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1.0 Introduction 
 
Technological literacy as well as scientific literacy are crucial for students to compete in the 
global economy of the 21st century (Committee on Prospering in the Global Economy of the 21st 
Century, 2006; Durderstad, 2008).  The widening gap in mathematics and science achievement 
between students in the U.S. and those in other developed countries called for changes on how 
educators teach in the U.S. (National Science Board, 2006). Specifically, this concern challenged 
educators, scientists, and engineers in universities to partner with school districts to improve 
teaching, learning, teacher preparation, and professional development programs in K-12 
classrooms (Borko, 2004; Resnick, 2005).  
 
Teachers play a major role in the classroom. They have the ability to create and mold the 
environment where students can effectively learn. “A teacher knows something not understood 
by others, presumably the students. Moreover, the teacher can transform understanding, 
performance skills or desired attitudes or values into pedagogical representations and actions” 
(Shulman, 1987, p.7). Unfortunately, inequalities in qualifications of teachers and resources 
available to them result in widely different learning opportunities for different groups of students 
(Duschl, Schweingruber, & Shouse, 2007).  In a survey conducted in 1999, about 30% of public 
middle school and high school mathematics and science teachers did not have the qualifications 
or academic background in the subject they were teaching. Moreover, most teachers in K-12 
curriculum lacked the knowledge, experiences, and pedagogical knowledge to teach science and 
engineering effectively.  At the same time, most teachers attended only few hours of professional 
development programs and most programs available to teachers fell short with regards to the 
content, continuity, and depth to make meaningful changes in their teaching practices 
(Durderstad, 2008; National Science Board; Resnick, 2005).   
 
To address some of these challenges, 46 Grade 3-8 science teachers in 11 elementary and middle 
schools throughout New Jersey are taking part in a professional development program that uses 
science inquiry and engineering design process (EDP) to foster specific 21st century skills in their 
classrooms. The Partnership to Improve Student Achievement in Physical Science: Integrating 
STEM Approaches (PISA2) includes three universities with specialization in the sciences, 
engineering, and education; the state’s department of education; a national science education 
center; and twelve K-12 school districts throughout the state. Faculty members in the Stevens 
Schaefer School of Engineering & Sciences are working collaboratively with education 
specialists at the Center for Innovation in Engineering & Science Education (CIESE) to 
conceptualize and develop a new graduate certificate program. In this program, PISA2 in-service 
teachers pursue five science courses to earn 15 graduate credits in science (see Appendix A). 
These courses, together with other requirements (passing the Praxis exam and taking a course in 
adolescent psychology) represent a critical component of the preparation necessary for teachers 
to earn the Elementary School Endorsement with Science Specialization.  To date, four of the 
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five courses were developed and offered in a hybrid (face-to-face and online coursework) mode 
during the 2010, 2011, and 2012 school years.  
 
The goals of the PISA2 are: (1) to increase teachers’ content knowledge in physical and earth 
sciences, (2) to improve participating teachers’ preparedness in creating, adapting, and delivering 
inquiry-based science and engineering lessons, and (3) to enhance teachers’ ability to design 
learning environments that foster students’ 21st century skills. This paper reports on the program 
and findings in the third course, Energy Production and Consumption. Specifically, we examined 
the changes in teachers’ knowledge with regards to specific chemistry concepts, namely 
envisioning matter, chemical reactions, properties of the elements, and fossil fuels.  
 
2.0 Review of Related Literature  
 
Exemplary professional development (PD) for teachers can have a positive impact on students’ 
learning and on the classroom environment (Kennedy, 1998). We hypothesized that through the 
instructional lessons in our Energy Production and Consumption course, which are designed to 
promote scientific inquiry and the engineering design process, teachers’ content knowledge and 
classroom practices will be enhanced. Students’ content knowledge, in turn, will indirectly 
improve as a result of these experiences. In this paper, we consider only the continuum between 
the science content courses and changes in teacher knowledge (see diagram below). Subsequent 
papers will explore the other components of this process.  
 

 
 
In the next section, we present a brief review of the literature that connects the science courses 
(as components of a PD program) to teachers’ content knowledge. Specifically, we review the 
factors that help improve teacher knowledge, as well as the challenges and successes of helping 
teachers learn science concepts.   
 
Several studies have explored the professional development programs for teachers to identify 
components that impact teachers’ knowledge. A study conducted by Ingvarson, Meiers, and 
Beavis (2005) suggested that the PD program’s content had the most influence on teachers’ 
knowledge. Follow-up workshops also contribute to knowledge gains. In terms of factors that 
influence teachers’ classroom practices, programs that provide many opportunities for active 
learning and reflection on practice top the list.  
 
In another study, Fishman, Marx, Best, and Tal (2003) found that inquiry-based science 
pedagogy contributed to an increase in teachers’ knowledge and pedagogy.  The participants 
included 40 teachers teaching sixth, seventh, and eighth grade students in 14 urban schools in 
Detroit, Michigan. Analysis of pre- and post- assessment, surveys, focus-group discussions, and 
classroom observations showed positive impact on teachers’ knowledge, beliefs about teaching, 
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and classroom enactment. Students’ post-test scores also increased after participating in the 
curriculum projects. 
 
In addition to the PD’s content and engagement in science inquiry, hands-on engineering 
exploration can also contribute to teachers’ knowledge and their ability to implement lessons. 
Hynes and dos Santos (2007) designed a PD study to prepare thirteen middle school teachers in 
Massachusetts to teach an after-school engineering/technology robotics unit. The majority of the 
teachers in the study did not have any formal training in teaching engineering/technology before 
joining the program. Research findings suggested that the two-week PD was successful in 
improving teachers’ confidence in their knowledge and in teaching engineering principles. 
Teachers benefited from the program by engaging in multiple hands-on opportunities with the 
materials, practicing the engineering lessons in a safe environment afforded by the program, and 
by learning from other teachers.  
 
PD program can promote not only teachers’ content knowledge but also their ability to 
implement science and engineering lessons. In a quasi-experimental study conducted by 
Macalalag, Lowes, Tirthali, McKay and McGrath (2010) with 49 elementary teachers, 
significant increases in content knowledge in science (earth science) and engineering design 
were achieved compared to the comparison group after attending a year of PD program. 
Teachers were able to implement science and engineering lessons in their classroom, and 
increased their confidence in teaching science concepts outside of their expertise. In turn, 
students of teachers in the treatment group outperformed the students in the comparison group in 
both science and engineering.  
 
Other research studies explored the difficulties of learning chemistry concepts. In particular, 
Lewis and Linn (2003) assessed the similarities and differences of alternative conceptions held 
by an adult compared to scientists about heat and temperature (e.g. changes in temperature, heat 
transfer, conduction). Further comparison was made between middle school students and adults. 
The findings suggest that adults hold intuitive conceptions similar to those of students. When 
asked if all of the objects that had been sitting in a given room were the same temperature, the 
majority of adults responded that they were not. “This coincides with the confusion shown by 
middle school students regarding thermal equilibrium and the concepts of conduction and 
insulation.” When adults were asked why they predicted different temperatures, they responded 
that some objects retain heat more than others and that something in a metal keeps it cooler (p. 
164). These responses pointed to the alternative conceptions of adults and students regarding 
thermodynamics.  
 
On the other hand, it is also possible to help teachers improve their content knowledge in science 
and their self-confidence to teach the subject after attending PD workshops. In a small study 
done by Summers, Kruger, Mant, and Childs (1998), they found that their participating 
elementary teachers were able to acquire a scientific view of energy efficiency (how to design 
something that uses less energy such as a light bulb). Teachers were not science specialists and 
the topic of energy efficiency was unknown to them before the workshop.  
 
Professional learning community is also important for teachers who are learning a new subject. 
In a study by Kind (2009), she found that teachers were able to increase their subject-matter and 
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pedagogical content even in the domain outside of their expertise. This was because teachers 
were able to call on experienced colleagues and other sources, whereas in their own specialized 
fields they tended to be overwhelmed in trying to select appropriate knowledge and/or strategies.  
 
In this brief review, we have described the different features of PD that influenced teachers’ 
content knowledge. We hypothesized that by considering the following program components in 
our Energy Consumption and Production Course- program’s content, active learning and 
reflection of teachers as well as the use of inquiry-based science and engineering design as 
teaching pedagogies- we anticipated that teachers’ knowledge, beliefs about teaching, and 
classroom implementation would improve. Our hypothesis was supported by the findings of 
Ingravarson et al. (2005), Fishman et al. (2003), and Hynes and dos Santos (2007). Similar to the 
findings of Lewis and Linn (2003), we anticipated that it would be challenging for our teachers 
to learn chemistry concepts including heat and temperature. Moreover, we found our teachers 
held alternative conceptions in topics such as atomic and molecular view of matter, changes in 
matter, and evaporation as described in the study of Kruse and Roehrig (2005). On the other 
hand, we believe that teachers are capable of learning chemistry and energy concepts even when 
these topics are new to them or outside of their field (Kind, 2009). Finally, similar to the findings 
of Macalalag et al. (2010), we anticipate that our course can contribute not only to the teachers’ 
content knowledge but their ability to create a learning environment that can foster student 
achievement.  
 
3.0 Methods 
 
3.1 Participants and the Course 
 
46 grade 3-8 in-service science teachers from eight school districts throughout NJ participated in 
a 3-credit science course in July and August of 2011. Out of the 46 teachers, 12 are male and 34 
are female, 22 teach in elementary and 24 in middle schools, and the majority graduated with 
general education and not science as a major in college. Moreover, the majority of the teachers 
have at least six year of teaching experiences, and are teaching in elementary schools.  
 
Teachers took part in an intensive 8-day course (6 hours per day with a week break after the first 
week) to learn the content and pedagogy in the context of innovative lesson design. As part of 
the science content, we covered properties of matter, atomic models, chemical reactions, 
combustion and chemistry relevant to two alternative sources of energy (photovoltaic cells and 
hydrogen fuel cells). We employed the reform-based teaching approaches such as model-based 
inquiry and engineering design in our course, which are under the umbrella of constructivism 
(Vygotsky, 1986). Teachers also engaged in lesson critique and revision in which they 
considered two lessons based on a set of criteria that they developed individually and then as a 
whole class. Teachers applied the criteria to lessons that reflected a continuum of less to more 
inquiry-orientation and student-centeredness. Lesson critiques and revisions were designed to 
enhance teachers’ understanding of inquiry-based lessons and the role of students’ prior 
conceptions in lessons (Davis, 2006). In addition, teachers were able to implement the content 
and practices that they learned in the course in designing instructional materials for their own 
classrooms. Some of our lecture and activities were employed to introduce and explain concepts 
such as chemical phenomena and alternative energy technologies, with attention to making those 
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activities transferable to the elementary and middle school classrooms.  We provided more 
detailed lists of topics, lessons, and activities in Appendix B.  
 
To help teachers gain a better understanding of the different energy sources, we asked them to 
create a plan for improving the energy efficiency of their homes. This assignment included 
proposing an energy production scheme based on 50% fossil fuel and 50% on one of the 
alternative technologies learned from the course (PEM hydrogen fuel cells or solar 
photovoltaics). As part of their project, teachers also designed a lesson for their students to learn 
energy concepts (e.g. sources and forms of energy, energy transformations). See Appendix C for 
more details.   
 
3.2 Data and Analysis  
 
In order to assess the teachers’ content knowledge in chemistry, we developed and administered 
a pre-test and post-test on the first and the last day of the course, respectively. For the pre-test, 
teachers were given 1 hour to complete 25 multiple-choice questions, a constructed response 
question on energy, and a second constructed response question on pedagogy. 19 of those 
multiple-choice questions were also included on the post-test, as well as both constructed 
response items. Here, we analyzed those 19 multiple-choice questions. (Analysis of the 
constructed response items is still ongoing.)   
 
In designing our multiple-choice assessment, we first looked at available released test items from 
the New York Regent’s Exam, the Praxis tests for chemistry and middle school science, and 
other assessments used in educational research. We also created our own sets of questions in 
instances where no questions could be found to address specific topics covered in the course, 
such as questions 7 and 19 (see appendix D). Selection and design of test items were based on 
topics that we covered in our course, and grade-band topics from the NJ Core Curriculum 
Content Standards (NJCCCS). At the end of course, all pre-tests and post-tests were scored using 
computer-based scoring system. A paired samples t-test was performed for each question and for 
each category of question (as described below), assuming a normal distribution. 
 
3.2.2 Envisioning Matter – 8 questions (1–6, 14, 16) 
 
The majority of the teachers graduated with general education and not science majors. Thus it 
was important to use the pre-test to gauge their level of knowledge and understanding about the 
basic principles that underlie the rest of chemistry such as atomic theory, conservation of mass, 
distinguishing between atoms, molecules, and compounds, and using simplistic models to show 
how macroscopically-observed behaviors of substances are related to their microscopic nature, 
such as the kinetic-molecular model. 
 
In selecting and creating these questions, there was more of an emphasis on eliciting alternative 
conceptions than for the other groups of questions. For example, as shown in question 1 (see 
Appendix D), each incorrect answer (“b” is the correct answer) represents a particular alternative 
conception, and popularity of response “c” would indicate that teachers lack an accurate 
conception of the nature of water as it proceeds through changes of state. 
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3.2.3 Chemical reactions – 4 questions (7–10) 
 
The four questions in this section deal with two specific types of reaction (combustion and 
redox), basic reaction thermodynamics, and balancing of simple chemical equations. Question 7, 
for instance, asks specifically what the products of a combustion reaction are (see Appendix D). 
We consider this as not only core chemistry knowledge, but also of specific importance to the 
course as a whole.  
 
3.2.4 Properties of Elements – 5 questions (11–13, 15, 17) 
 
Questions in this group cover classifications of elements, patterns of similarities, atomic 
structure, and a range of skills pertaining to reading and interpreting the periodic table of the 
elements, such as determining the number of valence electrons in main group elements in order 
to predict how many bonds they will form. Most of these questions were taken from standardized 
tests, especially the NY Regents Exam – Chemistry: Physical Setting. 
 
3.2.5 Energy Sources – 2 questions (18–19) 
 
The final 2 questions were designed to gauge teachers’ knowledge and understanding of fossil 
fuel energy, in terms of what they are and why they eventually need to be replaced which 
constitutes the central “hook” of the course. Both of these questions were written by the 
researchers. 
 
4.0 Findings 
 
Our analysis of scores showed significant improvement from pre- to post-tests as shown in Table 
1 below, which provided an overall mean percentage of correct answers. Significance was 
determined from a paired samples t-test. This suggested that our teachers improved their 
knowledge of matter, chemical reactions, and the elements.  
 
A full summary of the results for each question is included in Appendix E, which gives a brief 
summary of the content of the questions; the number of teachers who answered each question 
correctly on the pre-test and post-test; how many teachers changed their answer to or from a 
correct one; and the net gain or loss for each question, with its calculated p value based on the 
paired samples t-test. 
 
 

Category 
Pre-test Post-test Improvement 

mean SD mean SD mean SD 

Overall 52% 20% 70% 16% 18%*** 14% 

Envisioning Matter 32% 11% 37% 11% 6%* 12% 

Chemical Reactions 34% 26% 64% 26% 30%*** 24% 

The Elements 51% 33% 79% 23% 28%*** 26% 
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Energy Sources 77% 25% 83% 26% 5% 30% 

 
Table 1. Average multiple-choice scores, by category. *** = p < 0.001; * = p < 0.1. 
 
 
4.1 Envisioning Matter 
 
Our teachers performed least well on this category of question on the pre-test, and their overall 
scores did not improve markedly. On certain questions in this category, however, the teachers 
performed much better on the post-test, especially question 5, which asked teachers to identify 
factors which affect the boiling point of a liquid. We believe this is a result of our intervention, in 
which hands-on experiments involving boiling were done by the teachers and followed with 
student-led discussion (see Appendix B, day 2). 
 
Teachers also showed significant, though less marked improvement on question 1. Specifically, 
far fewer teachers chose response “c” on the post-test (4 out of 46, down from 11), which depicts 
water molecules having split into hydrogen and oxygen atoms, a common alternative conception. 
However, there was a slight increase in the number of teachers who chose “a”, which depicts H2 
and O2 molecules, which we believe represents confusion due to learning about electrolysis of 
water soon after being introduced to the basic concepts of what water is, and reflects some of the 
difficulties in teaching on such a compressed timescale. 
 
On question 2, which involves simple mole calculations, our teachers also showed significant 
improvement. Apart from questions 1, 2 and 5, however, there was an overall lack of 
improvement on the other 5 questions. In particular, there was a 15% drop seen for question 4, 
which is partly a consequence of a high percentage answering it correctly on the pre-test (72%). 
Other than that, no significant changes were observed between the pre-test and post-test for this 
category. 
 

Significant improvements 
Visualizing matter through phase 
changes 
Mole calculation skills 
 

Minimal or no improvement 
Understanding of boiling point 
curves/ interpreting graphs 
Interpretation of boiling point, 
melting point, and density data 
Understanding of solubility 

Table 2. Summary of teachers’ knowledge in envisioning matter category. 
 
4.2 Chemical Reactions 
 
The most significant improvement for this section, and in fact for any question overall, was for 
question 7 (see Appendix D), in which teachers were asked to identify the products of the 
combustion of octane. Prior to the course, only 14 out of 46 teachers (30%) chose the correct 
answer “b” (carbon dioxide and water), whereas 19 teachers chose “d” (carbon, hydrogen, and 
oxygen), indicating that many teachers did not have a strong conception of what types of changes 
occur in chemical reactions. However, on the post-test, 41 teachers (89%) chose “b”, a highly 
significant increase (t(45) = 8.557, p < 0.001), whereas only 2 chose “d”. This result mirrors that 
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of question 1 and provides further evidence for an improved understanding of distinctions 
between atoms and molecules. 
 
On another energy-related question, question 10, teachers were given an equation for a redox 
reaction and asked to choose what was happening to zinc in the reaction. On the pre-test, 30 out 
of 46 respondents (65%) chose the dummy answer “a”, which said, “[Zinc] is oxidized because it 
gains oxygen”, whereas only 9 teachers chose the correct answer “b”, that it is oxidized because 
it loses electrons. On the post-test, 22 (48%) chose “b” and only 12 chose “a”, an improvement 
that was shown to be significant (t(45) = 4.779, p < 0.001).  
 

Significant improvement 
Knowledge about combustion 
reactions 
Balancing equations 
Understanding oxidation and 
reduction and interpreting 
chemical equations 

Minimal or no improvement 
Understanding of heats of reaction 

Table 3. Summary of teachers’ knowledge in chemical reactions category. 
 
4.3 Properties of the Elements 
 
Given that the starting percentage on the pre-test was 51% for this category, much higher than 
for the previous 2 categories, the 28% improvement represents a strong gain. Teachers improved 
significantly across the board for these questions, which we believe resulted from a greatly 
increased familiarity with chemical terminology necessary to answer these questions. For 
instance, question 15 (see Appendix D) asks what is most likely found in an orbital; the answer, 
“an electron,” is fairly straightforward, but would be difficult for someone who does not have 
experience dealing with chemical terminology. Only 11 teachers answered this question 
incorrectly on the pre-test, but on the post-test, all 46 teachers answered the question correctly. 
 

Significant improvement 
Classification of elements into 
metals, non-metals, etc. 
Predicting similarities between 
elements on the periodic table 
Understanding valence electrons 
Atomic structure 
Interpreting atomic numbers and 
weights 

Minimal or no improvement 
n/a 

Table 4. Summary of teachers’ knowledge in properties of elements category. 
 
 
4.4 Energy Sources 
 
Questions 18 and 19 deal with energy conservation and identification of fossil fuels, 
respectively. However, due to high pre-test scores for these questions, we were unable to observe 
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any significant improvement on the post-test for either question. A sizeable majority was able to 
identify gasoline, natural gas and coal as fossil fuels on question 19 (see Appendix D), both on 
the pre-test (40 out of 46, 87%) and the post-test (42 out of 46, 91%). It should be noted, 
however, that all possible responses include gasoline and natural gas, so the question breaks 
down simply into which of hydrogen, coal, and firewood are fossil fuels. A different 
methodology for this question, such as allowing teachers to circle whichever fuels they believe 
are fossil fuels, might have given a more accurate portrayal of their knowledge. 
 

Significant improvement 
n/a 

Minimal or no improvement 
Limits of energy conservation 
Identification of fossil fuels 

Table 5. Summary of teachers’ knowledge in energy sources category. 
 
 
5.0 Discussions and Implications  
 
Our research looked at the effects of our 3-credit graduate course, Energy Production and 
Consumption, in teachers’ knowledge of chemistry. Similar to the findings of Fishman et al. 
(2003) who found that inquiry-based science pedagogy contributed to increase in their teachers’ 
knowledge and pedagogy, we also found that our teachers increased their knowledge of matter, 
mole calculations, and  atomic structure (see Tables 2 and 4). Our research seems to support the 
findings of Kind (2009) who found that teachers were able to increase their subject-matter 
knowledge even in the domain outside their expertise. In fact, our teachers improved their 
knowledge of combustion, chemical reactions, and oxidation-reduction after the course, which 
are concepts that were initially unfamiliar to them. We believe that improvements in teachers’ 
knowledge were due to the emphasis on the activities that we did in the course: atomic structure 
(see Appendix B, day 3), chemical reactions (days 2 and 4), and oxidation-reduction (day 5).  
 
On the other hand, we also found that our teachers showed minimal or no improvement in 
several topics. Consistent with the findings of Lewis and Linn (2003) who found that adults were 
strongly guided by alternative conceptions in chemistry topics related to thermal energy, we 
found that our teachers had minimal or no improvement in related properties of matter (boiling 
point, melting point, density, and solubility), heats of reaction, and sources of energy (see Tables 
2, 3 and 5). We are not sure why, but this could be due to the way the test items are worded, or 
we did not provide enough time for teachers to learn these concepts in our course.  
 
These findings offer insight into the challenge of educating elementary teachers not possessing 
significant STEM preparation. In addition, this information can provide guidance for the 
development of graduate science courses designed to help teachers increase chemistry and 
energy content knowledge. Our next steps are to: (a) analyze the constructed response items 
(including questions that examine the teachers’ pedagogical content knowledge of designing 
lesson/instruction), (b) re-evaluate and revise the assessments, and (c) redesign the course based 
on the complete findings of the first iteration. 
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Appendix A: Graduate Courses 

Course 1: Fundamental Principles of Physical Sciences:  
This course focuses on the fundamental principles of physical science necessary to develop a 
deep understanding of key issues in global energy production and consumption, global scale 
climate change and the engineering of solutions to problems arising from these phenomena. 
Concepts of energy and energy transformations are at the core of the course. 

 
Course 2: Fundamental Principles of Earth Sciences: 
The study of Earth as a complex, interacting system involving the large scale flow of energy and 
matter is the focus of this course. Building on concepts learned in Course 1, topics include 
historic and physical geology, oceanography, atmospheric science and natural energy. Methods 
used to collect and analyze earth scale data and indirect evidence is explored. 

 
Course 3: Energy Production and Consumption:  
This course focuses on the science and technology behind energy production, distribution and 
consumption.  Concepts learned in the three previous courses are applied to the exploration of 
energy at the microscopic scale, ultimately leading to multiple energy production systems in use 
in the world today. Patterns of energy consumption that define the modern world and the global 
impact that energy use has on human society are explored. 

 
Course 4: Understanding Global Change:  
The phenomenon of global climate change and the impact of human activity on the Earth’s large 
scale systems is covered in this course.  Topics include energy flow in the Earth-Sun system, 
energy transformations that lead to the greenhouse effect and the scientific data that has been 
used to establish current viewpoints. Investigations of some socio-political issues in the 
discussion of global climate change are addressed. 

 
Course 5: Engineering Solutions to the Challenges of Energy and Global Change:  
This capstone course examines both the issues of energy production/consumption and global 
climate change from an engineering and innovation point of view. Using a case study approach, 
discussions focus on methods being investigated to move to a more sustainable world including 
the development of solar power, wind power and sustainable agriculture, as well as engineering 
solutions to reduce the effects of global climate change. 
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Appendix B: Schedule of Lessons and Project Guidelines 
 
Day Topics Activities 
 
 
1 

Introduction: Global 
Energy 

In groups, students analyzed graphical data about global 
and regional energy production, consumption, and 
trends. 

Molecules and 
Stoichiometry 

Observational experiments:  
Zn + 2HCl --> H2 + ZnCl2 
Sodium bicarbonate + citric acid --> sodium citrate + 
water + carbon dioxide 
Sodium bicarbonate + acetic acid (vinegar) --> sodium 
acetate + water + carbon dioxide. 

 
 
2 

States and Properties of 
Matter (Boiling Point) 

Observational experiment: Boiling in a Syringe 

States and Properties of 
Matter (Density) 

Finding the density of water, isopropyl alcohol, and oil 

Skill Building and 
Investigations  

Relative weight, moles, Avogadro’s number 

Pedagogy 1: making 
thinking visible 

Analysis of student conceptual models about molecules 

  
 
 
 3 
  

Atomic models Using simulations online (http://phet.colorado.edu/), 
compare and contrast the different models of an atom. 
Explain which one is the currently accepted model. 

Periodic table and 
properties 

Classify elements based on their properties 

Lesson Critique 1 Develop critique criteria in analyzing science lessons  
Pedagogy 2: making 
thinking visible 

Ready, Set, Science! Molecules in Motion 
Activity: underwater candle- water rise experiment  

 
 
 
4 

Chemical energy of 
fuels 

Experiment: designing a calorimeter, and calculating the 
heat energy produced by potato chips and selected 
compounds (ethanol, methanol) 

Properties of fuel Lecture focus: what are the important properties of 
fuels, and how do we select and fine-tune fuels for 
different purposes 

Pedagogy 3: 
engineering design 

Using engineering design process to promote 21st 
century skills (critical thinking and problem solving, 
communication and collaboration) 

  
 
 5 

Oxidation-reduction 
equations, cell 
potentials, and 
nomenclature 

Pencil electrolysis, balancing oxidation-reduction 
equations 
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Fuel Cells Fuel cell experiments 
How can you use the knowledge of electron transfer 
(oxidation and reduction) to extract energy from 
hydrogen gas.  
How much energy can you get from a 1x1 fuel cell? 

Lesson critique 2 Use the criteria to redesign a science lesson 
Project Proposal 
Presentations 

See project guidelines below 

 
6 

Photovoltaic cells Experiments: Make a solar circuit, electrical circuit, 
increase voltage, increase current. 

Acids and Bases Experiments: measuring and calculating the pH of 
several solutions 

 
 
7 

How much sugar is in 
your soft drinks and 
fruit juices? 

Experimentally calculate/estimate the calories and sugar 
content of different drinks.  

Project poster 
presentations 

See project guidelines below 

Final exam review  
8 Final exam  
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Appendix C: Project Guidelines  
 

Course 3: Energy Production and Consumption 
 

Course Project Guidelines 
 
In this course project, you will create a plan for improving the energy efficiency of a building or 
home in your community. The project will involve gaining an understanding of all the energy 
flows in the building, and designing an energy production scheme based 50% on fossil fuel and 
50% on one of the alternative technologies from this class (PEM hydrogen fuel cells or solar 
photovoltaics), and creating a plan for improving energy efficiency of the structure. 
 
The guidelines for the project are the following: 
 

a. You will work in a team of two or at most three people. 
b. You will give a presentation at the end of the first week of class to propose the content of 

your project. 
c. You will give a poster presentation on the final week of class to showcase the results of 

your project. 
 
These are the basic steps that must be carried out: 
 
1. Choose a building to be the subject of the project: a school or other community building, a 
single-family house, or a building with a small business in it. You should have some familiarity 
with the building and must be able to gain entrance in order to do some measurements and to 
survey the appliances and facilities. 
 
2. Use an energy calculator such as the Home Energy Saver from Lawrence Berkeley Laboratory 
(http://hes.lbl.gov/consumer/) to determine the energy demand for a home. For other building 
types, search for similar tools or information. 
 
3. From this information, determine the energy that must be generated in order to meet the needs 
of the home. Apply an engineering safety factor to make certain that the generation system you 
design will meet the structure’s needs for energy under the worst case conditions. A typical 
safety factor for this type of application is 2, in other words you will design the system to deliver 
twice the estimated maximum energy demand. 
 
4. You will design two separate energy production systems with each one supplying half the 
demand. For the first, you will choose one of the three fossil fuels we studied. Calculate the 
quantity of that fuel needed to meet the demand, based on the energy content of the fuel. Use 
units appropriate to the fuel; for example, if the fuel is a solid, the weight of fuel required in kg 
or lb would be appropriate. You must also relate this quantity to the time over which it is 
required, for example, kg of fuel per day, month, or year. 
 
5. Decide how you will convert the fossil fuel to electricity using existing, available technology. 
Research this further in order to determine the efficiency of this conversion. Use the efficiency to 
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calculate the actual quantity of fuel required. 
 
6. Design an alternative energy system to meet the remaining 50% of your house’s energy 
requirements. If it is a PEM fuel cell system, determine what size of fuel cell (membrane area) is 
required. If photovoltaics, then determine the total area of the panels needed to produce the 
energy.  
 
7. Based on your research, present concrete steps that could be taken to improve the overall 
energy efficiency of the building in addition to the new energy generation scheme. This could 
include ideas such as reducing heating or cooling losses, incorporating efficient lighting, etc. 
 
8. Another component of your project is to adapt and/or design at least two 40-min lessons for 
your own students. The objectives here are: (1) for you to think of how you can teach the concept 
of energy (production, consumption, energy efficiency, chemistry, etc.) with your own students 
and (2) implement the concepts of reformed-based science teaching approaches in adapting or 
designing lessons. The write-up of these lessons will make up the written report for the project. 
Your lessons will include: 
 Title and brief overview of the lesson (including rationale how this lesson is connected to 

your project, connected to what you learned in the class, and importance for your students 
to learn) 

 Lesson objectives (performance-based and includes big ideas in science) 
 A section describing the key science concepts involved in the lessons. 
 NJ CCCS  
 Anticipated students’ prior knowledge including possible difficulties and misconceptions 
 Targeted 21st century skills (identify the set of skills and describe how these skills are 

fostered in the lessons) 
 Concepts from Ready, Set, Science! 
 Instructional methods (naive and revised modeling, ways to address students’ prior 

knoweldge, investigations, argumentation) 
 Assessments 

 
9.  On the Friday of the first week of class, your team will give a short (10 min.) Power Point 
presentation (maximum of 5 slides) of your proposed project. You must identify the subject 
building, and lay out plans for the project. Provide a description of the steps you will carry out to 
complete the project, the resources you will use for information and data, and the calculations 
you will perform to complete the design. Moreover, briefly describe the lessons that you will 
adapt or develop. You will receive feedback from the instructors with suggestions for 
strengthening your project. 
 
10. On Tuesday of the final week of class, your team will present a poster highlighting your 
project. During the poster session, your team will give a 10 min. explanation of the poster, 
recapping what you actually did and the results you achieved. All members of the team are 
expected to participate in the preparation of the poster and in the oral presentation of it. Posters 
can be up to 36 in. by 48 in. in size in portrait or landscape. The poster should be prepared with 
computer software such as Microsoft Power Point, as either a single printed poster (printing is 
available at local Staples, Costco, and print shops) or as individual printed pages permanently 
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attached onto a single poster sheet. Fonts should be large enough to read from a distance of 10 
feet. The name of your project and the team members’ names should appear at the top. Your 
instructors can provide additional poster tips in class or via email. 
 
11. You must use and report at least 10 high quality reference sources in completing your 
project. Websites, if used, must be reputable sites such as Wikipedia or the US Department of 
Energy, but do not count in the list of 10 quality references. Preferred references are from printed 
books and journals which are rigorously edited. Use the MLA standard for citing these 
references in a list on your poster. 
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Appendix D: Samples of Multiple-Choice Questions 
 
Question 1 (courtesy of Jim Birk, Arizona State University) 

 
 
Question 7 (created by the authors) 
What are the products of the following combustion reaction if it is allowed to go to completion? 

C8H18 + O2  products 
a. Carbon and water 
b. Carbon dioxide and water 
c. Carbon dioxide and hydrogen 
d. Carbon, hydrogen, and oxygen 

 
Question 15 (taken from the NY Regents Exam – Physical Setting: Chemistry) 
An orbital is a region of space where there is a high probability of finding 

a. a proton 
b. a positron 
c. a neutron 
d. an electron 

 
Question 19 (created by the authors) 
Which of the following are fossil fuels? 

1. hydrogen 
2. gasoline 
3. natural gas 
4. firewood 
5. coal 

a. 1 through 5 
b. 1, 2 and 3 
c. 2, 3 and 5 
d. 2 through 5 
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Appendix E: Results for Multiple-Choice Questions 
 
Q 
# Summary of Question Pre Pos

t +1 -1 Net p 

1 
Ice is melted, then boiled. Which diagram 
represents water vapor? (A: far apart, but still 
H2O molecules) 

27 34 +9 -2 +7 < 0.1 

2 
What mass of oxygen, O2, contains the same 
number of molecules as 36 grams of water, 
H2O? (A: 64 grams) 

9 21 +16 -4 +12 < 
0.01 

3 
[boiling curve] At what temperature is the heat 
added used to boil the liquid? (A: 53C [flat part 
of curve]) 

28 29 +7 -6 +1 > 0.1 

4 
Which statement best describes molecules in the 
liquid phase at the boiling point? (A: their speed 
remains constant) 

33 26 +6 -13 -7 < 0.1 

5 
Which factors affect the boiling temp of a 
liquid? 
(A: pressure and impurities) 

16 41 +25 0 +25 < 
0.01 

6 
[table showing melting and boiling points for 3 
hydrocarbons] Which is liquid at 22C? (A: 
octane) 

22 22 +8 -8 0 > 0.1 

7 
What are the products of the complete 
combustion of octane, C8H18? (A: carbon 
dioxide and water) 

14 41 +28 -1 +27 < 
0.01 

8 

Which of the following characteristics apply to 
exothermic reactions? (A: heat is released; 
potential energy of products is less than that of 
reactants) 

20 23 +9 -6 +3 > 0.1 

9 xN2(g) + yH2(g)  zNH3(g), x=1; What is the value 
of y if the equation is balanced? (A: y=3) 20 32 +15 -3 +12 < 

0.01 

10 
HgO(l) + Zn(s)  ZnO(s) + Hg(l); What happens 
to zinc in this reaction? (A: it is oxidized 
because it loses electrons) 

9 22 +17 -4 +13 < 
0.01 

11 An element with a low first ionization energy, 
conducts heat is classified as (A: metal) 27 43 +16 0 +16 < 

0.01 

12 The chemical properties of calcium are most 
similar to the properties of (A: magnesium) 22 32 +12 -2 +10 < 

0.01 

13 Which of the following formulas [for neutral 
NHn compounds] is stable? (A: NH3) 

18 33 +18 -3 +15 < 
0.01 

14 
The solubility of solid potassium chloride in 
water depends on (A: the temperature of the 
water) 

28 26 +8 -10 -2 > 0.1 

15 An orbital is a region of space where there is a 
high probability of finding (A: an electron) 35 46 +11 0 +11 < 

0.01 
16 [table showing densities of 4 liquids] Which 43 40 +4 -7 -3 > 0.1 
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liquid should you add last to create 4 layers? (A: 
olive oil) 

17 What is the total number of neutrons in an atom 
of oxygen-18? (A: 10) 16 27 +13 -2 +11 < 

0.01 

18 

Which is the most accurate statement of energy 
conservation efforts? (A: conservation is helpful, 
but only delays exhaustion of resources by a few 
decades) 

31 34 +8 -5 +3 > 0.1 

19 Which of the following are fossil fuels? 
(A: gasoline, natural gas and coal) 40 42 +5 -3 +2 > 0.1 

 
Pre – Number of people who chose the correct answer on the pre-test 
Post – Number of people who chose the correct answer on the post-test 
+1 – Number who changed from an incorrect answer on the pre-test to the correct answer on the 
post-test 
-1 – Number who changed from the correct answer on the pre-test to an incorrect answer on the 
post-test 
Net – Net gain for the correct answer on the post-test 
p – p-score of 1-tailed t-test based on difference of means of paired samples 
 


