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Abstract: Energy is one of the fundamental concepts of science in all disciplines. For this reason, it
can serve as a concept that crosses disciplinary lines and serves as a bridge for students trying to
describe a scientific phenomenon using different lenses. Underlying this vision, which is highlighted
by the Framework for K-12 Science Education is the implicit assumption that the different disciplinary
perspectives of energy have something in common, which should be the focus of instruction and
supports the way scientists in the different disciplines use energy. However, does a “unified concep-
tion” of energy actually underlie the ways diverse scientists use energy in their fields? To answer
this question, we conducted a small-scale interview study in which we interviewed 30 top-level
interdisciplinary researchers and asked them to explain several phenomena from different disciplines;
all phenomena could be explained in various ways, one of which was an energetic explanation. Our
results suggest that researchers from different disciplines do not think of energy in the same way
and do not think of energy as an interdisciplinary concept. We argue whether teaching energy in
an interdisciplinary way may support the development of future scientists and lay citizens or an
expectation that may add more difficulty to an already difficult task.
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1. Background
1.1. Teaching Cross-Disciplinary Unifying Concepts

There are concepts and practices that cross disciplinary borders and can potentially
support both students and scientists in understanding and investigating a phenomenon
from different angles. As students construct meaning by connecting new experiences
to prior knowledge, providing a broad framework that builds on unifying concepts that
cross disciplinary boundaries can allow for the development of a deeper understanding of
science [1]. The use of unifying concepts across disciplines is similar to how some scientists
use different disciplinary approaches as different lenses can reveal different aspects of a
phenomenon [2].

The United States took this vision of building on concepts that can bridge the disci-
plines and called them crosscutting concepts (CCCs). The American national K-12 science
standards have included an emphasis on broad cross-disciplinary themes in science as
a way to unify seemingly disparate science content [3]. The National Research Council
outlined a three-dimensional pedagogical approach that integrates disciplinary core ideas
(DCIs) and crosscutting concepts (CCCs) with scientific and engineering practices (SEPs).
Krajcik, Codere, Dahsah, Bayer, and Mun [4] explained that like strands in a rope, the
three dimensions work together to “build an integrated understanding of a rich network of
connected ideas. The more connections developed, the greater the ability of students to
solve problems, make decisions, explain phenomena, and make sense of new information”
(p. 157). The intention behind the CCCs was to explicitly address the different concepts
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that cross disciplinary borders and can be used as links to analyze and understand concepts
across science disciplines [1,2].

1.2. Energy

Energy is one of the fundamental concepts of science in all disciplines. It is central
to understanding a broad range of phenomena and the solution to many science-related
problems in our daily lives. Energy is defined as a central concept across disciplines. Due
to its centrality across the disciplines, the transfer of energy in and between systems was
identified by the Framework ([3], p. 84) as part of a crosscutting concept that bridges the
different disciplines, allows for common thinking across the disciplines, and should be
learned by all middle school students in every discipline: “Tracking transfers of energy
and matter into, out of, and within systems helps one understand the systems’ possibilities
and limitations”.

Given that one of the challenges in learning about energy is the difficulty in under-
standing that energy in physics is the same as the energy in chemistry and biology [5,6],
it makes sense that it be recommended that energy be taught and learned as a unifying
concept that crosses disciplinary borders. Park and Liu [7] found that while students
had difficulty understanding how energy is related to different phenomena, there was no
disciplinary dependence regarding this difficulty. We interpret this as indicating one of the
unifying characteristics of energy: it is very difficult for students to understand it across
disciplines. Students’ difficulties may be partially explained by looking at how energy is
typically presented in science curricula. Looking at the curricula from Israel, the UK, and
the USA indicates different uses of the energy concept in various disciplines; this may lead
students to conclude that energy is not the same concept in the different disciplines. In
chemistry, energy has traditionally been presented as something stored in chemical bonds
and released when the bonds are broken in a chemical reaction (actually, it takes energy
to break bonds; energy is released when new bonds are formed) [8]. In physics, energy is
traditionally used to compare two states of an isolated system by requiring that the total en-
ergy in both states be identical. In biology, many issues are concerned with the availability
of free energy (though it is usually not called this) rather than energy conservation. Given
these different perspectives on energy, it is not surprising that students learn to perceive
energy as something different in the different disciplines [6]. Thus, when the concept of
energy appears to be treated differently in the different disciplines, addressing energy as
a unifying concept is likely to be challenging and may not serve the different disciplines
equally well.

Underlying the expectation that energy should be taught as a crosscutting concept
is the implicit assumption that these different perspectives on energy have something in
common, which should be focused on during instruction. We should support students
in learning to think about energy similarly to how scientists in different disciplines use
it. What is common to these different disciplinary perspectives of energy? Does this
crosscutting conception of energy serve the needs of all students? Does this crosscutting
conception of energy align with the ways different scientists use energy in their different
fields?

1.3. Energy in Instruction

Traditionally, energy has been introduced to students in physics contexts [9]. Research
on the teaching and learning of energy as part of the physics curriculum has identified five
key ideas about energy that underlie an understanding of the concept: (1) forms—energy
is manifested in different forms; (2) transformation—energy can be transformed from
one form into another; (3) transfer—energy can be transferred from one place to another;
(4) degradation/dissipation—whenever energy is transformed or transferred, some energy
is converted into its thermal form and spreads out; and (5) conservation—the overall
amount of energy in an isolated system is conserved [10,11]. Many students fall short of
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developing a full understanding of energy, failing to reach an understanding of energy
conservation [12,13].

Many chemistry textbooks and instructors falsely assume that students have a good
understanding of energy from their physics class [14,15]. Studies show that by the end of
their thermodynamics studies, many students fail to understand the difference between
heat, energy changes, and temperature changes [14,16]. Research on the teaching and
learning of energy in chemistry indicates that while traditional physics instruction mostly
deals with energy considerations in macroscopic systems, in chemistry, energy must be
understood at the atomic and molecular levels [9].

Students develop an understanding of energy in the context of biology very early in
school since it is intuitive that we need to eat in order to have the energy for the body’s
functions [17]. The concept that we digest food by breaking it down to make the energy
in the food available for the body’s functions contradicts the scientific interpretation of
energy. This can lead to different errors like the well-documented misconception that
energy is released when breaking a molecular bond [9,18,19]. This misconception is very
difficult to modify, even after instruction [18], and leads to various misconceptions, both in
biology and chemistry [9] (Cooper & Klymkowsky, 2013). Later, students are introduced to
the “high-energy bonds” in ATP. In return, students construct and retain a mental model
in which chemical bonds contain energy (like batteries) that is released when the bonds
break [9].

1.4. Conceptual Profile Theory

Conceptual profile theory [20,21] states that many major concepts in science can be
thought of in heterogeneous ways that may have pragmatic value in different contexts.
Conceptual profile theory proposes framing the problem of generating new meanings
in science by considering different modes of thinking. It also implies that different sub-
cultures in science may think differently about the same concepts and constitute relatively
stable zones of meaning that, in turn, compose a common language used by individuals of
this sub-culture when using this concept in a diversity of situations [20]. This means that
different communities may use this concept differently for energy, giving it a spectrum of
meanings ascribed to the concept in each community. Therefore, different energy attributes
may be found in daily life, school science, or specific scientific disciplines [20,22].

Many curriculum designers consult leading scientists to integrate contemporary re-
search into the curriculum. For example, Yonai and Blonder [23] consulted with scientists
to build connections between a middle school nanoscale science and technology (NST)
curriculum and their contemporary research-driven insights.

Present-day scientists were likely taught about energy more traditionally than is sug-
gested by the NGSS and the Framework. However, we believe that as scientists specialized,
they may have developed “diverse” conceptions of energy that best fit the needs of their
fields. They may have developed a “hybrid” conception at some stage in their career,
starting from one perspective and then blending in another, especially if their research
is interdisciplinary. Since many curricula worldwide are based on the perceptions that
leading scientists have of their field and their declaration of what is most important for
students to know while studying this field [24], we assume that the way to conceptualize
energy is critical. Understanding how scientists resolved the conception of energy to fit the
different concepts of their research may be vital to creating a unified method of instruction
for this concept. It is to be expected that different conceptions of energy influence scientists’
abilities to use the concept of energy to make sense of phenomena.

The purpose of this study was to conduct a small-scale interview study designed
to find out how scientists from different disciplines use energy to explain a range of
phenomena. Our goal was to investigate which conception(s) of energy works best for
present-day scientists from different disciplines and understand whether this conception is
disciplinary in nature, like they were taught at school, or evolved to an interdisciplinary
conception as an outcome of their scientific practice.
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2. Methods
2.1. Sample

The 30 participants were a non-random convenience sample of senior professors
from three different science disciplines—physics, chemistry, and biology—10 from each
discipline, from different research universities across Israel. Many of the participants work
on interdisciplinary issues or have been trained in one discipline but work in another.
According to the Institutional Review Board (IRB), those who agreed were first explained
their rights before being interviewed in person. Table 1 presents the fields in which the
participants completed their Ph.D. and their present field of research. In Table 1 and
all other references from now on, we refer to the biology professors as B1, B2, etc.; the
chemistry professors as C1, C2, and so on; and the physics professors as P1, P2, etc.

Table 1. Scientists’ particular specialization according to their Ph.D. discipline and field of study.

Discipline Alias Specialization

Biology professor

B1 Structural biology

B2 Structural biology

B3 Ecology

B4 Microbiology

B5 Computational immunology

B6 Biochemistry and cell biology

B7 Neurobiology

B8 Developmental biology

B9 Immunology

B10 Biochemistry and proteomics

Physics professor

P1 Physics of soft matter

P2 Particle physics and astrophysics

P3 Theoretical physics

P4 Quantum and matter physics

P5 Biophysics

P6 String theory

P7 Particle physics and astrophysics

P8 Physical chemistry

P9 Theoretical physics

P10 Particle physics and astrophysics

Chemistry professor

C1 Materials and interfaces

C2 Inorganic chemistry

C3 Organic chemistry

C4 Synthetic chemistry

C5 Materials and interfaces

C6 Organic chemistry

C7 Green chemistry and renewable energy

C8 Organic chemistry

C9 Nanomaterials

C10 Materials and interfaces

2.2. Instruments

Semi-structured audio-recorded interviews were conducted, transcribed, and analyzed
following Shkedi [25] and Chi [26]. In the interviews, each participant was presented with
the same seven (at the start we had only one question from each discipline and added
additional questions later; this is the reason why some of the cells in Table 2 are blackened:
some of the participants were not presented with all seven questions) questions (elaborated
in Supplement S1), with each one based on a different phenomenon: two were from physics,
two from chemistry, and three from biology. The phenomena were chosen after a search and
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trial on colleagues to find ones that anyone with a broad scientific background might be able
to explain (you need not be a content expert to answer them). Also, another consideration
was that the energetic perspective could be one way of making sense of the phenomena,
but not the only one. See Supplement S1 for the questions used in the interview.

Table 2. Scientists’ answers are coded according to whether they used the energy concept sponta-
neously to make sense of a phenomenon.

Discipline Alias Biology
Q1

Biology
Q2

Biology
Q3

Chemistry
Q1

Chemistry
Q2

Physics
Q1

Physics
Q2

Biology
Professor

B1 EO E E

B2 E E EO

B3 EO E EO O E O E

B4 O E E E E EO EO

B5 EO E EO E EO E O

B6 EO E E EO E O O

B7 EO E O E EO O O

B8 EO E E EO E O O

B9 EO E EO E E O EO

B10 EO O E EO E O O

Physics
Professor

P1 O EO EO

P2 O E E

P3 O E EO O O E E

P4 EO E E E O E E

P5 EO E EO E EO EO E

P6 O EO EO E EO E EO

P7 O EO E E E E EO

P8 O EO O E O EO E

P9 EO EO E EO EO EO EO

P10 EO EO E EO O E E

Chemistry
Professor

C1 EO E E

C2 O E EO

C3 EO E EO

C4 EO E E E E O O

C5 O E E E EO EO O

C6 O E E E E E E

C7 E E E E E O EO

C8 O EO EO EO E O O

C9 O E E E E EO EO

C10 E EO EO E E EO EO

E Used energy spontaneously

EO Used energy among other explanations

O Did not use energy even after being asked to

The participants were told that we were not looking for correct answers, just for how
they thought about the questions, and they were encouraged to think aloud [27]. We always
began the interviews with a question that lay in the participant’s field of expertise, which
they would likely feel successful at answering. At no point during this stage was the word
“energy” mentioned.

After responding to all the questions, the participants were asked to revisit the ques-
tions and construct an energy-based explanation if they did not do so spontaneously.

Lastly, participants were asked to describe how they conceptualized energy and
whether they grasped it as being used similarly across the disciplines.
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2.3. Analysis

All the interviews were transcribed and analyzed according to Shkedi’s verbal anal-
ysis [25] and then quantified using Chi’s approach [26]. The answers provided by the
interviewees were divided into three categories: (A) used energy spontaneously; (B) used
energy along with other concepts; and (C) did not use energy, even after being prompted to
do so (see Supplement S2 for examples).

When being asked to make sense of a phenomenon, we typically first choose the
simplest explanation we can find. For this reason, we inferred that the spontaneous answer
was the one that the scientists thought was the easiest one.

After this coding, the responses that drew on energy were categorized according to
their use of the five key elements of the energy concept—forms, transformation, transfer,
degradation/dissipation, and conservation [6] (see Table 3). While categorizing the answers
according to these five categories, the need for a 6th category arose, namely, “energy as a
resource”, which aligned quite well with the non-scientific conception of energy that was
formerly referred to as activity/work. All answers that suggested that energy is needed to
make something happen were placed in this category. An answer could be placed in more
than one category. See Supplement S2 for examples.

A quarter of the transcripts were read and analyzed independently by both authors to
ensure inter-rater reliability. The initial percentage of agreement was 90%. All disagree-
ments were discussed and resolved to reach a 100% agreement. The remaining transcripts
were then analyzed only by the first author. Lastly, we looked at the anecdotes, which were
as interesting as the other results, showing the different states of mind that the different
scientists had.
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Table 3. Characterizing professors’ phenomena explanations according to energy’s key elements.

Field

A
lias

Biology Q1 Biology Q2 Biology Q3 Chemistry Q1 Chemistry Q2 Physics Q1 Physics Q2

form
s

transform
ation

transfer

dissipation

conservation

resource

form
s

transform
ation

transfer

dissipation

conservation

resource

form
s

transform
ation

transfer

dissipation

conservation

resource

form
s

transform
ation

transfer

dissipation

conservation

resource

form
s

transform
ation

Transfer

dissipation

conservation

resource

form
s

transform
ation

Transfer

dissipation

conservation

resource

form
s

transform
ation

transfer

dissipation

conservation

resource

Biology

B1 v v v v v v v

B2 v v v v v v

B3 v v v v v v v v v v

B4 v v v v v v v v v v

B5 v v v v v v v v v

B6 v v v v v v

B7 v v v v v v

B8 v v v v v v v v

B9 v v v v v v

B10 v v v v v

C
hem

istry

C1 v v v v v v v

C2 v v v v v v

C3 v v v v

C4 v v v v v v v v v v

C5 v v v v v v v v v v

C6 v v v v v v v v v v

C7 v v v v v v v v v

C8 v v v v

C9 v v v v v v v v v v v v v

C10 v v v v v v v v v v v v v

Physics

P1 v v v v v v

P2 v v v v v v v

P3 v v v v v v v

P4 v v v v v v v v

P5 v v v v v v v v v v v

P6 v v v v v v v v v v v v v

P7 v v v v v v v v v v v

P8 v v v v v v

P9 v v v v v v v v v v v v v v v v

P10 v v v v v v v v v v v v v v
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3. Results
3.1. Did the Scientists Use the Energy Concept Spontaneously to Make Sense of Phenomena?

Table 2 presents the participants’ responses to the different questions according to
used/did-not-use energy codes.

The results show that 6 of the 10 biologists spontaneously answered most of the
biology and chemistry questions using energy; on the other hand, they had much more
difficulty using energy with the physics questions. Some biologists mentioned that it had
been a long time (ever since high school) since they had engaged in physics-like thinking.
For instance, B2’s response to PQ1 was as follows: “In order to answer the physics question
I need to return to my high school knowledge. It feels wrong that I have to go back there
to answer a basic question, but I have not learned anything about it since”. B2 was a
very distinguished scientist involved in an interdisciplinary field of research. We received
similar reactions from other biologists. Another example was B8, whose first reaction to
PQ1 was as follows: “I haven’t thought about something like this for 30 years. It reminds
me that I’m really bad at physics”.

Almost all the physicists spontaneously answered the physics questions using energy.
On the other hand, none used energy spontaneously to answer BQ1 (ecosystem) and most
were unable to use energy in this question even after being prompted to do so. Most had
difficulty using energy to answer CQ2 (catalysts) but were able to use energy to answer
BQ2 (fatigue), BQ3 (body temperature), and CQ1 (starting combustion).

It is also worth mentioning that P1 explicitly refused to use energy to answer the
biology questions, stating that “I do not want to go for an energetic explanation in this case
because biological systems are not in equilibrium”. P7 was another physicist who refused
to use energy to explain biological phenomena, saying “It’s annoying. If someone would
offer me an energetic explanation for this question, it would really annoy me”.

It fascinated us that several of the physicists said that biologists do not really under-
stand energy and use it as a currency (ATP). For example, “Biologists use the term energy
in a much less accurate way than it is. . .it is something that can be measured and has a
certain value. . .” (P9 about how energy is conceived in the different disciplines). However,
earlier, when they tried to use energy to answer the biology questions, the physicists also
used energy as a currency. For example, the same P9 said the following while answering
BQ3: “. . .there is a limited amount of energy in the body and it cannot run forever (giggles)
because running requires ah. . . requires a lot of energy in order to activate the muscles”.

The chemists used energy spontaneously to answer BQ2 and BQ3 for both chemistry
questions, and only seldom for the physics questions. As C9 put it, “Biologists do not
understand physics and physicists do not understand biology. We as chemists know both
and chemistry, so we are in the middle and function as the real science of the three. . .”.

3.2. Coding According to the Five Key Elements

Table 3 shows the coding results according to the six categories (energy as a resource,
forms, transformation, transfer, degradation/dissipation, and conservation).

The results show that the biologists almost always used energy as a resource. For
example, “This energy is now available to fuel the rest of the creatures in the biotic system”
(B2 answering BQ1) and “The reason for heating is to overcome an energetic barrier.
You need the energy to pass it and once it is passed the reaction starts spontaneously”
(B1 answering CQ1). It was surprising to see that some of the biologists used energy as
a resource even when referring to PQ2. For example, B3 said, “...the roller coaster needs
to have enough energy to complete the loop”. The biologists rarely referred to forms of
energy in the biology questions, except when they referred to sunlight in BQ2 and heat in
BQ3, which we coded as a reference to an energy form.

The physicists primarily used forms and transformation to answer the physics ques-
tions (one cannot use transformation without referring to forms) but seldom used transfer
and conservation for the physics questions. As for the chemistry questions, the physicists
talked about the need to pass an energy barrier.
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As written earlier, the physicists could not craft an energy-based answer for the
macro-biology question (BQ1), even when they were explicitly asked to do so. When they
answered the micro-biology questions (BQ2 and BQ3), they used energy as a resource.

The chemists mostly answered the chemistry questions using energy as a resource.
In CQ1, most of them added that energy must be transferred to the system in order to
overcome the energy barrier. For example, “You have to add enough energy into the system
to overcome some high energy barrier to make the reactions happen” (C6). They managed
much better than the physicists in answering the biology questions, using sunlight as a
form of energy in BQ1 and referring to energy as a resource in all the biology questions.
For example, “You need to invest energy to create a living organism.” (C4). They also used
energy to answer the physics questions. In contrast with the physicists, the chemists did
not use transfer while answering the physics questions but frequently used forms and
transformations. For example, “A bullet has kinetic and potential energy. When it is in the
highest altitude, it has its most kinetic energy and while falling it gains its potential energy
again” (C6).

A remarkable result was the scarcity with which degradation, dissipation, and con-
servation were used in answering almost all the questions. It seemed very hard for all
participants to use these terms without apologizing for dealing with a non-ideal, realistic
world. These concepts apply only to idealized situations. In the same breath, some also
remarked that it is incorrect to apply the concept of energy conservation to biological
phenomena since biological systems are not in equilibrium. For example, “Clearly, the
answer cannot refer to energy conservation in biological questions. Such an answer would
be bull----” (P7 explaining her view about the use of energy in biological phenomena).

3.3. Did the Practicing Scientists Grasp Energy as a Concept Similarly across the Disciplines?

Our last question was whether the scientists conceived energy as an interdisciplinary
concept. Most researchers from the different disciplines did not believe that energy was
treated the same in the different disciplines and was not a crosscutting concept. A few
examples representing the scientists’ opinions about the attempt to characterize energy as a
crosscutting concept are as follows:

• “There are clear definitions of what energy is. Naturally, physicists are very accurate
about what energy is. We’re talking about the same term we’re talking about energy
and there’s a point in being precise so we can explain our ideas to physicists in a
coherent way clearly.” (B4).

• “No. I don’t think that biologists recognize the physical concept of energy but use it as
a currency ATP.” (B6).

• “I do not doubt that energy is a universal interdisciplinary concept. Will people in
different research fields answer in the same manner? Of course not. Physicists are
more mathematical and therefore, will give you the formulas. Biologists will use less
math and will explain in their words the same phenomenon.” (B7).

• “Biology is complex systems, energy describes only a small part of the story ... energy
may be a crosscutting concept, but it tells a lot less about what happened....” (P1).

• “There is no doubt that the term energy is used in the same way in all disciplines ...
but it is not grasped in the same way.” (P6).

• “It is very dangerous to teach energy as a crosscutting concept. If so, soon everyone
will start treating energy as “Reiki” and transfer energy from rocks to the spirit. . ..
There is only one energy that is in the physical concept of energy.” (P10).

• “Biologists perhaps because of their education and what they have learned all these
years are less likely to use energy as an explanation in general.” (C4).

4. Discussion

The results indicate that the conception of energy by scientists is context and discipline
dependent. While scientists acknowledge that energy is the same in all phenomena [28,29],
it was easier for them to address energy differently according to the disciplinary context
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and according to their disciplinary expertise. This outcome fits the idea of conceptual
profiles that was proposed by Mortimer [20]. Aguiar et al. [22] suggested a conceptual
profile model for energy built with six zones. Each zone involves different ways of thinking
and talking about energy, which can overlap in individuals’ utterances, depending on the
specific communication context. Their study concluded that the most obvious of the zones
found in the classroom was the one they referred to as the “substantialist zone”. According
to this zone, energy is treated as a quasi-material substance, which is easily recognizable in
the metaphors used that addressed energy as something that could be located in objects
and used to do something [22]. This finding fits our findings on using energy as a resource
by scientists, especially when discussing a biological phenomenon. Since energy is an
abstract concept, conceptual metaphors allow one to conceptualize it in terms of other
concepts [30]. Scientists frequently use such metaphors, and these metaphors help scientists
to communicate their models and interpretations of the physical world. Our concern is
that while practicing scientists find the need to use metaphors to explain phenomena, it
is expected that students use scientific language and make connections that some experts
find complicated to do.

While it appears that the biology questions were the most difficult for the non-
biologists to provide an energy-based response to, the physics questions were the most
likely to be answered in an energy-based way, regardless of the researcher’s discipline.
Altogether, it was easier for researchers to express themselves in an “energetic” manner
when the question was closer to their discipline. Kohn et al. [29] interviewed college
students taking introductory courses in biology and chemistry to explore their perceptions
of energy integration in these courses. They found that many students were confused
or even unaware of how to make connections between the use of energy between the
disciplines. For example, it was common to use the term “kinetic energy” and “potential
energy” in chemistry, but students could not use these terms while explaining a biologi-
cal phenomenon.

The concepts of energy dissipation and conservation were used solely in the physics
questions. The transfer concept was used a bit more often and by all the scientists. Cooper
and Klymkowsky [9] and Kohn et al. [29] argued that the frequent use of forms and the
lack of use of transformation outside the physics world is because of the abundance of
forms that students encounter while studying and, on the other hand, the complexity of
navigating various definitions of energy encountered in multiple science contexts and
physics. In this case, the new approach suggested by the NGSS [31] highlights that the
transfer of energy from one system to another without burdening the students with a wide
array of energy forms is in place. Indeed, all the various forms of energy can be grouped
into only two forms of energy: kinetic and potential energy [30,32–34].

Our finding leads us to ask whether it makes sense to expect junior high school
students to perform and think in ways that contrast with those used by the practicing
scientists we interviewed. We acknowledge that current scientists were taught traditionally
and, together with their research’s needs, have developed diverse conceptions of energy
that fit their needs. In this case, if we consider the next generation of scientists and wish
that their research will be interdisciplinary, the unified vision of teaching energy is in place.

On the other hand, as noted by Osborne, Rafanelli, and Kind [35], one should consider
whether energy is, in fact, a good unifying concept. It may be that the unified conception of
energy is proper from the perspective of some science disciplines but not others.

Since the authors believe that the next generation of scientists should have a more
interdisciplinary approach to science, we think that the unifying approach to energy should
be further investigated. The value of energy is that it is the same concept across disciplines
and can be used to bridge them. We suggest that at the very least, the energy curriculum
should note the differences between the way disciplines address energy and not hide
them. Perhaps by stressing the differences between how energy is used, we will be helping
students to become thoughtful consumers of scientific knowledge that involves the concept
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of energy and help future scientists to have more scientific and interdisciplinary lenses to
help them look at their data.

5. Conclusions

A decade has passed since the notion of crosscutting concepts (CCCs) was raised by
the National Research Council [3]; there is still a dearth of empirical investigations on
scientists’ different (or common) perceptions of CCCs, the use of them as unifying concepts
in classes, and students’ perceptions of them in different phenomena. This study showed
that even leading scientists struggle to use energy in a unified manner across disciplinary
lines. We wonder what the situation is like concerning other potential unifying concepts.
This study’s results suggest that we should not take it for granted that just because different
disciplines use the same terms, they are used similarly in the different disciplines.

6. Future Research and Implications

Future research should investigate whether the use of the physical concept of energy
(which is the way it is usually taught in schools) is appropriate and valuable in describing
biological and chemical phenomena in schools. For example, one could examine the value
of connecting biological diversity with energy forms and transformations or connecting
between the degradation of energy and cell respiration and the warming of an organism.
One could also investigate whether the transfer-only approach promoted by the NGSS [31]
better supports understanding biological phenomena than the traditional forms-based
approach to energy. Authors [36] compared a transfer-only approach to energy with a
traditional forms-based approach to energy and found it superior in supporting middle
school students’ thinking about physical science phenomena. It will be interesting to see
whether this approach is also beneficial in explaining phenomena in other disciplines.

7. Limitations of the Study

There are some limitations to this study. The first is that although an effort was made
to interview a wide variety of scientists engaged in many different fields, the sample we
used is possibly not representative of all scientists in the different disciplines. De facto,
we were limited to interviewing only scientists who agreed to participate. A second lim-
itation was that we considered the use of energy by physicists, chemists, and biologists,
but not by earth scientists or engineers. Also, we interviewed only scientists who were
at the top of their fields in academia and not scientists who worked in industry. The
third limitation was that the questions we posed to the scientists could not reflect each
discipline’s entire richness, and thus, clearly, some ways of using energy in each discipline
were not investigated. Fourth, the physics questions were similar to traditional high school
physics questions and may have evoked a “high school” manner of thinking. Fifth, since
the phenomena presented to the scientists were discipline-based rather than interdisci-
plinary ones, we cannot say anything about how the scientists would have addressed truly
interdisciplinary phenomena.
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