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The Next Generation Science Standards (NGSS) provide a succession of objectives for energy learning
and set an expectation for teachers to assess learners’ representations of energy in a variety of science
contexts. To support teachers in evaluating the extent to which representations of energy display NGSS
objectives, we have (i) discerned the constituent ideas that comprise the NGSS model of energy in the
physical sciences and (ii) developed a checklist for assessing the extent to which an energy diagram
provides evidence of the NGSS energy model. This energy diagram checklist is representation independent
(so that diverse diagrams in a course may all be evaluated) and scenario independent (so that it can be
applied throughout the physical science curriculum). We demonstrate the use of the checklist for assessing
both pedagogical energy diagrams and learner-invented energy diagrams, including measuring a class’s
increased facility with energy diagrams.
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I. INTRODUCTION

Modeling is at the heart of doing science [1,2]. For this
work, we take the perspective that models are “explicit
representations of a phenomenon that bring certain features
into focus” [3]. Scientists use representations to learn
abstract scientific concepts and to communicate their
understanding of these concepts to others [1,4]. The
scientific community has created many consensus repre-
sentations in which scientists are expected to be proficient.
Scientists are also expected to invent their own representa-
tions to communicate their new thinking. We also take the
perspective (attributed to the statistician George Box [5])
that all models are wrong, but some are useful, in the sense
that every representation of abstract concepts that are
relevant to a particular phenomenon implicitly or explicitly
involves a choice of what should be brought to the fore and
what can be safely ignored.
Modeling is an important but difficult skill for

science learners to develop [6,7]. The Next Generation
Science Standards (NGSS) [8] reflects the importance of

modeling for both doing science and learning science by
listing it as one of the eight scientific practices. The
NGSS calls for students to develop competency in
building and applying “models,” [3]. In addition, the
NGSS calls for students to learn scientific practices,
including model building, within a content context [8].
The NGSS speaks to this through the idea of three
dimensional learning which holds that scientific and
engineering practices, cross-cutting concepts, and disci-
plinary core ideas should be intertwined within a lesson
or unit and not taught or assessed as independent
objectives [3]. For most students, a visual diagram is
an important accompaniment to a narrative explanation:
the scientific practice of developing models supports the
scientific practice of constructing explanations [9].
Energy is an ideal disciplinary core idea in which to

ground modeling instruction. Energy is an abstract scien-
tific concept that is shared by all scientific disciplines and is
therefore treated by the NGSS as both a disciplinary core
idea and as a cross-cutting concept connecting the different
sciences [8]. Despite (or perhaps because of) its centrality
to scientific thinking, the scientific community does not
have a consensus representation of energy for students to
use as they learn to apply energy to the various physical,
biological, chemical, and earth and space science phenom-
ena that they may encounter [10–14]. Even within the
physical sciences, there is no consensus representation for
energy—unlike forces, for which a free-body diagram is
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the consensus representational scheme,1 or optics, with its
light ray diagrams.2 The lack of a consensus model can
be an obstacle to learning about energy. However, it can
also be an opportunity for students to practice inventing
representations. Such invented models allow students to
“articulate their own understanding of how a scientific
phenomenon behaves” [9] clarifying the salient features of
the concept and their relationship to each other [15].
However, when learners use diagrams they invent

themselves, assessing their representations can be difficult.
Teachers need to be prepared to discern the important
features of an unfamiliar diagram type and then compare
those features to an expected model of energy. This kind of
comparison is especially challenging if the expected model
of energy is unclear. While the NGSS discusses energy
extensively, the model of energy used in the NGSS is not
articulated in a straightforward way. Instead, the NGSS’s
model of energy is presented in a series of complex
statements spread throughout the standards. This presents
a challenge for teachers who are expected to assess
representations of their students’ understanding of this
concept. In this paper, we focus on teachers assessing
students from a formative assessment perspective [16,17].
Within this teaching perspective, teachers are continuously
collecting information about students’ current understand-
ing and abilities and then using this information to make
informed instructional decisions [18–20]. We are less
focused on assessment from a summative assessment
perspective in which student work is evaluated for the
purpose of assigning a grade.
In what follows, we present a clear articulation of the

NGSS model of energy in the physical sciences, as we have
inferred it, and an associated checklist for energy repre-
sentations that is independent of a specific representation.
Because the checklist is representation independent, it can
be used to evaluate diverse learner-invented diagrams. The
checklist is also scenario independent, so that it can be
applied throughout the physical science curriculum. We
argue that certain types of energy representations provide
more evidence of the NGSS model of energy, as measured
using the presented checklist, and that learners can learn to
provide more evidence of the NGSS model of energy in

their representations. This ability to provide evidence of a
model of energy through a representation is an important
part of learning in that representations (i) allow learners to
make their thinking about abstract concepts explicit, and
(ii) provide teachers an opportunity to interact with
reifications [21] of learners’ abstract ideas.
In this work, we focus on contexts in which the

instructional task is to develop a model of energy. In this
context, the goal for considering a particular physical
phenomenon is to describe that phenomenon using energy
ideas so that both the phenomenon and the model of energy
can be better understood. With this learning goal in mind,
we take the position that energy diagrams should be explicit
about as many features of the energy model as possible.
This would not necessarily be the case in the context of a
different task. For example, experts using a diagram to
tackle an unfamiliar energy problem would not need to
make every feature of the energy model explicit in a
diagram; in fact, there might be benefit to streamlining
their diagrams so that its only explicit features are those
relevant to their particular problem. Other features, which
are presumably part of the expert’s rich and stable model of
energy, might remain implicit in an expert’s problem-
solving diagram. Overall, we recognize that the purpose
for which a diagram was created affects whether many or
all of the features of the energy model would be explicitly
included in the diagram. However, we suggest that energy
diagrams created for instructional purposes should ideally
include most or all of the features of the energy model.
In Sec. II, we describe the NGSS model of energy in

the physical sciences. In Sec. III, we propose a checklist
for assessing energy diagrams based on the NGSS model of
energy, and apply the checklist to consider how several
familiar representations of energy show features of the
NGSS model of energy. Section IV presents an assessment
of learner-invented diagrams using the checklist. In Sec. V,
we use the checklist to demonstrate a class’s increased
facility with energy diagrams.

II. NGSS MODEL OF ENERGY IN THE
PHYSICAL SCIENCES

The Next Generation Science Standards [8] and its
parent document, the Framework for K-12 Science
Education [3], feature energy in both the cross-cutting
concepts (“Energy and matter: Flows, cycles, and con-
servation”) and the disciplinary core ideas (including
Physical science topic 3, referred to hereafter as “PS3”).
These documents do not take the approach of describing
their model for energy in a succinct series of statements.
Rather, they list a number of standards for understanding
energy to be met at three different grade levels (4th grade,
middle school, and high school). Most of these standards
refer to multiple energy ideas in a single sentence: for
example, one of the fourth-grade standards says, “Energy
can be moved from place to place by moving objects or

1All free-body diagrams represent forces as arrows, with the
size of the arrow representing the magnitude of the force. Only
forces exerted on the object of interest appear; the net force is the
vector sum of all the forces exerted on the object. There are,
however, various conventions for labeling individual forces.

2Ray diagrams represent the possible paths that light can take to
get from one place to another, often from a light source to an
observer or screen. Light paths are represented as straight arrows,
with the direction of the arrow representing the direction that light
travels. Objects (often mirrors, lenses, or screens) are typically
shown in cross section. Ray diagrams for curved mirrors and
lenses may feature (or may only include) geometrically distinc-
tive rays, such as those that run parallel to the object’s axis or
through its center.
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through sound, light, or electrical currents” (4-PS3.A). The
content of different standards overlaps, especially in the
case of successive standards: i.e., standards for higher
grades add nuance and complexity to those for lower
grades. For example, a high school standard that elaborates
on the above-cited fourth-grade standard reads, “Energy is
a quantitative property of a system that depends on the
motion and interactions of matter and radiation within that
system. That there is a single quantity called energy is due
to the fact that a system’s total energy is conserved, even as,
within the system, energy is continually transferred from
one object to another and between its various possible
forms” (HS-PS3.B). These standards provide a succession
of learning objectives, which (in the NGSS) are explicitly
associated with performance expectations such as, “Apply
scientific principles to design, construct, and test a
device that either minimizes or maximizes thermal energy
transfer” (MS-PS3-3).
In order to develop a checklist for energy representa-

tions, we attempted to discern the constituent ideas that
comprise the NGSS model of energy in the physical
sciences. This approach establishes substantive validity
(sound theoretical basis) and content validity (comprehen-
sive coverage) for the checklist [22–24]. We accomplished
this discernment of constituent ideas by (i) making a
complete list of every energy standard in the cross-cutting
concepts and physical sciences sections of the NGSS and
the framework, and (ii) identifying the constituent ideas in
each standard. To identify the constituent ideas in each
standard, we divided the standard into its component
semantic parts and associated each part with one or more
ideas about energy that we considered to be fundamental
features of an energy model. In many cases, such associ-
ations are indicated by key words in the standard; in other
cases, associations are indicated by phrases. For example,
the high-school standard cited above includes the words
“system,” “conserved,” “transferred,” and “forms,” which

are good candidates for constituent ideas. It also includes
phrases describing transformation (“between its possible
forms”) and tracking energy by following its course or trail
through a system (“within the system, energy is continually
transferred from one object to another”). For another
example, the fourth-grade standard cited above includes
concepts of energy transfer (“energy can be moved from
place to place”) and mechanisms of energy transfer
(“through sound, light, or electrical currents”).
Initially, we identified constituent ideas of the energy

model based on our substantial experience with energy
model development [12,25–35]. As our analysis continued,
we refined our list of constituent ideas to reflect the features
of the energy model that appeared most clearly or repeatedly
in the standards that we analyzed. In conducting this
analysis, we deemphasized references to specific energy
scenarios (such as collisions, solar cells, and circuits), in
favor of statements contributing to the NGSS model of
energy in the physical sciences as a whole. For example,
we identify the standard “Energy can bemoved from place to
place by moving objects or through sound, light, or electrical
currents” (4-PS3.A) as conveying the constituent ideas of
“transfer” and “mechanism”; we see the specific mecha-
nisms referenced (moving objects, sound, light, and elec-
trical currents) as examples of particular mechanisms, and do
not include them among the model’s constituent ideas.
Through iterative analysis we identified eleven constitu-

ent ideas that we see as comprising the NGSS model of
energy in the physical sciences. Table I lists these con-
stituent ideas. Table II documents all the energy standards
(exactly as they appear) in NGSS physical science topic 3
and the constituent ideas associated with each standard.
Table III documents the constituent ideas associated with
each (verbatim) statement about energy in the relevant
cross-cutting concept. To further establish the validity of
the constituent ideas, we obtained expert review: six
experts in the teaching and learning of energy in physics

TABLE I. Eleven constituent ideas comprising the NGSS model of energy in the physical sciences.

Term Explanation

Conservation The number of energy units remains constant in a scenario.
Tracking Energy may be tracked by following its path among objects, fields, and systems.
Forms Energy manifests in multiple forms, e.g., kinetic energy, gravitational energy, and thermal energy.
Observables Forms of energy are indicateda by observable quantities, e.g., thermal energy is indicated by temperature.
Transformation Energy can change from one form to another.
Transfer Energy can move from one object or field to another.
Mechanism Energy transfer occurs through specific mechanisms or processes, e.g., pushing, conduction, or metabolism.
System A collection of relevant objects in a scenario may be defined by a boundary that energy may cross.
Spreading Uncontrolled systems evolve toward more even energy distribution.
Usefulness Some forms of energy are less useful, e.g., thermal energy in the environment.
Mathematization The amount of energy associated with observable quantities and object properties can be expressed mathematically

(e.g., kinetic energy ¼ ½ mv2).
aWe consider an indicator of a form to be that measurable property of the object or system that indicates the presence of a form in a

specific object. In this sense, speed is the indicator of kinetic energy. The mass of the object is a factor that allows us to compare kinetic
energies of two objects with the same speed.
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TABLE II. NGSS energy standards in the disciplinary core ideas (physical science topic 3) and their constituent ideas.

Disciplinary core idea (DCI), Physical science topic 3 Constituent ideas

The faster a given object is moving, the more energy it possesses. (4-PS3.A) Observables
Energy can be moved from place to place by moving objects or through sound, light, or
electrical currents. (4-PS3.A)

Transfer mechanism

Motion energy is properly called kinetic energy; it is proportional to the mass of the moving
object and grows with the square of its speed. (MS-PS3.A)

Observables mathematization

A system of objects may also contain stored (potential) energy, depending on their relative
positions. (MS-PS3.A)

System forms observables

Temperature is a measure of the average kinetic energy of particles of matter. The relationship
between temperature and the total energy of a system depends on the types, states, and
amounts of matter present. (MS-PS3.A)

Observables

Energy is a quantitative property of a system that depends on the motion and interactions of
matter and radiation within that system. That there is a single quantity called energy is due to
the fact that a system’s total energy is conserved, even as, within the system, energy is
continually transferred from one object to another and between its various possible forms.
(HS-PS3.A)

System conservation transfer forms
transformation

At the macroscopic scale, energy manifests itself in multiple ways, such as in motion, sound,
light, and thermal energy. (HS-PS3.A)

Forms

These relationships are better understood at the microscopic scale, at which all of the different
manifestations of energy can be modeled as a combination of energy associated with the
motion of particles and energy associated with the configuration (relative position) of the
particles. In some cases, the relative position energy can be thought of as stored in fields
(which mediate interactions between particles). … (HS-PS3.A)

Forms

Energy is present whenever there are moving objects, sound, light, or heat. When objects
collide, energy can be transferred from one object to another, thereby changing their motion.
In such collisions, some energy is typically also transferred to the surrounding air; as a result,
the air gets heated and sound is produced. (4-PS3.B)

Observables transfer mechanism
spreading

Light also transfers energy from place to place. (4-PS3.B) Transfer
Energy can also be transferred from place to place by electrical currents, which can then be
used locally to produce motion, sound, heat, or light. The currents may have been produced
to begin with by transforming the energy of motion into electrical energy. (4-PS3.B)

Transfer forms transformation

When the kinetic energy of an object changes, there is inevitably some other change in energy
at the same time. (MS-PS3.B)

Transfer conservationa

The amount of energy transfer needed to change the temperature of a matter sample by a given
amount depends on the nature of the matter, the size of the sample, and the environment.
(MS-PS3.B)

Mathematization transfer
observables

Energy is spontaneously transferred out of hotter regions or objects and into colder ones.
(MS-PS3.B)

Transfer spreading

Conservation of energy means that the total change of energy in any system is always equal to
the total energy transferred into or out of the system. (HS-PS3.B)

Conservation transfer system

Energy cannot be created or destroyed, but it can be transported from one place to another and
transferred between systems. (HS-PS3.B)

Conservation transfer system

Mathematical expressions… allow the concept of conservation of energy to be used to predict
and describe system behavior. (HS-PS3.B)

Mathematization system

The availability of energy limits what can occur in any system. (HS-PS3.B) Usefulness system
Uncontrolled systems always evolve toward more stable states—that is, toward more uniform
energy distribution (e.g., water flows downhill, objects hotter than their surrounding
environment cool down). (HS-PS3.B)

System spreading

When objects collide, the contact forces transfer energy so as to change the objects’ motions.
(4-PS3.C)

Transfer observables mechanism

When two objects interact, each one exerts a force on the other that can cause energy to be
transferred to or from the object. (MS-PS3.C)

Transfer mechanism

When two objects interacting through a field change relative position, the energy stored in the
field is changed. (HS-PS3.C)

Transformation mechanism
observables

The expression “produce energy” typically refers to the conversion of stored energy into a
desired form for practical use. (4-PS3.D)

Transformation forms usefulness

(Table continued)
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commented in detail on our initial drafts of Tables I–III,
resulting in specific changes to the constituent ideas (for
example, the term “mathematization” replaced the former
term “quantification” to emphasize the use of mathematical
expressions). Future work will expand on this validation
work by studying teachers’ use of the checklist with their
own students.
The NGSS model of energy in the physical sciences

consistently employs a metaphor in which energy is a
substance and objects and fields are containers for that
substance. For example, objects “possess” energy (4-
PS3.A), a system “contains” energy (MS-PS3.A), energy
is “stored in fields” and “moves across space” (HS-PS3.A).
The NGSS’s use of a substance metaphor for energy is
consistent with its emphasis on energy conservation, trans-
fer, and flow [11,36–41] and with how physicists concep-
tualize energy [42], and is typical in classical mechanics
[42]. Other models of energy, based on a metaphor in which
energy is a vertical location, may be preferable in contexts
that require negative energies [43] or refer to energy levels,
as in atomic and quantum physics [12,42].

III. DEVELOPMENT AND APPLICATION
OF A CHECKLIST FOR ASSESSING

ENERGY DIAGRAMS

A. Energy diagram checklist

We use the eleven constituent ideas about energy listed in
Table I to evaluate the extent to which an energy diagram

instantiates the NGSS model of energy. For each constitu-
ent idea, we identify how that idea might be explicitly
represented in a diagram. For example, the idea of con-
servation may be represented by picturing energy units
explicitly and showing the same number of energy units as
being present throughout a scenario; the idea of tracking
may be indicated by following the course or trail of a unit of
energy, noting its form and location at various points as
well as the transfers and transformations it experiences as
the scenario unfolds. Table IV presents how each constitu-
ent idea may show in an energy diagram. This is the energy
diagram checklist. (The checklist does not include energy
usefulness [25] or mathematization because we are not
aware of a means by which these ideas could be represented
in a diagram.) Validation and reliability of the checklist are
discussed in Sec. III. D.
This checklist does not assess a learner’s energy model;

rather, it assesses a diagram, which we interpret as a learners’
use of a specific representation of energy in a specific
scenario. For example, learners using bar charts are not likely
to display their understanding of energy tracking, because
that representation does not foreground that feature of the
energy model; this absence of tracking in the representation
implies nothing about the learners’ understanding of energy
tracking. Similarly, a learner analyzing a scenario involving
only a single object will not be able to demonstrate under-
standing of energy transfers. The checklist may help
instructors to identify which features of the energy model
are foregrounded in particular representations.

TABLE III. NGSS energy statements in the cross-cutting concepts (energy and matter) and their constituent ideas.

Cross-cutting concept (CCC), Energy and matter; Flows, Cycles, and Conservation Constituent ideas

Energy can change only through transfers into or out of the system. Transfer system
conservation

It is very informative to track the transfers of energy within, into, or out of any system under study. Transfer system
trackinga

Any cycle of matter also involves associated energy transfers at each stage, so to fully understand the water
cycle, one must model not only how water moves between parts of the system but also the energy transfer
mechanisms that are critical for that motion.

Transfer mechanisms
tracking

Consideration of energy inputs, outputs, and flows or transfers within a system or process are important. Transfer system
tracking

The ability to examine, characterize, and model the transfers and cycles of energy is a tool that students can
use across virtually all areas of science and engineering.

Transfer tracking

aTracking is positioned in the framework as central to the cross-cutting concept of energy. Therefore, even though tracking is not
mentioned in the DCIs, we consider it to be an important part of the NGSS’s overall model of energy and on equal footing with the other
constituent ideas of the model that appear frequently in the DCIs (such as forms or transfer).

TABLE II. (Continued)

Disciplinary core idea (DCI), Physical science topic 3 Constituent ideas

Although energy cannot be destroyed, it can be converted to less useful forms—for example, to
thermal energy in the surrounding environment. (HS-PS3.D)

Conservation forms transformation
usefulness

aStandard MS-PS3.B appears in a section exclusively concerned with energy transfer and conservation, though out of context it could
also seem to refer to energy transformations.
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B. Perspectives inherent in the use of checklists

To use a checklist is to subscribe, perhaps implicitly, to a
number of assumptions. In particular, checklists embody
the perspective that a complex idea (in this case, the NGSS
model of energy in the physical sciences) may be expressed
in terms of a number of discrete elements (in this case, the
constituent ideas about energy listed in Table IV). As a
consequence, an energy diagram checklist may create the
expectation that energy diagrams can be easily compared
with each other: for example, that one diagram is twice as
good as another if it includes twice as many constituent
ideas. We do take the position that roughly speaking, the
extent to which a diagram shows the NGSS model of
energy is indicated by the number of checklist items that are
satisfied by the diagram. In other words, the greater the
number of NGSS constituent ideas represented, the “better”
the diagram (if “better” means “more completely display-
ing the NGSS model of energy”). However, it is inappro-
priate to add scores on individual constituent ideas to obtain
an overall score (e.g., to give a diagram a score of 6=9 if it
demonstrates six of the nine constituent ideas in the
checklist), since the items in the energy diagram checklist
are neither independent nor of equal weight. This means
that we also cannot say that a diagram which includes eight
constituent ideas from the checklist is definitively better
than one that shows seven, or that two diagrams that each
show seven constituent ideas are equal.
The fact that we cannot reliably interpret a “score” on the

energy diagram checklist, or use such a score to quanti-
tatively compare diagrams, has to do with the binary nature
of the checklist. Checklist items may be assessed as if they
were either present or not present (a diagram either shows
conservation of energy, or does not show conservation of

energy) even though in some cases there may be differences
of degree (some diagrams may show energy conservation
more strongly than others) or of kind (some diagrams may
show energy conservation in a different way than others).
It might be possible to expand our checklist into a rubric
that evaluates the degree to which each constituent idea is
present, as in a learning progressions approach [44].
However, a learning progressions approach aims to create
a hierarchy of increasingly sophisticated ideas about a
concept, imagining that learners will progress through this
hierarchy to ultimately arrive at a more complete and
correct idea [9]. In contrast, we do not imagine a hierarchy
of energy representations. Rather, we believe that there may
be a variety of different energy diagrams that all represent
the NGSS model of energy but are suited to different
instructional settings or purposes.
What the checklist does do is show whether a given

feature of the energy model is explicit and therefore
visible to learners in a given diagram. From a pedagogical
perspective, the checklist suggests which constituent ideas
of the NGSS model a learner is comfortable working with
and which constituent ideas they consider relevant to a
given scenario. For constituent ideas of the NGSS model of
energy that are not included in the diagram, an instructor
may consider why not. For example, it may be that the
physical scenario being represented did not offer learners
the opportunity to demonstrate that constituent idea; if a
scenario only includes heat transfer between two objects,
the related diagram will not include transformations.
Alternatively, it may be that the learner has left that
constituent idea of the NGSS model of energy implicit,
or that constituent idea of the NGSS model of energy is not
a part of the learners’ understanding of energy: a diagram

TABLE IV. Checklist for assessing the extent to which an energy diagram shows constituent ideas of the NGSS model of energy.

Constituent idea How it might show in a diagram

Conservation Quantities or units of energy are pictured explicitly and same quantity of energy or number of energy units are
visible throughout scenario

Tracking Quantities or units of energy are pictured explicitly and each quantity or unit of energy comes from and/or goes to
somewhere and each quantity or unit of energy experiences a series of transfers and/or transformations

Forms Specific types of energy are pictured, e.g., motion energy, elastic energy, thermal energy
Observables Specific types of energy are pictured and observable quantities are associated with each type of energy, e.g., warmth

or temperature with thermal energy
Transformation Quantities or units of energy are pictured explicitly and quantities or units of energy are shown changing from one

form to another
Transfer Quantities or units of energy are pictured explicitly and quantities or units of energy are located in objects, fields, or

systems and quantities or units of energy are shown moving from one object or field to another
Mechanism Quantities or units of energy are shown moving from one object or field to another and the means by which energy

moves from place to place, e.g., conduction or shoving, is labeled (or the means by which energy transforms,
e.g., metabolism or compression, is labeled)

System Quantities or units of energy are located in objects, fields, or systems and a boundary is indicated that energy might
cross, such that some energy is inside and some is possibly outside

Spreading Energy spreads to more objects (or energy goes to large objects, e.g., the air or the environment)
Usefulness (Not part of a diagram)
Mathematization (Not part of a diagram)
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that does not show conservation may suggest that the
learner does not consider energy conservation to be relevant
to the current scenario, or that they do not consider energy
to be a conserved quantity. When considering multiple
diagrams, it can also be pedagogically effective to consider
which constituent ideas both diagrams include and to
discuss with learners whether the diagrams represent that
constituent ideas in the same way or if they use different
representation strategies. Learners can then consider if
one strategy communicates this constituent ideas more
effectively or efficiently. Such an exercise would use the
information from the checklist as a starting point for
pedagogical activity.
From a research perspective, a checklist allows us to

consider which diagrams make more constituent ideas of
the NGSS model of energy explicit and which diagrams
leave constituent ideas as implicit or do not include those
ideas in their implied model of energy. Diagrams with more
constituent ideas help learners more easily visualize or
communicate the NGSS model of energy as they are
learning about energy. Therefore, the checklist helps us
to select diagrams for pedagogical purposes or to consider
learners’ ability to communicate their thinking about
energy in light of the NGSS model of energy.

C. Examples of pedagogical energy diagrams

To illustrate the use of the checklist, we assess three
pedagogical diagrams about energy (diagrams that appear
in textbooks or other published instructional materials): a
pair of energy bar charts, an energy flow diagram, and an
energy tracking diagram [28]. We analyze the bar charts

and the energy tracking diagram in the context of a “ring
slider” scenario, in which a metal ring is smacked by a bent-
back ruler and slides across the floor (Fig. 1). The diagrams
show the energy of the ruler, ring, and environment (floor
and air). The energy flow diagram depicts a generalized
engine scenario. Table V summarizes the constituent ideas
of the NGSS model of energy represented in these
pedagogical energy diagrams.

1. Bar chart

A pair of bar charts for the ring slider scenario is shown
in Fig. 2. The first chart depicts the energy when the ruler is
bent back, before it smacks the ring; the second chart
depicts the energy at a later moment, while the ring is
sliding and the ruler is no longer bent.
To assess a diagram according to the energy diagram

checklist, we score each constituent idea by whether that
idea is explicitly shown in the diagram. The pair of bar
charts in Fig. 2 depicts two constituent ideas of the NGSS
model of energy: Energy is conserved in that the height of
the “total energy” bar is the same in both charts, and
multiple forms of energy are depicted (kinetic, potential,
and thermal).
Several other constituent ideas of the NGSS energy

model, however, are not shown in the bar charts in Fig. 2.
Energy is not tracked in its course through different
objects in the scenario, because no objects are depicted.
Energy is not shown transferring from one object to
another. Mechanisms of energy transfer are not indicated.
Types of energy are not associated with observable
quantities, i.e., thermal energy with temperature. Energy
units are not explicitly shown as transforming from one
form to another (though one might infer such transforma-
tion since the distribution of energy among various forms
is shown to change). Energy is not shown as spreading
among objects or in space, because no objects are depicted.
Finally, a system is not depicted, in that there is no
boundary indicated that energy might cross. (We might
infer that the system is all the objects whose energy is
included in the diagram—the ruler, the ring, and the
environment—but this would be an inference; the system
might equally well contain only the ruler and the ring, or
only the ring.) Overall, the bar charts in Fig. 2 do not show
many constituent ideas of the NGSS model of energy.
Some instructors and researchers use bar charts with

FIG. 1. Top view of ring slider scenario, in which a metal ring is
smacked by a bent-back ruler and slides across the floor.

TABLE V. Summary of constituent ideas of the NGSS model of energy represented in three pedagogical energy diagrams.

Conservation Tracking Forms Observables Transformation Transfer Mechanism Systems Spreading

Bar chart X X (X)a

Energy Flow Diagram X X X X X X
Energy Tracking Diagram X X X (X) X X X (X) X

aConsituent ideas in parentheses are not typically explicit in that type of diagram, but could be inferred from the diagram or could be
included if the diagram was modified slightly.
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additional features, such as explicitly representing systems
[45] or work [10]; such diagrams show more constituent
ideas of the NGSS model of energy.

2. Energy flow diagram

Energy flow diagrams are commonly used in the study of
thermodynamics to represent the conversion of heat into
work in heat engines and other devices. Figure 3 shows
the energy flow for any continuously operating reversible
device generating work from heat [46]. (The ring slider is
not such a device.) This type of diagram depicts heat from a
high-temperature reservoir (Qh) being input into a system
(shown on the diagram as a gray box); some of this heat is
converted into work (W) that leaves the system, and some
of the heat flows through the system to be output to a low-
temperature reservoir (Ql). The quantity of energy flow is
represented by the width of the arrows.
The diagram in Fig. 3 depicts many constituent ideas

of the NGSS model of energy. Energy is shown as being
conserved in that the total width of the arrows is constant
throughout the process. A system is explicitly shown (gray
box), with energy crossing the boundaries of the system.

Energy is tracked in its course through the scenario; though
the objects among which it flows are not made visible, the
diagram shows transfer from one object to another (e.g.,
from the high-temperature reservoir to the low-temperature
reservoir) as well as mechanisms of transfer (e.g., heat and
work). The diagram also shows energy spreading, in that
energy that started out in a single place is distributed to two
places in the course of the scenario (one to the right of the
gray box, the other below the gray box).
Other constituent ideas of the NGSS model of energy are

not depicted in Fig. 3. Forms of energy (such as thermal
energy) are not shown; likewise, the diagram does not show
transformations of energy (e.g., from thermal to kinetic), or
associate energy forms with observable indicators such
as temperature. Finally, this type of energy flow diagram
focuses almost exclusively on the industrial conversion of
heat to work, rather than supporting analysis of energy as a
cross-cutting concept in physical, biological, chemical, and
earth science scenarios [8]. Overall, though, energy flow
diagrams of the type modeled in Fig. 3 show many
constituent ideas of the NGSS model of energy.

3. Energy tracking diagram

In an energy tracking diagram [28], objects are repre-
sented as schematic areas and individual energy units are
represented as letters, with the specific letter representing
the form of energy. Energy transfers and transformations
are represented with arrows. The process or mechanism by
which a transfer or transformation occurs (e.g., mechanical
work) is represented by the color or pattern of the arrow.
Relative quantities of energy may be represented by adding
coefficients to the letters that represent units of energy.
Figure 4 is an energy tracking diagram for the ring slider

scenario. In this scenario, elastic energy in the ruler
transforms into kinetic energy (the ruler moves), which
transfers to the ring through mechanical work. That kinetic
energy is then transformed into thermal energy in the ring
and the floor as the ring slides across the floor. In the
diagram, E, K, and T represent elastic, kinetic, and thermal
energy; black, gray, and white arrows represent elastic
expansion, mechanical work, and dissipation, respectively.
Energy tracking diagrams display many constituent ideas

of the NGSS model of energy. They show energy being
conserved in that units of energy are pictured explicitly as

FIG. 3. Energy flow diagram for any continuously operating
reversible device generating work from heat.

FIG. 4. Energy tracking diagram for ring slider scenario. E, K,
and T represent elastic, kinetic, and thermal energy. Black,
gray, and white arrows represent elastic expansion, mechanical
work, and dissipation.

FIG. 2. Energy bar charts for ring slider scenario. While the
ruler is pulled back (before it smacks the ring), all of the energy is
potential energy. While the ring is sliding, the energy is partly
kinetic (the ring is moving) and partly thermal (the ring and floor
warm as they rub together).
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persisting throughout the transfers and transformations that
comprise the scenario. (The scenario pictured in Fig. 4
begins and ends with two units of energy, found by
counting the number of chains of arrows.) Energy is
tracked by following its path through different objects,
with energy transfers explicitly associated with specific
mechanisms and processes. There are multiple forms of
energy, and energy transformations are shown explicitly.
Finally, energy is shown as spreading, if we are willing to
assume that by the environment being physically large
there are more ways in which energy can spread.
Energy tracking diagrams may be optionally modified to

indicate a specific system by drawing a boundary around
the objects to be included in the system. (For example, a
boundary could enclose the ruler and ring together, or only
the ruler.) Energy tracking diagrams do not typically
include the observable quantities associated with specific
forms of energy, but could be optionally modified to
include a supplementary chart with a list of forms and
corresponding observables. (Other diagrams could also be
supplemented in this way.) Overall, energy tracking dia-
grams show most of the constituent ideas of the NGSS
model of energy and could be modified to show those not
usually included.
The above analysis indicates that the checklist distin-

guishes between pedagogical energy diagrams according to
the number of constituent ideas of the NGSS model of
energy that are shown in each diagram. While bar charts are
frequently used to represent energy, the type considered in
Fig. 2 leaves many of the constituent ideas of the NGSS
model of energy implicit. Energy flow diagrams explicitly
show more constituent ideas of the NGSS model of energy
but are only applicable to certain types of scenarios. Energy
tracking diagrams show most, though not all, of the
constituent ideas of the NGSS model of energy and can
be applied in a wide variety of scenarios.

D. Validation and reliability

The energy diagram checklist is intended to assess the
extent to which diagrams exhibit the NGSS energy model
in the context of a particular scenario. The validity of this
checklist for assessing pedagogical energy diagrams or
learners’ energy diagrams rests on its tight alignment with
the NGSS and on expert review, as described in Sec. II. The
reliability of the energy diagram checklist is established

through tests of interrater reliability. Reliability data consist
of diagrams from courses in which learners individually
produced an energy diagram for a particular scenario: in
other words, learners responded in writing to a question
such as, “Draw a diagram showing the energy transfers and
transformations within and/or among the objects in the
given scenario.”
The data whose reliability we analyzed consist of

diagrams produced by K–12 teachers in professional
development courses on the teaching and learning of
energy. Teachers take these courses because they feel
unprepared to teach about energy. Their diagrams show
substantial variety, and because they are expert learners
with professional motivations, they are articulate and
thorough in their responses. For these reasons, K–12
teachers are an excellent study population—in many ways
preferable to a population of younger learners, especially in
the exploratory phases of a project.
We applied the checklist to diagrams from three different

teacher professional development courses (two for elemen-
tary teachers and one for middle school teachers) in two
different years (2014 and 2015) at three different univer-
sities (Seattle Pacific University, University of Maine, and
Tufts University). These data included diagrams of seven
different mechanical scenarios (a rubber-band-powered
propeller, a ring slider, a penguin walking uphill, a ball
rolling downhill into a cup, a plastic popper toy, a solar
panel, and a windmill). Each diagram was evaluated for
the presence of each of the nine constituent ideas in the
checklist, resulting in a large number of opportunities for
agreement or disagreement.
Initially, two researchers (K. G. and R. S.) applied the

checklist collaboratively to learners’ diagrams of one
scenario (the propeller) in the two 2015 courses to establish
a shared understanding of how to apply the checklist
(14 diagrams, each assessed for all 9 constituent ideas,
for a total of 126 individual items assessed). These same two
researchers then scored all of the remaining 96 diagrams
independently and compared assessments of each of the nine
individual constituent ideas that potentially appeared in each
diagram (e.g., conservation, tracking, forms). This test of
interrater reliability was conducted in batches by course and
scenario (e.g., all of the diagrams for the 2014 ring slider
scenario were scored together). Reliability was assessed
according to the following expression:

ðNo: possible codes for all diagrams in the batchÞ − ðNo: disagreements in all diagrams in the batchÞ;
ðNo: possible codes for all diagrams in the batchÞ;

which may also be written as

ðNo: constituent ideasÞ × ðNo: diagrams in the batchÞ − ðNo: disagreements in all diagrams in the batchÞ;
ðNo: constituent ideasÞ × ðNo: diagrams in the batchÞ:
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The number of constituent ideas is nine. For a course
with 15 participants, a batch of diagrams with 10 disagree-
ments would correspond to an interrater reliability
of ð9 × 15 − 10Þ=ð9 × 15Þ ¼ 92%.
After each batch of applications of the checklist, scoring

decisions were documented in a casebook for consultation
in future applications of the checklist. Over 800 individual
items were scored. Interrater reliability averaged about
0.88 overall; reliability improved with experience and the
development of the casebook. Preliminary coding disagree-
ments were always resolved after discussion. Table VI
presents the interrater reliability data. On this basis, we
conclude that the checklist is reliable.

IV. ASSESSMENT OF LEARNER-INVENTED
ENERGY DIAGRAMS

A primary benefit of a valid and reliable checklist for
assessing energy diagrams is the opportunity to assess
original diagrams invented by learners to express their ideas
about energy in a physical scenario. In this section, we
analyze original learner diagrams to assess the extent to
which they show constituent ideas of the NGSS model of
energy outlined above. Since the checklist is representation
independent, such an assessment tool may support teachers
in empowering their students to create representations
while also analyzing the diagrams for the constituent ideas
of the NGSS model of energy and observing missing
constituent ideas. The checklist suggests which learner-
invented diagrams successfully communicate the NGSS
model of energy. The checklist also points to diagrams in
which constituent ideas of the NGSS model of energy are
implicit or even contradicted. Indirectly, the checklist may
also point to instructional interventions that might help
advance a learner’s model of energy: for instance, if a
learner-invented diagram does not include tracking, it may
be helpful to ask the learner where a particular energy unit
in the diagram came from or is going.
The diagrams assessed below were produced by in-

service teachers in professional development courses at
Seattle Pacific University. The data includes diagrams
of four different mechanical scenarios (a wind turbine, a

ring slider, a horizontally compressed spring, and a single-
bulb circuit).

A. Energy picture

A learner-invented diagram of the energy in a wind
turbine scenario is shown in Fig. 5. A wind turbine is a
device for transforming energy from wind to electrical
energy. The learner’s diagram associates the sun with light,
heat, and thermal energy, the wind with motion energy, and
the blades of the wind turbine with motion energy. This
diagram shows only a few constituent ideas of the NGSS
energy model. It represents energy in multiple forms. It
represents the observables that indicate those forms by
labeling the light and heat from the sun and showing arrows
or lines of movement to indicate the observable motion
indicative of motion energy.
This diagram foregrounds the forms of energy and not

movement of energy among different objects. Because it
does not show energy moving from one object to another or
transforming from one form to another in the course of the
scenario, this diagram does not include most of the NGSS
constituent ideas of energy including tracking, conserva-
tion, transformation, transfer, mechanism, and spreading.
The diagram also does not include an explicit system since
no boundary is shown that energy might cross.

B. Energy trajectory

A learner-invented diagram of the energy in the ring
slider is shown in Fig. 6. It shows elastic energy going to
kinetic energy in the ruler, then going to kinetic energy in

TABLE VI. Reliability data for energy diagram checklist.

Year Institution Participants
No. of
learners No. of scenarios

No. of
diagrams

No. of potential
agreements IRR

2014 University of
Maine

Middle school
teachers

18 3 (ring slider, penguin,
ramp-cup)

54 486 0.82-0.94
(ave. 0.87)

2015 Tufts University Elementary school
teachers

6 3 (popper, solar panel,
windmill)

18 162 0.85-0.94
(ave. 0.90)

2015 Seattle Pacific
University

Elementary school
teachers

8 3 (popper, solar panel,
windmill)

24 216 0.72-0.94
(ave. 0.83)

Total 32 6 96 864

FIG. 5. A learner-invented “energy picture” diagram for a wind
turbine scenario.
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the ring. From there the energy goes into the floor and air as
thermal, sound, kinetic, and deformation energy.
Unlike the previous diagram (Fig. 5) that emphasized the

forms of energy located in certain objects and the observ-
ables that indicate each energy form, this diagram empha-
sizes the movement of energy among objects and forms,
and shows energy distributing to more objects and forms as
time passes. The diagram is similar in some ways to an
energy tracking diagram in that it represents transfers and
transformations with arrows, and it includes several con-
stituent ideas of the NGSS energy model: energy is
transferred to multiple objects, appears in multiple forms,
and transforms from one form to another. The diagram
shows the spreading of energy to several objects. The
diagram also shows elements of tracking, in that the
energy is always shown as coming from somewhere and
going somewhere else, though individual units of energy
are not pictured.
However, there are several constituent ideas of the NGSS

energy model not included in this diagram. The diagram
does not show conservation of energy. Because units of
energy are not shown, this diagram is not able to show that
the amount of energy remains constant even as it is
distributed to multiple objects. The diagram does not
indicate a system, since no boundary is shown such that
energy could be inside or outside a boundary. The diagram
does not show mechanisms of energy transfer or trans-
formation: while transfers and transformations are indi-
cated by arrows, they are not labeled. (Though the learner
mentions deformation, this seems to be representing a form
of energy rather than a mechanism of energy transforma-
tion.) The diagram does not mention observables.

C. Energy source and receiver

A learner-invented diagram of compression of a hori-
zontal spring is shown in Fig. 7. This diagram is a version
of the source-receiver diagrams used in the Physics and
Everyday Thinking curriculum [13]. The diagram includes
three different energy processes that occur in sequence,
with time moving down the page. The rectangles represent

the objects in the scenario, and the form of energy in each
object is indicated in the circle connected to that object. The
arrows represent energy transfer or transformation and each
is labeled with a mechanism. In this scenario, the spring is
compressed horizontally by a machine, which the learner
calls the “pusher”; the energy in the scenario starts out as
electrical energy in the pusher, then transforms to kinetic
energy through what the learner calls a mechanical trans-
formation. In the next step, kinetic energy transfers from
the pusher to the spring through what the learner calls a
mechanical transfer. Finally, the kinetic energy in the spring
is transformed to elastic energy through a mechanical
transformation. The learner includes a note that thermal
energy is increasing throughout the scenario, but thermal
energy is not shown in the diagram.
As with the previous diagram, this learner-invented

diagram emphasizes the movement of energy between
objects and forms. Unlike the previous diagram, this
diagram explicitly associates each energy form with a
specific object. This representation also provides a way
to indicate the mechanism of the transfers and trans-
formations, though in this specific diagram all mechanisms
are labeled the same type.
This diagram includes several of the constituent ideas of

the NGSS energy model. Energy is tracked as it moves
from one object to another (as indicated both by the arrows
and by the fact that the right-hand rectangles and circles of
one step are identical to the left-hand rectangles and circles
of the following step). Forms of energy are shown in the
circles of the diagram. Transfers are indicated by a change
in the object shown in the rectangle, while transformations
are indicated by a change in the energy form shown in the
circle. Transfers and transformations are also labeled. The
mechanisms for transfer and transformation are also

FIG. 6. A learner-invented “energy trajectory” diagram for a
ring slider scenario.

FIG. 7. A learner-invented “energy source and receiver” dia-
gram for a spring compression scenario.

DRAWINGS OF ENERGY: EVIDENCE OF THE … PHYS. REV. PHYS. EDUC. RES. 15, 010129 (2019)

010129-11



labeled, though this diagram shows the same mechanism
for all transfers and transformations.
This diagram does not show several constituent ideas of

the NGSS energy model. Energy is not explicitly conserved:
energy units are not shown and the diagram describes
thermal energy as increasing without accounting for a
corresponding decrease in energy. No system is indicated
since a boundary is not shown. The observables that indicate
the presence of each form of energy are not included. Energy
spreading is not shown: the energy appears to move from
one object to another without spreading out.

D. Energy snapshots

Another learner-invented diagram of the energy in a
wind turbine is shown in Fig. 8. This diagram shows four
objects for the scenario: the air, the blades of the wind
turbine, the wind turbine generator, and the wires that carry
electricity away from the wind turbine. The objects and
their energy units are shown at successive moments in time
with time moving down the diagram. The energy units are
represented by individual letters within the labeled circles
and the specific letter represents a form of energy. The
letters m and E represent motion energy and electrical
energy. The letter w is used to represent wind energy, which
the learner represents as distinct from motion energy.
Unlike the previous diagrams, this representation empha-

sizes the conservation of energy because units of energy
are explicitly pictured and the number of units is the same
at each instant shown, even as the units change form (as
shown by the change in letter) and move to different
objects. However, this diagram does not show the tracking
of energy. For instance, it is unclear where the two units of
energy in the turbine at the third instant came from. It is
possible that onem is that samem that was in the turbine at
the previous instant; it is also possible that the two units of
energy came from the blades or from the air. While this
diagram shows the general flow of energy, it does not
display the course or trail of a unit of energy.
This diagram includes several other constituent ideas of

the NGSS energy model. The form of energy is indicated by

the letter of the energy unit and transformations are
indicated by a change in letter. Transfers are shown by
the energy unit appearing in a different object than in the
previous row. The spreading of energy is included since
in each successive row, the energy is spread among more
objects.
There are several constituent ideas of the NGSS energy

model that are not represented in this diagram. This
diagram does not show a system, since no boundary is
explicitly shown for energy to cross. Mechanisms for
energy transfer or transformation are not shown; instead
the energy units simply appear in one circle and then
another, or change from one letter to another. The diagram
also does not show what observables indicate each form
of energy.

E. Energy tracking snapshots

Another learner-invented diagram of the energy in a
wind turbine is shown in Fig. 9. This diagram shows the
three objects of the scenario (air, turbine, and electrical
power system) in the three rows; successive instants of time
are shown in the columns of the diagram with time moving
from left to right. Individual energy units are labeled using
subscripts so a single energy unit can be tracked from one
instant in time to the next. For example, energy unit 1
begins in the air as motion energy. It then transfers to the
turbine where it transforms to electrical energy. Energy
unit 1 then transfers to the electrical power system. Energy
unit 2 undergoes the same transfers and transformations as
energy unit 1, at the same times. The other energy units
(3 through 6) also experience the same transfers and
transformations, but at successively later instants.
This diagram is very similar to the previous diagram. It

uses pictures of the energy units in specific objects at
successive moments of time (pictured left to right, instead
of top to bottom). However, this diagram includes con-
stituent ideas not included in the previous diagram:
Because individual units of energy are identified with
subscripts that allow a particular energy unit to be followed
through each moment in time, it demonstrates both the
conservation of energy and the tracking of energy. This
diagram includes most of the constituent ideas of the NGSS

FIG. 8. A learner-invented “energy snapshots” diagram for a
wind turbine scenario.

FIG. 9. A learner-invented “energy tracking snapshots” dia-
gram for a wind turbine scenario.
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energy model. The form of energy is indicated by the letter
of the energy unit; transformations are indicated by a
change in letter with the subscript remaining constant.
Transfers are shown by the energy unit appearing in a
different row than in the previous column. The spreading of
energy is indicated by the energy being distributed among
an increasing number of objects.
There are several constituent ideas of the NGSS energy

model that are not represented in this diagram. This
diagram does not show a system, since no boundary is
explicitly shown for energy to cross. Mechanisms for
energy transfer or transformation are not shown; instead,
the energy units simply appear in one circle then another or
change from one letter to another. The diagram also does
not show what observables indicate each form of energy.

F. Energy branching

A learner-invented diagram of a single-bulb circuit is
shown in Fig. 10. This diagram shows four circuit
elements—the battery, a wire, the bulb filament, and the
bulb itself—and the environment around the circuit, labeled
“world.” Each of these five objects is indicated by a box
(the box for the “world” object is L shaped). Units of
energy are indicated by letters with the form of the energy
unit indicated by the particular letter; arrows from one letter
to another indicate the transformation or transfer of that
unit of energy and allow energy to be tracked through the
scenario. This diagram is very similar to the energy
tracking diagram described in Fig. 4, with two important
differences. While an energy tracking diagram shows
conservation of energy in that each unit of energy can
be tracked through the entire scenario, this diagram shows
energy units branching into two energy units (in the bottom
row of the diagram). Specifically, in the wire the electrical
energy unit both transfers to the filament and transforms
into thermal energy, which is transferred to the world or
environment. In the filament, the thermal energy unit both
transforms to light (which is transferred to the bulb) and
transfers out into the world. As a result, the scenario begins
with three units of energy and ends with five units of energy
(found by counting the units at the ends of the chains of
arrows), so conservation is violated. Another difference
between this learner-invented diagram and an energy

tracking diagram is that this learner-invented diagram does
not include the mechanisms for transfers and transforma-
tions (the arrows are not labeled). As with energy tracking
diagrams, spreading of energy is shown in this diagram by
the movement of energy to the world (inferred to be a very
large object). As with many of the previous diagrams,
systems and observables are not included in this diagram;
no boundaries are labeled and there is no indicator of the
observable for each form.

V. INTEREST AND RELIABILITY
FOR TEACHERS

In order to gauge the interest, usefulness, and reliability
of the energy diagram checklist for teachers, we asked a
group of elementary teachers to use the checklist to
evaluate ten sample energy diagrams. These teachers,
who had a range of years of teaching experience, had
been participating in a year-long professional development
program centered on the “Focus on Energy” [47] curricu-
lum for late elementary students. This professional devel-
opment emphasized understanding the NGSS energy
model, developing energy representations, and eliciting
and recognizing students’ ideas about energy. The energy
diagram checklist was not originally part of the profes-
sional development course.
Toward the end of the professional development course,

one of the authors presented the checklist to the teachers as
a possible means to interpret students’ energy diagrams.
The teachers were given a two-page worksheet that listed
each constituent idea along with (i) a definition, (ii) a short
bulleted list of how that idea might appear in a diagram, and
(iii) another short bulleted list of what would not count
towards that idea in a diagram. The teachers then worked
with one of the authors (K.G.) to apply the checklist to
two sample energy diagrams created by the authors.
Approximately 30 minutes of professional development
time was spent on this exercise.
Participating teachers spontaneously expressed appreci-

ation for the checklist and stated that it filled a need they
had when teaching energy in their classrooms, suggesting
that teachers are likely to be interested in the checklist and
perceive it as useful. Several of the teachers stated that they
intend to use the checklist in their teaching this year.
Several chose to use the checklist to analyze the student
work that was being discussed in a later professional
development activity.
Another purpose of introducing the checklist to teachers

was to do a preliminary assessment of reliability with
teachers: to observe the extent to which teachers’ coding
of diagrams agrees with the developers’ coding. For this
purpose, five of the professional development teachers
agreed to code 10 sample energy diagrams as homework,
marking which constituent ideas they believed were present
in each energy diagram. Five of the sample energy
diagrams are teacher-drawn energy diagrams discussed

FIG. 10. A learner-invented “energy branching” diagram for a
single-bulb circuit scenario.
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above (Figs. 5–9). The other five of the energy diagrams
were drawn by elementary students working through the
Focus on Energy curriculum.
For each of the nine constituent ideas in each of the ten

sample scenarios provided, we documented how many
teachers coded that constituent idea as present or absent in
that scenario. We then documented how many of the
teachers’ codes agreed with the developers’ codes (for
each constituent idea in each scenario). Reliability was
assessed as (No. agreements)/(No. possible agreements).
With five teachers coding nine constituent ideas in each of
ten sample scenarios, the number of possible agreements is
5 × 9 × 10 ¼ 450. The overall reliability in this exercise
(including all constituent ideas in all scenarios) was 0.76.
This represents substantial agreement, given that there was
only 30 minutes of training time with no negotiation or
practice coding.
The reliability for specific diagrams ranged from 0.60 to

0.95. The diagram shown in Fig. 5 (the “energy picture” of
the wind turbine) had the highest reliability, indicating great
agreement across all constituent ideas. (In the case of this
diagram, this result indicates great agreement that only a
few constituent ideas are present in the diagram.) The
diagrams with the lowest reliability were the spring-
compression diagram in Fig. 7 and another diagram using
a specialized version of bar charts (not shown): the low
reliability of these diagrams may be due to teachers’
difficulty interpreting unfamiliar and highly specialized
representations.
The reliability for specific constituent ideas ranged from

0.54 to 0.94. The highest-reliability constituent idea was
forms (0.94), followed by conservation (0.88), possibly
indicating teachers’ deep understanding of and experience
recognizing these ideas in a variety of representations.
The lowest-reliability constituent idea was tracking (0.54).
Tracking is among the greater innovations of the NGSS
model of energy (likely less familiar to teachers), and
requires an original diagram to adequately represent the
concept (see Tables III and IV). While the results of this
exercise are preliminary given the small number of teachers
involved, they do suggest that teachers are interested in the
checklist, perceive it as useful for their teaching, and can
reliably apply the checklist to a variety of energy diagrams
with minimal training. Future work will expand on this
analysis by studying teachers’ use of the checklist with
their own students and by expanding the group of teachers
involved.

VI. ASSESSMENT OF A CLASS’S INCREASED
FACILITY WITH ENERGY DIAGRAMS

The checklist for assessing energy diagrams may be
used to assess a class’s increased facility with NGSS-
aligned energy diagrams, i.e., their production of energy
diagrams with many NGSS constituent ideas. In 2013,
15 secondary teachers participated in a second-year

professional development course focused on the NGSS
model of energy [12]. Learning goals included the develop-
ment and use of NGSS-aligned energy representations such
as energy tracking diagrams [12,28]. Participants were
given assessments before and after instruction, requesting
energy analyses of the ring slider scenario (before), and a
steam-turbine power plant (after). The assessments asked
them to do the following:
(a) “Draw a diagram showing the energy transfers and

transformations within and/or among the objects in the
scenario.” (For the ring slider, teachers were asked to
include the ruler, the ring, the floor, and the surround-
ing air. For the power plant, they were directed to
include the coal in the boiler, the water or steam, the
turbine or generator, and the electrical tower.)

(b) “For each transfer and transformation that you indicate
in your diagram, describe the mechanism or process
by which that transfer or transformation occurred (e.g.,
metabolism, conduction, compression, melting…).”

Application of the checklist described above shows
that the class increased its facility with NGSS-aligned
energy diagrams. The results are summarized in Table VII.
Before instruction, only one diagram showed conservation
of energy; at the end of the course, 12=15 diagrams did.
Fewer than half of the learners’ diagrams initially included
transfers and transformations, whereas at the end of the
course all diagrams included these constituent ideas.
Initially 5=15 diagrams tracked energy; at the end,
14=15 diagrams did. Mechanisms of energy transfer and
transformation were initially indicated in 5=15 diagrams; at
the end of the course, 12=15 showed mechanisms. The
number of diagrams showing forms of energy went from
9=15 to 15=15, and the number of diagrams showing
spreading of energy went from 9=15 to 14=15. No diagrams
explicitly indicated a system either before or after instruc-
tion; this constituent idea was not among the learning goals
for the course. Explicit inclusion of observable indicators of
energy decreased from 5=15 to 0=15, probably because

TABLE VII. Class facility with NGSS-aligned energy diagrams
(N ¼ 15).

Constituent idea Before instruction After instruction

Conservation 1 12
Transfers 7 15
Forms 9 15
Transformation 6 15
Tracking 5 14
Mechanisms 5 12
Spreading 9 14
Systema 0 0
Indicatorsb 5 0

aNot a learning goal of the course.
bLearners gained facility with a type of diagram that does not

typically include this idea.
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learners gained facility with a type of diagram that does not
typically include this constituent idea. While this analysis
includes a small sample size and considers only one course,
this preliminary analysis suggests that the checklist can
effectively measure growth and is sensitive to the learning
goals of the course.

VII. SUMMARY

Scientific diagrams and representations support scien-
tists and science learners in communicating their science
ideas. Therefore, an important part of science instruction is
helping students learn to develop useful scientific repre-
sentations. Given this goal, teachers need to assess and
provide feedback on the effectiveness of students’ diagrams
for communicating their understanding. A key aspect of a
diagram’s effectiveness is the extent to which it instantiates
the scientific model of the relevant scientific concepts.
Energy is a core idea in the physical, life, and earth, and

space sciences, as well as a crosscutting concept of the
NGSS. Further, various scientific practices and crosscutting
concepts, such as modeling, understanding systems, and
cause and effect, are deeply connected to the concept of
energy. Teachers look to the Next Generation Science
Standards [8] and its parent document, the K12
Framework for Science Education [3], for guidance in
both instruction and assessment. However, the model of
energy provided by the NGSS is not explicit, especially
regarding use or assessment of representations of energy.
Thus, our first task in this paper was to elucidate the ideas
that the NGSS implies should be included in a model of
energy in the physical sciences.
There are multiple commonly used energy diagrams that

are intended to communicate different aspects of our
understanding of energy. For example, a given diagram
may show information about energy values, but not about
the processes or mechanisms of energy transfer and trans-
formation. This stands in contrast to teaching about forces,
where free body diagrams are accepted and standard
representations of the forces acting on an object because
the physics community has agreed that they instantiate our
model of forces. Our second task in this paper was to
propose a checklist that could evaluate in what ways an
energy representation instantiates the NGSS model of
energy.
To test our checklist, we applied the checklist to three

different often-used energy diagrams: bar charts, flow
diagrams, and energy tracking diagrams. We found that
the bar charts considered show very few aspects of the

NGSS model of energy, while flow diagrams and energy
tracking diagrams include more of the model’s constituent
ideas. Teachers (and students) who are explicitly aware of
which constituent ideas are and are not included in a
representation are better positioned to evaluate the utility of
a given representation for a given instructional context.
Some representations may restrict the kinds of learning that
are available to students, especially if they do not match
instructional goals. For example, a representation that
includes no information on energy transfer will not be of
great help in classroom discussions of an energy perspec-
tive on heat transfer.
In addition to testing our checklist against three estab-

lished energy representations, we used the checklist to
evaluate learner-created energy diagrams. These original
diagrams have value in showing students’ efforts to
synthesize their understanding of energy. Given our goal
of designing a checklist to assess the extent to which a
representation shows the NGSS model of energy in the
physical sciences, we asked whether our checklist can be
used to measure a class’s increased ability to use repre-
sentations showing the NGSS model of energy. In a
preliminary analysis involving a small group of learners,
the answer seems to be yes. Learners’ performance on
representing energy improved due to a professional devel-
opment course that emphasized representing nearly all the
constituent ideas of energy. Areas that were not addressed
in professional development showed no improvement,
while areas that were addressed did. This suggests that
the checklist is sensitive to the specific activities of
instruction and has the correct grain size to accurately
reflect and evaluate a learning activity.
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