO2 + H2O → C6H12O6 + O2
5. What do the bubbles that appear in the simulation represent? Oxygen
6. Write a hypothesis for each of the controlled (or independent) variables in this simulation. Be
certain to include both a statement of what you would expect the impact to be for each
variable on the rate of photosynthesis (the number of bubbles appearing in a set period of
time) and the reason it would have this impact.
d. Color of light:
Accept reasonable responses (This one may be the most difficult for students because
they may not have an adequate background in physical science.)
e. Level (or intensity) of light:
Accept reasonable responses that include justification

f. Level of CO2:
Accept reasonable responses that include justification

7. Describe how you would investigate the impact of the CO2 level on the rate of
photosynthesis. Include in your explanation any variables that would be kept constant and
any that you would change.
Description should indicate that the student will select a light color and intensity that will be
kept constant throughout the procedure and that CO2 level will be varied with each run of the
investigation. Some indication should be included regarding the number of runs and/or the
range over which data will be collected.
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The conditions and results of each of your trials will automatically appear in a data table on
the website. An example of the data table is shown below. Remember to copy the data before
closing the page.
Trial
number

Level of
CO2 and light

Color of
light

Number
of bubbles

Data collection:
Now go to the website and collect data to test each of the three hypotheses you wrote for
question #6. Data tables are provided for you to record the results of each of your trials (runs) but
note that YOU must decide how much data to collect. Depending on the approach that you take,
you may not need to fill the data tables or you may need to continue the data table(s) on separate
paper. Collect as much data as needed to be able to write a conclusion that you can adequately
defend.
http://www.saddleworth.oldham.sch.uk/science/simulations/waterweed.htm
Data Table 1: Impact of the COLOR OF LIGHT on the Rate of Photosynthesis
Run

CO2

Light

Filter

Count
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Data Table 2: Impact of the LIGHT INTENSITY on the Rate of Photosynthesis
Run

CO2

Light

Filter

Count

Data Table 3: Impact of the LEVEL OF CO2 on the Rate of Photosynthesis
Run

CO2

Light

Filter

Count

Conclusion questions:
1. Write a conclusion discussing the impact of each factor on the rate of photosynthesis. In your
conclusion, state what effect that factor has on photosynthesis, include evidence from your
investigation, and explain why it would have that effect based on your knowledge of
photosynthesis.
a. Color of light
Green light is least effective for photosynthesis; white light is most effective (Data should
be included that support the student’s conclusion.)
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b. Light intensity
The rate of photosynthesis increases as the intensity of the light increases. (Data should be
included that support the student’s conclusion.)

c. Level of CO2
The rate of photosynthesis increases as the level of CO2 increases. (Data should be
included that support the student’s conclusion.)

2. A student wants to grow and sell Elodea (the water weed) for people to use in their home
aquaria.
a. What conditions of light and CO2 (both color and intensity) would you suggest this
student use to optimize the growth of this water plant?
Based on the results of this investigation, an appropriate response is that the student
should use white light of highest intensity and the greatest possible CO2 level. If students
have knowledge beyond the scope of this activity they might correctly state that the
optimal values for light intensity and CO2 concentration are likely to be less than the
maximum possible.

b. Is there anything else the student would need to optimize growth? Justify your answer.
This item is expected to stimulate discussion and is not intended to be scored initially.
Many students may suggest that plants do not need anything else, while others may
indicate an awareness of plants’ needs for small amounts of minerals.

3. Cutting down a large number of trees in forested areas contributes to global climate change.
What is one reason that cutting down trees would increase the greenhouse effect?
Since trees take in carbon dioxide for photosynthesis, decreasing the number of trees will
decrease the amount of carbon dioxide that can be removed from the atmosphere. (This is the
expected response based on the activity, but other correct responses, such as the increase in
carbon dioxide entering the atmosphere as the trees decay, should be accepted.)
4. Using what you have learned from this simulation about photosynthesis, discuss the factors
you will need to consider when designing your algae farm.
Intensity of light and color of light will need to be considered. White light with the highest
intensity possible would be beneficial according to this model with Elodea. Additionally, as
much CO2 as possible would provide optimal results for photosynthesis to occur. It should be
stressed, however that this is a model and that there are limitations to the use of this model
(e.g., range of light intensity and CO2 level and the use of Elodea rather than algae.)
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Algae Selection Activity
Objective: To determine which algae to select for your algae farms.
The three primary considerations in building the algae farm is selecting a type of algae that will
have optimal growth in a normal classroom environment and when the farm is scaled up for
commercial use and that the cost is minimized. Data for the characteristics and growth conditions
for four types of algae have been compiled for you in Table 1 to help you decide which algae to
use.
TABLE 1: Algae Characteristics and Growth Conditions
Growth
Rate

Light
Intensity
(units)

Optimum
Temp.
(oC)

0.80

3240

32.5

0.70

27,000

20-40

Haematococcus

0.195

2160

23-25

Tetraselmis

0.67

2000

20-27

Type of Algae

Chlorella
vulgaris
Dunaliella
salina

Medium

Fresh
water
High salt
water
Low salt
water
High salt
water

Size
(μm)

Color

Motility

Cost
(per
tube)

5-10

Green

Nonmotile

$10.40

10-12

Reddish
pink

Motile

$7.30

5-25

Red

Motile

$9.25

10

Green

Motile

$7.30

1. Open the Excel file called growthrate.xls.
2. Using the information from Table 1 determine the amount of biomass that can be
produced for each of the algal species.
a. Fill in a starting biomass value of 0.001 into the yellow box on the Excel
spreadsheet.
b. Then insert the appropriate growth rate from Table 1 into the green boxes
underneath each algae species.
3. Now look at the graph.
Based on the graph and the information provided in the table above and the design brief memo,
answer the following questions.
1) Which species had the fastest growth rate?

2) Did this species also produce the greatest amount of biomass?

3) There are other characteristics of the algae to consider besides the growth rate.
a. Each of the other headings in the table is listed below. Identify each factor as a
requirement, a constraint, or neither a requirement nor constraint for your algae farm.
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Table 1 (Blank): Algae Characteristics and Growth Conditions
Light
Intensity

Temperature

Medium

Size

Color

Motility

Constraint,
requirement,
or neither

b. Refer to the design brief memorandum and the page with the additional details.
Identify two additional requirements and constraints.
Requirements:

Constraints:

4) Considering the growth rate and the requirements and constraints, which algae would
you select for the algae farm? Explain why you selected this type of algae.

5) What are the trade-offs that you made in your decision?
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Days 10: Designing a Small Scale Algae Farm
Overview
Using their general knowledge of the requirements of plants and the engineering design process,
students will design a small scale algae farm that can utilize combustion gases and optimize
algae growth. This activity is expected to require students to investigate more specific
information regarding photosynthetic organisms, including the type of algae to use and the
requirements of the algae selected, including whether it is a fresh water or marine variety, any
growth medium, temperature, and light requirements.
Objectives
Students will be able to:
1. Apply their knowledge of photosynthetic organisms and identify and research gaps in
their knowledge to design an environment that will optimize growth of the selected algae.
Materials and Resources
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Algae - Tetraselmis
Medium for growing marine algae
8” or 9” disposable cake pans with clear plastic lids
Clear vinyl tubing, assorted sizes
Sealable plastic bags, quart and gallon size
Soft drink or juice bottles, 1- and 2- liter
Cotton balls
Tape
Clamps – test tube, thermometer, or C-clamps
Light source
Magnetic stirrer (if available)
Balloons
Vinyl tubing
Glass funnels
Large plastic syringes
Glass plates
Straws
Large beakers

Curriculum Standards
National Science Education Standards
Content Standard C: Life Science
• Interdependence of organisms
• Matter, Energy, and Organization in Living Systems
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Content Standard E: Science and Technology
• Abilities of technological design
• Understandings about science and technology
Content Standard F: Science in Personal and Social Perspectives
• Natural and human-induced hazards
• Science and technology in local, national, and global challenges.
New Jersey Core Curriculum Content Standards
5.3 Life Science
• Strand B: Matter and Energy Transformations
• Strand C: Interdependence .
8.2 Technology
• Strand B: Design: Critical Thinking, Problem Solving, and Decision-Making
o Content Statement
Activities
(Teacher Notes)
As a homework assignment prior to beginning this activity, students should have completed the
“Algae Selection Activity.” The purpose of this activity is to have students recognize what
factors contributed to the selection of a particular type of algae in their algae farm. Students will
need to open growthrate.xls. This file can be accessed from the resource page for the project.
In the groups from the prior design activity, direct students to use the engineering design process
to brainstorm and design an algae farm. Remind students to apply the communication and
collaboration techniques as seen in the video The Deep Dive and discussed in class.
Students should be encouraged to utilize the best practices from their combustion design
experiment to incorporate into their algae farm. If students seem to be floundering, discuss with
them the types of things they will need to consider in building their farms such as type of
container, amount of medium, adapting their combustion system, lighting conditions, stirring are
a few such parameters.
This project can be evaluated in several different ways. Students can present their algae farms
and discuss the various trade-offs they made given the constraints of the project. Students should
also present some ideas of parameters they would want to change. Other evaluations could
include scoring the worksheet provided and/or using the rubric provided below. The rubric
provided contains both a teacher evaluation and a group evaluation score. This could be modified
as appropriate for a specific class and situation.
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Name __________________________________
CO2 delivery
system

Beginnning
1

Developing
2

Accomplished
3

Exemplary
4

Score

Teacher
Scoring

Rank
Teammates
Team
Contribution
Research
and Gather
Information

Share
Information

Punctual
(Includes
research,
participation)
Fulfill their
role on the
team

Contributes
ideas to the
design

Does not
collect any
information
that relates to
the topic.
Does not
relay any
information to
teammates.
Does not
hand in any
assignments.
Does not
perform any
duties of
assigned
team role
Does not
contribute
any ideas

Participates
in student
presentation

Does not
speak during
the project
presentation

Value others’
viewpoints

Listen to
other
teammates

Cooperates
with
teammates

Usually
argues with
teammates.

Makes Fair
Decisions

Usually wants
to have things
his/her way.

Collects very
little
information-some relates
to the topic.
Relays very
little
information-some relates
to the topic.
Hands in
most
assignments
late.
Performs very
few duties.

Collects some
basic
information-most relates to
the topic.
Relays some
basic
information-most relates to
the topic.
Hands in most
assignments
on time.

Collects a
great deal of
information-all relates to
the topic.
Relays a
great deal of
information-all relates to
the topic.
Hands in all
assignments
on time.

1)
2)
3)
4)

Performs
nearly all
duties.

Performs all
duties of
assigned role.

1)
2)
3)
4)

Contribute
ideas that are
off task

Contributes
several
different ideas

1)
2)
3)
4)

Either gives
too little
information or
information
which is
irrelevant to
topic.
Usually doing
most of the
talking--rarely
allows others
to speak.
Sometimes
argues.

Offers some
information-most is
relevant.

Contributes
ideas and
actively
listens to the
ideas of
others
Offers a fair
amount of
important
information-all is relevant.

Listens, but
sometimes
talks too much.

Actively
listens and
speaks a fair
amount.

1)
2)
3)
4)

Rarely argues.

Never argues
with
teammates.

Often sides
with friends
instead of
considering
all views.

Usually
considers all
views.

Always helps
team to reach
a fair
decision.

1)
2)
3)
4)
1)
2)
3)
4)

1)
2)
3)
4)

Project
Evaluation
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Carbon
dioxide
delivery
system

Algae Farm
Evaluation

Prototype
does not
deliver CO2
(does not
change BTB
color)
No algae
growth

Algae Farm
Redesign

No
improvements
Are made to
original model

Practicality of
scaling up
the algae
farm
Cost of the
algae farm
prototype

It would be
impractical to
scale it up.
Cost is 3040% more
than the least
expensive
design.

Prototype
delivers some
CO2; Some
change in
BTB color but
not in 5 min.
Some algae
growth but
died during
the duration
of the
experiment
Changes are
made but
either it is not
clear that
they are
improvements
or that they
were based
on prior
results.
Scaling up
would be
difficult and/or
expensive.
Cost is 2030% more
than the least
expensive
design.

Prototype
delivers CO2;
change in BTB
color just
beginning in 5
min.
Algae grow
and remain
alive during the
duration of the
experiment

Prototype
delivers CO2;
change in
BTB color
within 5
minutes.
Most
pronounced
algae growth
for duration of
experiment

Some
improvements
are made, but
not all design
flaws were
addressed

Improvements
to model are
made based
on best
existing
models

Scaling up
would be
possible, but
not ideal.
Cost is 10-20%
more than the
least
expensive
design.

Scaling up
would be
reasonable.
Cost is within
10% of the
least
expensive
design in the
classroom.
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Name __________________________________

Period_____ Date_______________

Design Again: Algae Farms
1. In the table below, list what you know about the design problem that will be important in
creating a successful design. Then list information or skills you need to be able to design a
small scale algae farm.
What You Know

Information or Skills You Need

2. Research the information that you need to know to solve this design problem. In the space
below, summarize what you learned from your research.
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
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3. In the boxes below, make several labeled sketches for possible solutions.

4. Circle the design above that your group has selected for the prototype.
5. In the space below, explain your group’s reasons for selecting this design.
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
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6. Build and test your prototype algae farm. Record the observations and data for algae growth
and cost of the prototype.

7. In the table below list any design problems that were noted during building and testing the
algae farm and list improvements that might be made to correct each design problem.
Design Problems

Suggested Improvements

8. Build and test your modified algae farm. Record the observations and data for algae growth
and cost of the prototype. Explain how it would be practical to scale up the prototype.

9. In the table above, place a check mark () in the column on the left for each design problem
that was solved in your modified farm.
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10. What improvements, if any, would you make if you had an opportunity to modify the algae
farm again?
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________

11. Describe two issues or challenges that would need to be addressed if the algae farm was to be
scaled up to a full size farm to grow and harvest algae as a fuel source.
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________
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Day 11: Design and Build
Overview
Students will finalize their designs, construct their algae farms, and introduce CO2 into the farms.
Objectives
Students will be able to:
1. Apply their knowledge of photosynthetic organisms and identify and research gaps in
their knowledge to design an environment that will optimize growth of the selected algae.
Materials and Resources
(The same materials and resources listed previously)
• Algae - Tetraselmis
• Medium for growing marine algae
• 8” or 9” disposable cake pans with clear plastic lids
• Clear vinyl tubing, assorted sizes
• Sealable plastic bags, quart and gallon size
• Soft drink or juice bottles, 1- and 2- liter
• Cotton balls
• Tape
• Clamps – test tube, thermometer, or C-clamps
• Light source
• Magnetic stirrer (if available)
• Balloons
• Vinyl tubing
• Glass funnels
• Large plastic syringes
• Glass plates
• Straws
• Large beakers

Curriculum Standards
National Science Education Standards
Content Standard C: Life Science
• Interdependence of organisms
• Matter, Energy, and Organization in Living Systems
Content Standard E: Science and Technology
• Abilities of technological design
• Understandings about science and technology
Content Standard F: Science in Personal and Social Perspectives
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•
•

Natural and human-induced hazards
Science and technology in local, national, and global challenges.

New Jersey Core Curriculum Content Standards
5.3 Life Science
• Strand B: Matter and Energy Transformations
• Strand C: Interdependence .
8.2 Technology
• Strand B: Design: Critical Thinking, Problem Solving, and Decision-Making
o Content Statement
Activities
Students will make any final design decisions, build their algae farms and use their designed
objects and procedures to deliver the exhaust gases from a burning candle to the algae in the
farm.
On each of the Days 12-18 that school is in session, students will spend approximately 5 minutes
to burn a candle to deliver additional CO2 to the algae. They should make observations during
this time as well. Their observations will inform their redesigns.
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Day 12: Measuring and Offsetting Your Footprint
Overview
This lesson is an introduction to carbon credits and carbon offsets and some of the issues related
to these business dealings related to carbon emissions and global climate change.
This is an optional activity. If time allows and it seems appropriate in your curriculum and for
your students use this assignment.
Objectives
Students will be able to:
1. Briefly describe carbon credits or offsets and provide an example for corporations and
individuals.
Materials and Resources
•

Computer with Internet access and means of projecting a web-based video

Background information – references for teachers:
• PBS video: Burning Season - http://www.pbs.org/wnet/wideangle/episodes/burningseason/video-full-episode/1987/
• CNN article: Cooking up Carbon Credits
http://money.cnn.com/2008/08/11/technology/jpmorgan_carbon.fortune/index.htm
• Businessweek article: Another Inconvenient Truth http://www.businessweek.com/magazine/content/07_13/b4027057.htm
Curriculum Standards
National Science Education Standards
Content Standard C: Life Science
• Interdependence of organisms
• Matter, Energy, and Organization in Living Systems
Content Standard E: Science and Technology
• Abilities of technological design
• Understandings about science and technology
Content Standard F: Science in Personal and Social Perspectives
• Natural and human-induced hazards
• Science and technology in local, national, and global challenges.
New Jersey Core Curriculum Content Standards
5.3 Life Science
• Strand B: Matter and Energy Transformations
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• Strand C: Interdependence
8.2 Technology
• Strand B: Design: Critical Thinking, Problem Solving, and Decision-Making
o Content Statement
Activities
Ask students how their carbon footprint compares to that of other teenagers in the U.S. and in
other countries. Discuss the homework assignment from Day 2: Measuring and Offsetting Your
Carbon Footprint. Ask students how they could decrease their carbon footprint and discuss how
willing they are to make these sorts of changes. Explain that there are tough choices to make
regarding lifestyle and long term impact on our environment and that this is becoming a big
business for individuals and corporations who for a variety of reasons are looking to decrease
their carbon footprint.
Introduce the video The Carbon Hunters and focus student attention on how carbon trading for
corporations works. (The Carbon Hunters – a brief video clip (approx. 3 min.) from the
documentary on carbon trading that introduces the concept of investing in carbon sequestration
and capping CO2 emissions. http://www.youtube.com/watch?v=QkmdS8XWq08

Ask students why a corporation would want to spend money to decrease their carbon footprint.
And discuss how carbon trading works using an example. Role playing is one approach to take
with the class.
Introduce the video What are carbon offsets? (What are carbon offsets? – a brief video clip
(approx. 3 min.) from Kiplinger that explains how carbon offsets work and describes some of the
issues with offsets. http://www.youtube.com/watch?v=fnTvgH2kahM) Explain that individuals
who are concerned about the amount of carbon dioxide emitted into the atmosphere by their
actions, flying for example, can purchase a carbon offset. The company selling the offset will
take some action to reduce the amount of carbon dioxide in the atmosphere in an amount
equivalent to the proportion of the flight attributed to that one person.
Discuss carbon credits and offsets with respect to the short and long term effect on carbon
emissions and in comparison to the corporations or individuals reducing their carbon footprint
rather than purchasing a credit or offset. Include in the discussion the role that plants, including
algae might play, and how burning oil from algae may be considered to be better than burning oil
from fossil fuels.
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Day 19: Evaluating the Designs
Overview
With an eye toward collecting data to inform the redesign of their algae farms, students will
make qualitative comparisons of the relative performance of all of the algae farms.
Objectives
Students will be able to:
1. Collect data and observations regarding the success of various designs of the algae farm
to use in redesigning their prototype
2. Collaborate within and across groups to ascertain design features that optimize algae
growth
Materials and Resources
•

No additional materials or resources needed

Curriculum Standards
National Science Education Standards
Content Standard C: Life Science
• Interdependence of organisms
• Matter, Energy, and Organization in Living Systems
Content Standard E: Science and Technology
• Abilities of technological design
• Understandings about science and technology
Content Standard F: Science in Personal and Social Perspectives
• Natural and human-induced hazards
• Science and technology in local, national, and global challenges.
New Jersey Core Curriculum Content Standards
5.3 Life Science
• Strand B: Matter and Energy Transformations
• Strand C: Interdependence .
8.2 Technology
• Strand B: Design: Critical Thinking, Problem Solving, and Decision-Making
o Content Statement
Activities
Have students make observations of each of the algae farms designed by other groups and
discuss their successes and challenges. Point out to students that they are all working for the
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same company and therefore this should be a collaborative effort, even though each group would
like to have the final design that is marketed. Actually, it is more likely that each of the designs
would have some characteristic that could be used in the final design, creating a hybrid of sorts.
It is beneficial to the organization, then, to share information at this point.
When students have finished making the rounds, they will deconstruct their farms, retaining any
materials that can be reused for the next iteration.
Evaluation of the farms should be based on the degree to which algae grow, the practicality of
scaling the prototype up, and the cost of the prototype. It is suggested that this not be considered
for the first iteration, but only after a second iteration, at which point all groups should have
some success. Algal growth can be evaluated qualitatively, by observing visually. Other options
include using a spectrophotometer to quantify algal growth by measuring the optical density of a
sample from the algae farms (see http://www.ehow.com/how_7895503_check-algae-usingspectrophotometer.html for specific directions) or using a turbidity probe such as that offered by
Vernier.
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Day 20: Redesign and Build
Overview
Drawing on the results from the first round of designs, both within and across groups, students
will redesign their algae farms and build a prototype.
Objectives
Students will be able to:
1. Apply their knowledge of photosynthetic organisms and identify and research gaps in
their knowledge as well as apply their observations of the initial algae farm prototypes to
design an environment that will optimize growth of the selected algae.
Materials and Resources
(Same as for the original design)
• Algae (suggested strains) – If students researched algae and suggested in advance of this
day that they would like to try a different strain and if it is within the budget and can be
obtained within the timeframe of the project, other strains might be used.
o Tetraselmis
o Dunaliella salina
o Chlorella vulgaris
o Haematococcus
• Medium for growing fresh water or marine algae
• 8” or 9” disposable cake pans with clear plastic lids
• Clear vinyl tubing, assorted sizes
• Sealable plastic bags, quart and gallon size
• Soft drink or juice bottles, 1- and 2- liter
• Cotton balls
• Tape
• Clamps – test tube, thermometer, or C-clamps
• Light source – grow lights or window with tissue paper or wax paper covering to diffuse
the sunlight
• Magnetic stirrer (if available)
• Balloons
• Vinyl tubing
• Glass funnels
• Large plastic syringes without needles
• Glass plates
• Straws
• Large beakers
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Curriculum Standards
National Science Education Standards
Content Standard C: Life Science
• Interdependence of organisms
• Matter, Energy, and Organization in Living Systems
Content Standard E: Science and Technology
• Abilities of technological design
• Understandings about science and technology
Content Standard F: Science in Personal and Social Perspectives
• Natural and human-induced hazards
• Science and technology in local, national, and global challenges.
New Jersey Core Curriculum Content Standards
5.3 Life Science
• Strand B: Matter and Energy Transformations
• Strand C: Interdependence .
8.2 Technology
• Strand B: Design: Critical Thinking, Problem Solving, and Decision-Making
o Content Statement
Activities
Students will design their algae farms, build a prototype, and use their designed objects and
procedures to deliver the exhaust gases from a burning candle to the algae in the farm.
On each of the Days 22-28 that school is in session, students will spend approximately 5 minutes
to burn a candle to deliver additional CO2 to the algae. They should make observations during
this time as well. Their observations will inform their potential redesigns.
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Day 21: Post-test
Day 28: Final Reflections
Overview
Students will make qualitative comparisons of the relative performance of all of the algae farms.
Objectives
Students will be able to:
1. Collect data and observations regarding the success of various designs of the algae farm
to use in redesigning their prototype
2. Collaborate within and across groups to ascertain design features that optimize algae
growth
Materials and Resources
•

Photocopies of Reassignment Memo

Curriculum Standards
National Science Education Standards
Content Standard C: Life Science
• Interdependence of organisms
• Matter, Energy, and Organization in Living Systems
Content Standard E: Science and Technology
• Abilities of technological design
• Understandings about science and technology
Content Standard F: Science in Personal and Social Perspectives
• Natural and human-induced hazards
• Science and technology in local, national, and global challenges.
New Jersey Core Curriculum Content Standards
5.3 Life Science
• Strand B: Matter and Energy Transformations
• Strand C: Interdependence .
8.2 Technology
• Strand B: Design: Critical Thinking, Problem Solving, and Decision-Making
o Content Statement
Activities
Have students make observations of each of the algae farms designed by other groups, discuss
their successes and challenges, and respond to the Reassignment Memo.
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Memorandum
To:

Engineering department

From:

Al Granger

Date:

4/9/2013

Re:

Reassignment

Effective immediately, all work on the small scale algae farm will end at this location. This
project is being transferred to our offices overseas and all engineers currently working on the
algae farm project will be reassigned to one of two urgent energy-related design issues.
In order to have a seamless transition to our overseas office, it is essential that your designs
and recommendations are recorded and prepared for transfer. Your recommendations on the
next steps on this project are necessary to complete the transfer.
Record your recommendations for the next design iteration (repeat of the design process) of
the algae farm. Include the reasons for your recommendations and diagrams as appropriate.

CONFIDENTIAL
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Day 29: Performance Assessment
Overview
Students will engage in a group assessment activity related to the content and skills addressed in
the module.
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