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Abstract: Much of the attention on the crosscutting concepts within the Next-Generation Science
Standards (NGSSs) have gone to their coherence across different STEM disciplines. In this paper,
we raise the question of the coherence of the energy concept within the teaching and learning of
physics itself. Our investigations of teachers’ and students’ approach to solving problems, where
both mechanical and thermal energy play equally important roles, indicate that the separation of
energy studies in different units (mechanics, thermodynamics, etc.) leads to a cognitive disconnect of
the understanding of different energy types and the inability to explain processes that involve both
mechanical and internal energy, especially when the internal energy of the living organisms that are
associated with a process is involved. We also find that when students gain experience analyzing
scenarios where thermal energy plays a subtle yet critical role in addition to mechanical energy, they
are able to apply this understanding to novel scenarios.

Keywords: crosscutting concepts; energy; internal; thermal; mechanical; living organisms; NGSS

1. Introduction: Energy As a Crosscutting Concept

The US Framework for K-12 Science Education recommends building science educa-
tion around three major dimensions: science and engineering practices, disciplinary core
ideas, and crosscutting concepts [1]. Crosscutting concepts unify the study of science and
engineering through their common application across fields and disciplinary core ideas
in the major disciplines of natural science. One of the crosscutting concepts in the Frame-
work and in the NGSS, Appendix G is Energy and matter: flows, cycles and conservation [2].
According to the NGSS, Appendix G: tracking fluxes of energy and matter into, out of, and
within systems helps one understand the systems’ possibilities and limitations. Specifically,
in middle school, students are expected to learn that “. . .within a natural or designed
system, the transfer of energy drives the motion and/or cycling of matter. Energy may
take different forms (e.g., energy in fields, thermal energy, energy of motion). The transfer
of energy can be tracked as energy flows through a designed or natural system”. In high
school, the concept becomes more sophisticated: “. . .students learn that the total amount of
energy in closed systems is conserved. They can describe changes of energy in a system in
terms of energy and matter flows into, out of, and within that system. They also learn that
energy cannot be created or destroyed. It only moves between one place and another place,
between objects and/or fields, or between systems. Energy drives the cycling of matter
within and between systems”.

We agree that the focus on energy as a crosscutting concept is vital for preparing
students to engage with the complex role that energy plays in their everyday lives from
the energy of their bodies to the energy resources they depend on every day. A flexible
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and crosscutting understanding of energy is also critical for navigating significant societal
issues such as climate change and equitable access to energy resources.

While much of the attention on the crosscutting concepts in the NGSS have gone to
their coherence across student learning in different STEM disciplines, in this paper, we raise
the question of the coherence of student learning of the energy concept within physics itself.
Our investigations of teachers’ and students’ approach to solving problems, where both
mechanical and thermal energy play equally important roles, suggest that the separation of
energy studies in different units (mechanics, thermodynamics, etc.) might lead to students’
cognitive disconnect of the understanding of different energy types and their inability
to explain processes that involve both mechanical and internal or thermal energy. The
challenge of recognizing the critical role of thermal energy is particularly significant in
scenarios involving living organisms. While the Framework and the NGSS expect the
energy to cut across multiple science disciplines, we, in this paper, ask a much narrower
question: to what extent do students and teachers conceptualize energy as a crosscutting
concept within the discipline of physics? Specifically, our research question is as follows:
How do learners approach situations where mechanical processes occur simultaneously
with thermal and chemical processes, including the cases when a living organism is a part
of the system?

2. Energy As a Crosscutting Concept in Physics Instruction

In this section, we discuss how energy is approached in physics curricula and papers
and books for teachers. Before we delve into this issue, we should spend some time defining
key ideas in energy without which the rest of the conversation will not be clear. Specifically,
we need to define the terms “system”, “conservation”, “conserved”, “work”, and “heat”.

2.1. Definitions of Important Terms

The language that is used in physics to describe energy and energy conservation is not
consistent or coherent across physics textbooks and educational resources [3,4]. Therefore,
it will be helpful to precisely define key terms here:

System—A single object or any grouping of objects in a particular process that one
is free to choose; the remaining objects, if any, form the environment, which may or may
not interact with the system. Choosing a set of objects to constitute a system does not
necessarily mean that the objects outside it do not interact with it. If the objects that are
within the system do not exchange significant amounts of energy with the environment,
the system is an isolated system for energy analysis purposes.

Constant quantity—A physical quantity that remains unchanged in time.
Conserved quantity—A physical quantity that remains constant in an isolated system

but can change when the system is not isolated. However, if a quantity is conserved, we
can always find a larger system in which this quantity remains constant. We can track
the movement of a conserved quantity between the system and environment; because it is
conserved, it does not disappear or appear within the boundaries of a system. If it changes
during a time interval, any difference must have transferred to/from the system from/to
the environment. For a more in-depth description of the difference between a conserved
quantity and a quantity that is merely constant, see the recent article in the American
Journal of Physics [5].

Energy—A quantity of a system that depends on the motion, as well as the interactions
of matter within that system. That there is a single quantity called energy is due to the
fact that a system’s total energy is a conserved quantity, even as, within the system, energy
is continually transferred from one object to another and converted among its various
possible forms [5,6]. The conservation of energy means that the total change in energy in
any system is always equal to the total energy transferred into or out of the system (see
the means of transfer below). Individual forms of energy, on the other hand, are never
conserved, even though they may remain constant in specific processes.
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Work—A physical quantity that characterizes the process of transferring energy to
a system through macroscopic force interactions. For work to be done on a system, an
object in the environment should be exerting a force on an object in the system, and the
displacement of the point of application of that force must have a component along the
direction of the force (in the same or in the opposite direction). Work can be positive or
negative. Positive work is associated with a transfer of energy into a system, whereas
negative work is associated with a transfer of energy out of a system. Work does not reside
in a system; it is not a property of the system.

Heat—A physical quantity that characterizes the process of transferring energy to a
system as a result of a temperature difference between the environment and the system.
The energy is transferred to a system through heat when at least some portions of the
system and the environment are at different temperatures. Positive heat is associated with
the transfer of energy to the system and negative heat is a transfer of energy from the
system. Heat refers to a transfer of energy and, therefore, is not a quantity that resides in a
system. It is important to differentiate heat from thermal energy, which does reside in a
system and is associated with the temperature of the system.

2.2. Traditional Approaches to Energy Instruction in High School and College Physics

Traditionally, in high school and college, physics courses begin with mechanics, where
students learn about mechanical energy, potential energies, and work. Mechanical energy
typically refers to the combination of kinetic energy and various forms of potential energy.
Typically, when energy is taught in a mechanics unit, emphasis is given to gravitational and
elastic potential energies. This approach to energy instruction focuses on idealized scenarios
in which energy transfers between objects and converts from macroscopic kinetic energy to
gravitational and/or elastic energy and vice versa. Dissipative processes involving kinetic
friction and air resistance are often treated as negligible. A reason for this approach is that
physicists believe that it is important to shield learners from complications when they first
formally encounter the concept of energy. However, students bring vast resources about
energy to the physics classroom. The net effect is that this approach to energy inhibits
learners from developing a deep understanding of energy conservation for both theoretical
and practical reasons. Theoretically, only energy as a holistic physical quantity is conserved.
The sum of macroscopic kinetic, gravitational, and elastic energy may be constant for
certain systems and scenarios but it cannot be conserved, because only energy as a whole is
a conserved quantity. Practically, most of our everyday experiences cannot be reasonably
approximated by idealized conversions between gravitational, elastic, and macroscopic
kinetic energies. Our lives are dominated by friction, air resistance, and thermal and
chemical energies often in subtle or imperceptible ways. This is particularly true when
living beings are involved. When learners are encouraged to prioritize idealized energy
scenarios, they are likely to construct an understanding of energy conservation that seems
irrelevant to their lives outside the physics classroom.

Many physics textbooks describe mechanical energy as a conditionally conserved
quantity. In order to do this, they often distinguish between “conservative” and “noncon-
servative” forces. We have argued previously that mechanical energy is fundamentally not
a conserved quantity and describing it as conditionally conserved can lead to confusion
about the fundamental conservation principle for energy that is applicable to all situations
for all types of forces [5]. Additionally, as introductory mechanics mostly deals with the
particle models of objects without internal structure [7], the textbooks introduce the kinetic
energy theorem, where a particle-like object changes its kinetic energy due to the work
being done on it. This introduces another confusion—fake conservation of kinetic energy.
In addition, most textbooks introduce students to mechanical work without differentiating
between real work and pseudo-work (see more about this issue in Sherwood, 1986), which
makes the discussion of the processes including friction difficult or plain impossible [8–10].
Finally, most textbooks and even the NGSS confuse the concept of conservation with the
concept of constancy starting from the first encounter of the students with the concept of
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energy [11]. Finally, many curriculum materials discuss energy without using the concept
of a system, which makes tracking energy extremely difficult. But these are just the issues
in mechanics.

Students often first learn about energy in a unit that prioritizes idealized mechanical
processes and may introduce mechanical energy as a conserved or conditionally conserved
quantity. Later, they revisit energy in a unit that prioritizes thermal processes and introduces
the first law of thermodynamics. They may not realize that the first law of thermodynamics
is simply a special case of energy conservation for situations where only internal energy is
changing and energy transfers only occur through mechanical work and/or heat. The way
energy is traditionally taught here may introduce more confusion. Students may think that
heat is an entity, a thing belonging to the system [12]. They may also find it difficult to relate
internal energy to mechanical energy, as the first law of thermodynamics (TD) is limited to
internal energy and the examples that the students analyze primarily involve ideal gases
and the change in their internal energy proxied by the change in temperature [13,14].

Finally, in most textbooks and studies about energy in both units, living organisms
are rarely present. There are few examples where people or other living organisms are a
part of the system in which students need to track energy, in the textbooks or literature
researching students’ understanding of energy [15–17].

2.3. Student Learning of Energy

The research literature on students’ understanding of the concept of energy and
effective methods of teaching this subject matter spans over 60 decades. An overview of
the field is beautifully given by Neumann and Nordine (2023) in their chapter “Energy”
in the recently published Handbook of Research in Physics Education [18]. There, the authors
discuss energy as a core concept in physics, student conceptions of energy and their
development, existing learning progressions for energy, student difficulties, and different
instructional approaches to teaching energy. The chapter contains 130 references and shows
that educators have given a great deal of attention to the learning and teaching of energy. In
this paper, we focus on the studies directly related to the research question—students’ and
teachers’ approaches to the processes involving mechanical and internal energy conversions
including the cases when a living organism is a part of the system. Studies of students’
understanding of energy [19] showed that while younger students give a lot of attention
to the energy within living systems, older students reverse this understanding and start
excluding living organisms as important systems when thinking about energy.

In addition to many studies of students’ understanding of energy and the difficul-
ties involved in the development of such an understanding, there has been a significant
effort in clarifying the concepts of work, and especially work involving friction [8,9,20],
systems [9,10], conserved and non-conserved forces [4,5], the language about heat, and the
issue of energy being a conserved quantity that is not necessarily constant [11,12]. Most
of the research on scenarios that involve both mechanical and thermal energy focus on
dissipative processes in mechanics (friction and air resistance). For excellent examples,
see [4]. Few papers examine energy situations when living organisms are involved [21].
Even fewer researchers include in their investigations students’ understanding of such
processes [17,22]. In the former paper [17], the authors investigated how students under-
stand energy, and they have situations for the students to explain when a person is in
the system: “As the child is running, what forms of energy would be involved in this
transfer/transformation of energy?” They found that all students (older and younger) had
trouble tracking the energy when it was changing forms and when people were involved.
All students had trouble understanding energy conservation in biological systems. The
students had trouble connecting chemical energy to mechanical energy in the processes
where humans were involved. In the latter paper [22], the authors leading a professional
development program investigated teachers’ explanations of what occurs to the energy of
the person–Earth system when a person lowers an object at constant speed. They found
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teachers’ reluctance to acknowledge that the mechanical energy of the system is converted
into the thermal energy of the person as the change in temperature is imperceptible.

The studies of the textbooks and research literature indicate that due to our teaching
of energy, there might be a disconnect in students’ and teachers’ understanding of energy
processes in the systems where mechanical and thermal/internal energies play equally
important roles. If this is true, then both the students and the teachers would have difficul-
ties analyzing processes involving mechanical and thermal energy together, or mechanical
energy and internal energy when a living organism is involved.

3. A Study of Students’ Understanding of Energy As a Crosscutting Concept in
Physics: Materials and Methods

In order to better understand students’ ability to navigate energy as a crosscutting
concept within the discipline of physics, we collected survey data from various participant
groups. Our surveys were composed of short-answer questions that probed participants’
understanding of energy processes in two challenging scenarios. In order to study the
learner’s ability to apply energy conservation to living organisms, we used a scenario
(henceforth called the lowering scenario) that involves a person lowering a bowling ball at a
constant speed [22]. In order to study the learner’s ability to navigate scenarios that are
both mechanical and thermal, we used a water jet scenario in which a compressed gas is
used to launch a column of water upward. The participants had to solve the problems
either on paper or using a Google form. We did not time them and we did not ask them to
do it alone. After we collected the responses, we developed a content coding scheme for
the responses and analyzed the patterns in the responses. A description of our participant
groups, the survey problems, and our analysis of the responses is presented below.

3.1. Study Participants

Five different groups of participants responded to the problems. We chose several
groups to investigate how students with different levels of preparation and teachers respond
to the problems above. Specifically, we wanted to investigate (see Table 1):

1. High-school students (these were the students who had 4 years of physics instruction
in a European country with a rigorous physics curriculum and who were getting
ready to take an optional final physics exam);

2. Introductory physics students (for these students, the lowering scenario served as
a pretest at the beginning of their energy unit. Some of these students will have
had up to a year of high-school physics and some of them had not yet taken any
physics course);

3. Sophomore- or junior-level physics majors who were just completing an upper divi-
sion course in thermal physics.

4. Pre-service physics teachers in the master’s-level physics teacher preparation program,
all with a complete undergraduate degree in physics (these were students who had
instruction on energy through the systems approach with the inclusion of internal
energy changes and with experience in solving problems involving living organisms);

5. In-service physics teachers (these were teachers who went through a rigorous program
of physics teacher preparation (at different times) that also focused on the systems
approach and inclusion of internal energy into mechanical processes but had no
experience in solving problems involving living organisms).
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Table 1. Participants who responded to our questions.

Participant Group Number Problem Solved

High-school students 20 1

Introductory college physics students 71 1

Physics majors at the end of a
sophomore/junior-level thermal physics course 7 1 and 2

Pre-service teachers with systems energy
instruction (PS teachers) 9 1 and 2

In-service teachers with systems energy
instruction (IS teachers) 13 1 and 2

Not all participants responded to both problems (see Table 1).

3.2. Survey Problem 1: Lowering a Ball at a Constant Speed

This problem has been described elsewhere and was designed to study students’ ideas
about the energy associated with a person involved in a simple mechanical process [22,23].
The survey prompt for this question was as follows:

3.2.1. Survey Prompt

A person carefully lowers a bowling ball from eye level to waist level. During this motion the
bowling ball moves downward at a slow, constant speed. Describe what you think is happening with
energy during this process in as much detail as possible. Please include all relevant objects (bowling
ball, person, Earth, surrounding air, etc. . .) in your system for energy analysis and make sure to
describe where the energy goes.

3.2.2. Solution

In this process, the ball, person, and Earth are all relevant for the energy analysis. Air
resistance plays a negligible role but we will include the air in our system for completeness.
With all four of these objects in our system, we can track all energies involved: gravitational
potential energy, kinetic energy, internal energy of the person (includes chemical energy
and thermal energy), and thermal energy of air. The initial state is the ball already moving
down at some initial height Hi above Earth’s surface and the final state is the same moving
ball but closer to the surface of Earth, at some final height Hf above Earth’s surface.

We choose the gravitational potential energy to be zero in the final state (Ugf = 0).
Because the ball moves with constant speed, the kinetic energy is constant through the
whole process. Since air, Earth, the person, and the bowling ball are all in the system, there
are no other objects in the surroundings that interact with the system and, therefore, the
work done on the system and the energy exchanged by heating are both zero. The decrease
in gravitational potential energy must therefore be equal to the increase in internal energy
of the system. Which part of the system gains the internal energy? Since the speed of the
ball is small, we can assume that air drag is negligible, meaning that the increase in the
thermal energy of air and the ball due to air drag is also negligible. This leaves us with the
increase in the internal energy of the person (Figure 1a).
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Figure 1. Energy bar charts for the analysis of the process described in problem 1. (a) with the
changes in the internal energy of the person; (b) with the changes in the internal energy separated
into the changes in the thermal energy and the chemical energy of the person.

While the energy analysis shown in Figure 1a is correct, it fails to showcase a very
important aspect of this scenario, namely that it takes physiological or metabolic effort to
lower a bowling ball at constant speed. In order to foreground this idea, we can further
separate the internal energy change of the person into a thermal energy change (change in
the body temperature) and a chemical energy change (chemical changes in the body due to
metabolism) (Figure 1b). As for every living organism, the person reduces their chemical
energy (∆Uch < 0) in order to perform this physical task (strictly speaking, the chemical
energy of person plus oxygen in the air decreases). In our case, the increase in thermal
energy of a person comes partly from the chemical energy change but also from the change
in the gravitational potential energy of the ball. We can see the process in the following
way: the person prevents the ball from speeding up by continuously transforming any
increase in the kinetic energy of the ball into the thermal energy of the muscles and joints.

3.2.3. Coding Scheme

The choice of codes is based on the research question that we are trying to answer
and our review of the literature. Specifically, we wanted to see if the participants included
the person into their analysis (living organisms in the systems), if they noticed that some
form of energy should increase when the gravitational potential energy decreased, if they
noticed that the increased energy was thermal, and if the energy was treated as a conserved
quantity independently of what system the participant chose. These aspects of participant
reasoning were identified in the literature as important for understanding energy as a
crosscutting concept and we wanted to see if the participants attended to these ideas.

To develop the coding scheme and establish reliability, we read 4 arbitrary chosen
responses and looked for the above indications. Analyzing the responses, we came up
with the 4 code indications scheme that addressed each of the above issues. All 4 authors
then independently scored all responses from the last group of participants (we started
with this group as we assumed that those responses would be the most complete) and
achieved an 85% agreement among those scored. We then had a discussion of every score
and modified the wording to achieve 100% after the discussion. Then, authors 1 and 3
scored the responses of groups 1 and 4 and authors 2 and 4 scored the responses from
groups 2 and 3. Both teams achieved a 100% agreement after the discussion.

Table 2 shows the coding scheme for participant responses to problem 1 and examples
of responses for each code. Each code indication was assigned 3 scores: 0—not present
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or completely unclear or incorrect; 1—present but not articulated or slightly incorrect;
2—clearly articulated and correct. In Table 2, we only show examples for scores 2 for each
code indication.

Table 2. Coding scheme for problem 1.

Code Indications Description Example

Includes the person in the system

As excluding the person from the system
removes the issue of internal energy
change, we specifically asked in the
problem to include all relevant objects in
the system to perform a complete energy
analysis. Some participants pushed
against it and used the person as an
external object who does work. We
assigned the highest scores to those who
explicitly included the person in the
system. Participants who received 0 s
chose not to include the person in the
system and used negative work.

If everything is in the system, the best
way to explain the observations is that the
decrease in GPE leads to an increase in
internal energy of the body, surrounding
air, etc. (warming up, chemical reactions
within body/muscles).

Some energy is increasing

The participant understands that some
energy is increasing in the process but
does not say explicitly what this
energy is.

Because there is a decrease in
gravitational potential energy, the other
objects in the system must have an
increase in energy.

Thermal energy of the person is
increasing

The participant says that the lost
gravitational potential energy of the
system was transferred to the person but
does not articulate clearly what
energies decreased.

If everything is in the system, the best
way to explain the observations is that the
decrease in GPE leads to an increase in
internal energy of the body, surrounding
air, etc. (warming up, chemical reactions
within body/muscles).

The balance of energy is complete and
correct.

The participant says that the thermal
energy of the person must be increasing
enough to balance the decrease in
gravitational energy and
chemical/metabolic energy.

The potential energy of the system
decreases because the elevation of the
ball lowers. Because of muscle twitching,
the person’s chemical internal energy also
decreases. In turn, the person’s inner
thermal energy increases, so the net
energy change of the system is 0 as no
work was done on the system.

3.3. Survey Problem 2: Compressed Air Water Jet
3.3.1. Survey Prompt

Watch this video https://youtu.be/ lN5datUGEMU in which Finn uses a bicycle pump to add
air and increase the pressure inside a plastic container which is half filled with water. Finn then
opens a valve at the bottom of the container and a jet of water shoots several meters upward.

a. Focus on the portion of this experiment during which the valve is opened and the water shoots
upward. Explain what you think is happening with energy during this process in as much
detail as possible. Specify what you included in your system for energy analysis. If you think
that the energy of the gas inside the container changes during this experiment, please describe
what physical property of the gas changes to account for the change in energy. Feel free to
speculate when you are uncertain.

b. As you go, write below any questions that you ask yourself and need to answer in order to
provide a reasonably complete description of the energy processes involved.

After submitting the answers to steps a and b, students continued to the next section:
We repeated the experiment that you have seen before only this time we mounted a sensitive

thermometer into the container. Watch the video of the experiment https://youtu.be/Rw3mcK6PPho.
Note that the thermometer is mounted above the water level in the container.

https://youtu.be/lN5datUGEMU
https://youtu.be/Rw3mcK6PPho
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c. If you would like to revise your explanation that you gave in the previous section, write your
revision below. Please, do not change anything in the previous section. All your ideas are very
valuable to us.

3.3.2. Solution

Let the system be the water and air that are initially in the plastic container, and Earth.
Let the initial state be just before Finn opens the valve and the final state be after some
water has shot from the container and has not yet reached the maximum height of several
meters. We make the following assumptions. We assume that the kinetic energy K describes
the motion of bulk water only and that the process is fast enough, so we can neglect any
heat exchange between the system and the surrounding environment (Q = 0). We treat the
air in the container as an ideal gas whose internal (thermal) energy is proportional to its
absolute temperature. We choose the gravitational potential energy in the initial state to be
zero (Ugi = 0).

Initially, the kinetic energy and the gravitational potential energy are zero. When Finn
opens the valve, the air in the container starts expanding, pushing water out from the
container. As a result, water starts moving out from the container (Kf > 0) and rises up in
the air (Ugf > 0). At the same time, the center of mass of water in the container moves down
a little bit, but the corresponding decrease in Ugf is much smaller than the increase due to
the water jet rising up. As the water is emerging from the container, the ambient pressure
(about 1 bar) is exerting a force on water that is directed opposite to the displacement of
water, therefore doing negative work on the system (note that if the ambient pressure was
lower, the water would rush out from the nozzle at higher speed). As air molecules in the
container are hitting the downward-moving water surface, their average speed after the
collision with water decreases (adiabatic expansion). As a result, the internal energy (and
the temperature) of the gas decreases. The balanced energy bar chart is shown in Figure 2.
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Figure 2. Energy bar chart for the analysis of the situation in problem 2.

3.3.3. Coding Scheme

To develop the coding scheme, we followed the same approach as in problem 1. Here,
our focus was on whether the participants explicitly or implicitly mentioned that gas
particles have kinetic energy, whether this kinetic energy means that gas has energy as a
whole, and that the increase in mechanical energy of water is the result of the decrease in the
thermal energy of the air. We also wanted to find out whether the participants connected
the energy of the gas to its temperature and whether they understood that the changes
in the energy of the gas would lead to the changes in the temperature as the observable
variable. Finally, in this question, we also wanted to see whether the participants could
modify their reasoning based on the additional evidence presented to them. The codes are
shown in Table 3.
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Table 3. Coding scheme for problem 2.

Code Indication Description Example

Gas particles have kinetic energy
The person attributes the energy of the
gas inside to the kinetic energy of
the particles.

The internal energy from the
faster-moving air particles and the
thermal energy from the increased
temperature from the increased pressure
are converted to kinetic energy in the
water particles.

Energy analysis and choice of system

The person analyzes the process correctly
from the point of view of energy even if
considering inside air doing work on the
water (considering air outside the system)

System: Water, air inside the tank. When
the valve is opened, the water shoots up,
meaning it gains both KE and GPE. The
energy must be coming from the
expansion of the compressed air inside
the tank, because as it expands, it loses
internal energy and thus temperature.

Gas has energy The person explicitly mentions the
energy of the inside air.

The way to explain it is that the
compressed air does work on the water,
exerting a force on it once the valve is
opened. Positive work in this case as it
increases the energy of the system. In
order for the gas to do positive work, this
means that if you take the gas as your
system, its energy decreases.

Energy of gas decreased The person says that the energy of the
inside air decreased. See the answer for the above code

Temperature of the gas decreased The person says that the temperature of
the inside air decreased.

When the valve is opened, the water
shoots up, meaning it gains both KE and
GPE. The energy must be coming from
the expansion of the compressed air
inside the tank, because as it expands, it
loses internal energy and thus
temperature.

Is able to reconcile the observation of
temperature drop

After watching the second video, the
person revises their reasoning if needed
to correct the accounting of the energy of
the inside air.

Would I like to change anything? Sure.
The reduction in temperature would
mean that there’s a change in thermal
energy that is not insignificant, meaning
that I would also have to incorporate that
into my analysis. Basically, I treated the
previous process as being isothermal, but
I think the broad conclusion (an overall
reduction in internal energy leads to
increase in kinetic + gravitational
potential energy) is still correct.

We proceeded with the same approach to establishing the reliability of the coding
scheme. All 4 authors scored 4 responses from the last group of participants (in-service
teachers) and, prior to discussion, achieved 80% agreement. After the discussion and minor
adjustment to the wording of the codes, we achieved a consensus of 100%. Then, the
authors proceeded to score the remaining responses of the rest of the participants from
the last group (in-service teachers) and achieved complete agreement after discussing the
scores. Then, authors 2 and 4 scored the responses of group 3 and authors 1 and 3 scored
the responses of group 4. The teams reconciled minor disagreements on the scores. The
data presented in the Results section reflect our agreed-upon scores.
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4. Results

In this section, we present the results of the scoring of participant responses for
both problems.

4.1. Survey Problem 1: Lowering a Ball at a Constant Speed

Participant data for problem 1 are shown for all participants (N = 113) in Figure 3. Only
in one group of participants (pre-service teachers with systems energy instruction who
had experience with including living organisms in problem scenarios) did 100% indicate
that some energy in the process of lowering the ball must be increasing. Among the rest
of the participants, including the in-service teachers, the average percent of those who
recognized that some energy should be increasing was about 50%. The only group that
attributed the increase in energy to the increase in the energy of the person was again
the group of pre-service teachers. Almost 90% of them either explained this connection
clearly or partially. A smaller portion of those participants (50%) could clearly articulate
that the thermal energy of the person must be increasing enough to balance the decrease in
gravitational energy and chemical/metabolic energy.
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Figure 3. Analysis of the response to the first problem (lowering ball scenario). Descriptions of group
names: high-school students with a lot of physics instruction, intro college physics students with
minimal energy instruction, physics majors with experience in thermodynamics, pre-service teachers
with systems energy instruction and experience in solving a problem that includes living organisms,
and in-service teachers with systems energy instruction.

While responses to this scenario were similar among the other study groups, there was
one striking difference. Among in-service teachers with extensive prior energy instruction
focusing on the system’s analysis (ISs) and those who studied energy in high school
through traditional instruction, we measured a widespread resistance to including the
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person in the system for energy analysis. The prompt requested that they “please include
all relevant objects in your system for energy analysis” and explicitly mentioned the person.
In both of our study groups with extensive prior energy instruction, a significant fraction
of participants explicitly pushed back against this request. Many of the participants in this
group ignored the request and specified a system including only the ball and Earth. Many
of those participants in the IS group were able to correctly describe how the person does
negative work on this system and, therefore, avoided describing where this energy actually
goes once it is transferred via work to the person. These participants were comfortable
describing the energy story for this scenario without including the person in the system
and, therefore, elected not to follow the directions given in the question. Among the study
group with relatively little prior energy instruction (intro college), we found no evidence of
excluding the person from the system for energy analysis.

4.2. Survey Problem 2: Compressed Air Water Jet

The data for the participants who solved problem 2 (N = 29) are shown in Figure 4.
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Figure 4. Analysis of the response to the second problem (compressed air water jet). Descriptions of
group names: physics majors with experience in thermodynamics, pre-service teachers with systems
energy instruction and experience in solving a problem that includes living organisms, and in-service
teachers with systems energy instruction.

Those participants had much more experience with energy, especially physics majors,
who just finished the thermodynamics course where they explored kinetic molecular theory
and the first law of thermodynamics. The majority of the participants mentioned the energy
of the gas (about 70%) with the lowest percentage (55%) by physics majors, compared to
almost 90% of the in-service teachers. The same percentage of the participants in each
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group (about 60%) said that the energy of the gas decreased. However, more of the physics
majors mentioned the kinetic energy of motion of the gas particles than the in-service
teachers (60% vs. 30%). Interestingly, although fewer in-service teachers mentioned the
kinetic energy of the gas molecules, almost all of those who did were able to predict the
decrease in the temperature of the gas with the correct explanation, in contrast to physics
majors out of whom no one had a score of 2 for the prediction of the lowered temperature.
The same discrepancy existed for the prediction of the decrease in the temperature of the
gas due its energy being transferred to the shooting water.

Another interesting finding is that while almost 100% of pre- and in-service teacher
participants had their energy analysis consistent with the choice of the system, none of the
physics majors mentioned what system they used for the analysis, despite the question
asking to specify it.

Finally, we note that after watching the second video with the outcome of the ex-
periment that they had to predict, all of the in-service teachers were able to reconcile the
outcome with the correct energy reasoning, while a smaller portion of the pre-service
teachers did and very few physics majors did.

5. Discussion
5.1. Survey Problem 1: Lowering a Ball at a Constant Speed

On some level, the qualitative energy story for this scenario is simple. A decrease in
gravitational energy is clearly indicated by the lowering of the bowling ball. A decrease
in chemical energy can be readily inferred based on the effort required to slowly lower a
bowling ball. These energy decreases must be compensated by a significant increase in
some other energy, and the thermal energy of the person is the only reasonable destination
for this lost energy. So, why was a correct and complete energy analysis so elusive for these
study participants? We think that many participants struggled to identify the critical role
of thermal energy in this scenario largely because they were unfamiliar with including
people in their system when analyzing energy transfers and conversions. This hypothesis
is supported by the striking difference in the performance of the group of participants who
had experience with humans and other live organisms (PSs). The majority of this group
were successful in identifying the increase in energy in the person and a significant portion
of them performed a complete analysis including the decrease in chemical energy and
increase in thermal energy that compensated for the decrease in gravitational and chemical
energies in the system. This is also supported by the finding that in-service teachers with
systems energy instruction pushed back on including the person in the system. Similarly,
in the study reported in reference [22], teachers in a professional development program
questioned whether mechanical energy can be converted into the thermal energy of a
person. This finding suggests that including a person as a part of a system that participates
in energy conversions is a learned skill through energy instruction. As the data show,
when students are experienced in analyzing energy conversions in living organisms (in one
semester course, they worked on two problems of this type), and are instructed to include
a person in their system and consider the thermal energy of the person, they are able to
perform relatively sophisticated energy analysis.

5.2. Survey Problem 2: Compressed Air Water Jet

We can see that the performance of the participants is better on this problem than
on problem 1. We can explain this difference by the fact that the problem did not contain
living organisms and involved the objects that are commonly used in thermodynamics
problems (excluding the water having a kinetic energy of motion as a whole). Two things
are important to mention here. First, the undergraduate physics majors did not specify
their choice of system. This omission of the system choice in the responses is consistent
with research reported in [24]. Second, the in-service teachers initially did not associate
the internal energy of the gas with the motion of its particles. What can be the reasons for
this deficiency? There are several possible answers: (1) In their physics teacher preparation
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program, they had no instruction on the first law of thermodynamics; all the instruction
they had was in their major and not of all of them had a physics major. Some had a minor
and thus did not remember that gas molecules do not have a potential energy of interaction.
(2) In their regular teaching duties, they do not have thermodynamics or kinetic molecular
theory, as those are not part of the traditional physics curriculum in their country, but are
taught in chemistry. Therefore, they do not encounter any problems involving gases in their
teaching. The fact that physics majors did not define the system in their energy analysis
immediately after they had a course on thermodynamics can be explained by the fact that
the systems approach was not part of their course material.

Finally, how do we explain the finding that all of the in-service teachers were able to
go back and revise their explanations in light of new experimental data with almost 80%
performing it perfectly (score of 2) compared to 40% of the pre-service teachers and physics
majors (more of them had an attempt scored as 1). One possibility is that the teachers
forgot about the fact that ideal gas molecules only have kinetic energy in their original
explanation, and when they saw the outcome of the second experiment, they remembered
it and were able to revise their reasoning. Another explanation is that this group of teachers
are skilled in the Investigative Science Learning Environment (ISLE) approach to learning
physics that specifically teaches how to revise one’s reasoning based on new data [25].
Having used this approach in their teaching for many years, they had no problem applying
it to themselves.

6. Conclusions

In the introduction, we posed the following research question as the goal of our study:
How do learners approach situations where mechanical processes occur simultane-

ously with thermal and chemical processes, including the cases when a living organism is a
part of the system?

We found that, while in our sample of participants, the majority were relatively
successful in analyzing situations involving mechanical and thermal processes in inanimate
systems common to physics learning contexts, most participants had a lot of difficulty
analyzing energy processes in the situations that involve living organisms. This finding is
in agreement with studies that point to the lack of connections between energy learning
in inanimate systems and living organisms [17,22]. We also found that when students
have experience with such situations, they have no trouble including living organisms in
the energy analysis. This finding is consistent with everything that we know about how
people learn—they learn what we teach them. Another important finding is that having
data disconfirming participants’ original responses to the second problem led only one
group of participants to systematically revise their answers. This finding is consistent with
research by Chinn and Malhotra [26] who found that learners have difficulties adjusting
their explanations based on anomalous data. However, we found that those who have
longitudinal experience with the Investigative Science Learning Environment approach
internalize such processes and are successful in applying it when solving problems. This
finding is consistent with the previous findings of ISLE students [27]. While our study
is small in size and limited to only two problems, we can say that it suggests that both
teachers and students have difficulties including living organisms in energy analysis. We
also found that even undergraduate physics majors often conduct energy analysis without
clearly identifying a system, and that students have difficulties revising their explanations
when new data are provided to them.
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7. Limitations

As we mentioned above, the study has several limitations. First, we only used two
problems to probe participants’ responses to specific situations and only one of them
included a living organism. Therefore, our results provide a case study of prevalent student
ideas rather than a comprehensive assessment of student understanding in this domain.
Second, our sample of participants was relatively small, and we did not interview them
after they submitted the survey, due to the anonymous nature of the study. Finally, while
we did include physics teachers among our study groups, we did not interview teacher
participants by asking them about their teaching practices in the units containing energy;
therefore, we cannot connect their responses to the survey questions to how they teach this
material. Despite these limitations, we hope that our study will promote further research in
this area. While we continue to study the teaching and learning of energy as a crosscutting
concept among scientific disciplines, we should not neglect the need to study gaps in
students’ understanding of energy as a crosscutting concept within scientific disciplines.
Understanding these gaps will allow us to adapt instructional approaches to foster a more
coherent and flexible understanding of energy among our students.

8. Implications for Instruction and Further Research

The findings reported here suggest a need for a greater focus on energy as a crosscut-
ting concept even within the discipline of physics. Traditional energy instruction in physics
has often separated mechanical scenarios from thermal scenarios and inanimate contexts
from animate. As a result, many students may be unprepared to recognize the critical role
of thermal energy in mechanical scenarios. This is particularly apparent when the role of
thermal energy is not simply accounting for energy “lost to” friction or air resistance (as in
our first problem).

The good news is that when students have opportunities to actively engage with
mechanical scenarios in which living organisms and their thermal energy play a significant
role, they are able to expand and adapt their understanding of energy as a crosscutting
concept within physics. In our study, the group (PS Teachers) had only solved two problems
in which living organisms were involved, but they did so in a way where all were actively
engaged, worked in small groups, reflected at the end of the class, etc. It is also important
to note that these students (PS) participated in the survey 2 years after the experience with
those kinds of problems.

Therefore, we argue that for students to apply energy as a crosscutting concept, we
should prioritize their engagement with multiple scenarios that are both explicitly me-
chanical and where thermal energy plays a significant and non-trivial role. We specifically
recommend engagement with scenarios involving people, or other living organisms, and
to include the energy changes of the people in their analysis.

Author Contributions: Conceptualization, E.E., G.P. and L.S.; Methodology, E.E., G.P. and L.S.;
Formal Analysis, E.E., J.O., G.P. and L.S.; Resources E.E., J.O., G.P. and L.S.; Writing, E.E. and L.S.;
Visualization, G.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study
because all data were collected anonymously and were either part of a voluntary online survey or
were part of normal formative assessment practices for a course.

Informed Consent Statement: Participant consent was waived because all data were collected
anonymously and were either part of a voluntary online survey or were part of normal formative
assessment practices for a class.

Data Availability Statement: Data are not publicly available because we believe that it could be
possible to identify the institutions and even the courses which participated in this study based on
the authorship and identifying details present in specific student responses.



Educ. Sci. 2023, 13, 857 16 of 16

Acknowledgments: We thank all of the participants and their teachers who allowed us to collect the
data analyzed in this problem. We also thank Stamatis Vokos for his comments and suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. National Research Council. A Framework for K-12 Science Education: Practices, Crosscutting Concepts, and Core Ideas; The National

Academies Press: Washington, DC, USA, 2012. [CrossRef]
2. NGSS Lead States. Next Generation Science Standards: For States, By States (Appendix G). 2013. Available online: https:

//www.nextgenscience.org/resources/ngss-appendices (accessed on 1 August 2022).
3. Jewett, J.W., Jr. Energy and the confused student II: Systems. Phys. Teach. 2008, 46, 81–86. [CrossRef]
4. Chabay, R.; Sherwood, B.; Titus, A. A unified, contemporary approach to teaching energy in introductory physics. Am. J. Phys.

2019, 87, 504–509. [CrossRef]
5. Seeley, L.; Vokos, S.; Etkina, E. Updating our language to help students learn: Mechanical energy is not conserved but all forces

conserve energy. Am. J. Phys. 2022, 90, 251–252. [CrossRef]
6. National Research Council. Next Generation Science Standards: For States, By States; The National Academic Press: Washington, DC,

USA, 2013.
7. Sherwood, B.A.; Bernard, W.H. Work and heat transfer in the presence of sliding friction. Am. J. Phys. 1984, 52, 1001–1007.

[CrossRef]
8. Arons, A.B. Developing the energy concepts in introductory physics. Phys. Teach. 1989, 27, 506–517. [CrossRef]
9. Jewett, J.W. Energy and the Confused Student I: Work. Phys. Teach. 2008, 46, 38–43. [CrossRef]
10. Van Heuvelen, A.; Zou, X. Multiple representations of work–energy processes. Am. J. Phys. 2001, 69, 184–194. [CrossRef]
11. Fermi, E. Thermodynamics; Dover Publications Inc.: New York, NY, USA, 1937.
12. Brookes, D.T.; Etkina, E. The Importance of Language in Students’ Reasoning About Heat in Thermodynamic Processes. Int. J. Sci.

Educ. 2015, 37, 759–779. [CrossRef]
13. Lehavi, Y.; Eylon, B.S.; Hazan, A.; Bamberger, Y.; Weizman, A. Focusing on changes in teaching energy. In Proceedings of the

World Conference on Physics, Istanbul, Turkey, 1–6 July 2012; pp. 491–499.
14. Heron, P.; Linsey, B.; Shaffer, P. Student understanding of work and energy concepts at the university level. In Proceedings of the

World conference on Physics, Istanbul, Turkey, 1–6 July 2012; p. 499.
15. Etkina, E.; Planinsic, G.; Van Heuvelen, A. College Physics: Explore and Apply, 2nd ed.; Pearson: San Francisco, CA, USA, 2019.
16. Reese, R.L. University Physics; Brooks/Cole Publ., Co.: Devon, UK, 2000.
17. Opitz, S.T.; Blankenstein, A.; Harms, U. Student conceptions about energy in biological contexts. J. Biol. Educ. 2017, 51, 427–440.

[CrossRef]
18. Neumann, K.; Nordine, J.C. Energy. In The International Handbook of Physics Education Research: Learning Physics; AIP Publishing:

Melville, NY, USA, 2023; pp. 1–34. [CrossRef]
19. Black, P.; Solomon, J. Entropy in the School: Proceedings of the 6th Danube Seminar on Physics Education; Marx, G., Ed.; Roland

Eoetvoes Physical Society: Budapest, Hungary, 1983; pp. 43–55.
20. Besson, U. Work and energy in the presence of friction: The need for a mesoscopic analysis. Eur. J. Phys. 2001, 22, 613–622.

[CrossRef]
21. Scherr, R.E.; Harrer, B.W.; Close, H.G.; Daane, A.R.; DeWater, L.S.; Robertson, A.D.; Seeley, L.; Vokos, S. Energy Tracking Diagrams.

In The Physics Teacher; American Association of Physics Teachers (AAPT): College Park, MD, USA, 2016; Volume 54, pp. 96–102.
[CrossRef]

22. Daane, A.R.; McKagan, S.B.; Vokos, S.; Scherr, R.E. Energy conservation in dissipative processes: Teacher expectations and
strategies associated with imperceptible thermal energy. Phys. Rev. Spec. Top.-Phys. Educ. Res. 2015, 11, 010109. [CrossRef]

23. Seeley, L.; Vokos, S.; Minstrell, J. Constructing a Sustainable Foundation for Thinking and Learning About Energy in the
Twenty-First Century. In Teaching and Learning of Energy in K—12 Education; Springer International Publishing: Berlin/Heidelberg,
Germany, 2014; pp. 337–356. [CrossRef]

24. Lindsey, B.A.; Heron, P.R.L.; Shaffer, P.S. Student understanding of energy: Difficulties related to systems. Am. J. Phys. 2012, 80,
154–163. [CrossRef]

25. Etkina, E. Millikan award lecture: Students of physics—Listeners, observers, or collaborative participants in physics scientific
practices? Am. J. Phys. 2015, 83, 669–679. [CrossRef]

26. Chinn, C.A.; Malhotra, B.A. Children’s responses to anomalous scientific data: How is conceptual change impeded? J. Educ.
Psychol. 2002, 94, 327–343. [CrossRef]

27. Etkina, E.; Karelina, A.; Ruibal-Villasenor, M. How long does it take? A study of student acquisition of scientific abilities. Phys.
Rev. Spec. Top.-Phys. Educ. Res. 2008, 4, 020108. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.17226/13165
https://www.nextgenscience.org/resources/ngss-appendices
https://www.nextgenscience.org/resources/ngss-appendices
https://doi.org/10.1119/1.2834527
https://doi.org/10.1119/1.5109519
https://doi.org/10.1119/5.0067448
https://doi.org/10.1119/1.13775
https://doi.org/10.1119/1.2342855
https://doi.org/10.1119/1.2823999
https://doi.org/10.1119/1.1286662
https://doi.org/10.1080/09500693.2015.1025246
https://doi.org/10.1080/00219266.2016.1257504
https://doi.org/10.1063/9780735425477_004
https://doi.org/10.1088/0143-0807/22/6/306
https://doi.org/10.1119/1.4940173
https://doi.org/10.1103/PhysRevSTPER.11.010109
https://doi.org/10.1007/978-3-319-05017-1_19
https://doi.org/10.1119/1.3660661
https://doi.org/10.1119/1.4923432
https://doi.org/10.1037/0022-0663.94.2.327
https://doi.org/10.1103/PhysRevSTPER.4.020108

	Introduction: Energy As a Crosscutting Concept 
	Energy As a Crosscutting Concept in Physics Instruction 
	Definitions of Important Terms 
	Traditional Approaches to Energy Instruction in High School and College Physics 
	Student Learning of Energy 

	A Study of Students’ Understanding of Energy As a Crosscutting Concept in Physics: Materials and Methods 
	Study Participants 
	Survey Problem 1: Lowering a Ball at a Constant Speed 
	Survey Prompt 
	Solution 
	Coding Scheme 

	Survey Problem 2: Compressed Air Water Jet 
	Survey Prompt 
	Solution 
	Coding Scheme 


	Results 
	Survey Problem 1: Lowering a Ball at a Constant Speed 
	Survey Problem 2: Compressed Air Water Jet 

	Discussion 
	Survey Problem 1: Lowering a Ball at a Constant Speed 
	Survey Problem 2: Compressed Air Water Jet 

	Conclusions 
	Limitations 
	Implications for Instruction and Further Research 
	References

