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transfer-only approach.

Energy conservation is a fundamental concept in physics and across the sciences as it provides a lens for
investigating a wide range of phenomena. Research into energy learning progressions has shown that a majority of
students across K-12 struggle with energy conservation. These studies characterize students’ learning progressions
as starting from energy being manifest in different forms. Research suggests that learning progressions that begin
with the idea of forms only lead to an understanding of conservation for a minority of students. Thus, the question
arises whether there are alternative, more productive pathways towards conservation than going through forms.
We investigated to what extent students progress towards conservation if they are taught in a transfer-only
approach to teaching energy that does not require forms. Drawing on interviews from N = 30 students across
different time points in a 10 week transfer-only unit, we found that at the end of the unit, most students tracked
energy successfully across systems, and did not violate energy conservations when explaining phenomena, that is,
progressed towards a qualitative understanding of conservation. Our results imply that energy learning progressions
do not have to go through forms and in fact a more productive pathway towards conservation may exist in the
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Introduction
Energy is a fundamental concept in physics and across
the sciences as it provides a lens for investigating and
analyzing a wide range of phenomena. At the core of the
energy concept lies the idea of energy conservation
which helps determine to what extent one has accounted
for the relevant systems and changes in those systems in
a model or explanation of a phenomenon.

In the Framework for K-12 Science Education (Na-
tional Research Council, 2012) and the US Next
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Generation Science Standards (NGSS Lead States, 2013),
energy is both a disciplinary core idea and a cross-
cutting concept, emphasizing that energy is not only im-
portant in physics but also fundamentally important in
biology, chemistry, and earth science. In biology, energy
determines for example which organisms can make best
use of limited energy resources in order to produce
competitive offspring, in chemistry, energy helps deter-
mine which reactions can occur and which cannot, and
in earth science, energy is a critical concept to model
how Earth’s systems interact. The learning progression
outlined in the Framework for K-12 Science Education
suggests that at the end of grade 5, students have started
recognizing manifestations of energy in nature and know
that energy can move from place to place through
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various processes. By the end of grade 8, students are
supposed to have developed a more thorough under-
standing of how energy is manifest in nature and that it
can be either stored in the movement of objects or
fields. Further, they should recognize that whenever the
energy of one system changes, there is a corresponding
change of energy in some other systems. This statement
reflects a qualitative understanding of energy conserva-
tion (see also Gray, Wittmann, Vokos, & Scherr, 2019).
By the end of grade 12, students are supposed to have
further refined those ideas and developed the necessary
mathematics to apply ideas about the manifestations of
energy, energy transfer, and energy conservation
quantitatively.

However, research into the energy learning progression
has time and again shown that a majority of students
across K-12 and across the sciences struggle with the idea
of energy conservation (Herrmann-Abell & DeBoer, 2017;
Liu & McKeough, 2005; Neumann, Viering, Boone, & Fi-
scher, 2013; Park & Liu, 2016). A common feature of all
these studies is that they characterize students’ learning
progressions as starting from the idea of energy being
manifest in different forms or from precursors of this idea.
It appears as if learning progressions that begin with the
idea of forms only lead to an understanding of conserva-
tion for a minority of students. Thus, the question arises
whether there are alternative, more productive pathways
towards conservation than going through forms.

Numerous scholars have proposed approaches that do
not require forms of energy but emphasize transfers of
energy between systems (Brewe, 2011; Ellse, 1988; Falk,
Herrmann, & Schmid, 1983; Lehavi, Eylon, Hazan, Bam-
berger, & Weizman, 2012; Nordine et al.,, 2018; Swac-
khamer, 2005). However, for such an approach to work
consistently without introducing forms at some point,
the concept of fields is required (Swackhamer, 2005). Al-
though it may seem ambitious to introduce three com-
plex ideas - energy, systems, and fields - in
introductory energy instruction, ideas about systems and
fields are integral to the energy concept (Coopersmith,
2015) and the recommendations in the Framework for
K-12 Science Education (National Research Council,
2012) and the US Next Generation Science Standards
(NGSS Lead States, 2013) align with this proposal.

In this paper, we investigate to what extent middle
school students in a unit that emphasizes energy transfer
and excludes the idea of energy forms progress towards
an understanding of conservation and how students in
such a unit use fields and energy ideas in conjunction in
order to explain phenomena.

Theoretical background
Energy ideas are useful in order to explain phenomena
because energy is conserved, i.e., the amount of energy
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in a system can only change due to transfers of energy
into or out of that system. Being a conserved quantity
turns energy into a powerful analytical lens to support
reasoning about phenomena: It allows to find out
whether an explanation or model of a phenomenon ac-
counts for all relevant changes and systems that interact
in the phenomenon. A famous example of this is the dis-
covery of the Neutrino by Wolfgang Pauli who predicted
the Neutrino in response to apparently missing energy
in beta-decay spectra (Guerra, Leone, & Robotti, 2014).

Teaching and learning about energy

A well corroborated finding of the research into the
teaching and learning of energy is that only few students
develop an understanding of energy conservation. Re-
search into energy learning progressions regularly identi-
fies energy forms or manifestations of energy as the
lowest level and energy conservation as the highest
(Herrmann-Abell & DeBoer, 2017; Liu & McKeough,
2005; Neumann et al., 2013). A caveat of these studies is
that they are cross-sectional and lack an instructional
component. In contrast, Nordine, Krajcik, and Fortus
(2011) studied students learning in a unit focusing on
the central idea of transformations of energy forms.
While students made progress in developing a more in-
tegrated understanding of energy, they still struggled
with the idea of energy conservation. Similarly, Béchtold
and Munier (2018) who studied students’ learning in a
unit inspired by the history and philosophy of science
found that only few students progressed from an under-
standing of energy forms to mastery of conservation
ideas. Lastly, Neumann and Nagy (2013) tracked stu-
dents’ progress from grade 6 to 10 in an observational
study, i.e., without an instructional component. Their re-
sults suggest that students generally progress from forms
through transformations and dissipation towards conser-
vation but rarely master it.

It is not only well documented that students struggle
with conservation but also how they struggle with con-
servation: students may consider individual forms of en-
ergy to be conserved (Nordine et al., 2011) or struggle to
conceptualize individual forms (Falk et al., 1983; Hecht,
2003; Kaper & Goedhart, 2002a; Quinn, 2014), students
may consider the energy of any system to be conserved,
regardless of the changes that the system undergoes
(Lindsey, Heron, & Shaffer, 2012) or students think that
energy is not conserved in dissipative phenomena
(Daane, Haglund, Robertson, Close, & Scherr, 2018;
Solomon, 1985; Tobin et al, 2012, 2019). Dissipative
phenomena invite the notion that energy is not con-
served because, in such phenomena, it appears as if en-
ergy disappears: when a falling ball hits the ground or a
pendulum in air eventually stops swinging, it is not obvi-
ous where the energy has gone as the respective energy
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transfers out of the systems of interest such as the ball
or pendulum are hardly, if at all, perceptible. As every-
day experiences overwhelmingly reflect dissipative phe-
nomena, it is not surprising that students struggle to
adhere to energy conservation when explaining such
phenomena (Chabalengula, Sanders, & Mumba, 2012).

A transfer-focused pathway towards conservation

Based on proposals in the literature to emphasize energy
transfer (Brewe, 2011; Ellse, 1988; Swackhamer, 2005),
the recommendations in the US Next Generation Science
Standards (NGSS Lead States, 2013) and the Framework
for K-12 Science Education (National Research Council,
2012), Nordine et al. (2018) have proposed a new ap-
proach to introductory energy instruction that leads stu-
dents to explain phenomena from an energy perspective
— but without introducing energy forms.

This transfer-only approach focuses on transfers of en-
ergy between systems and emphasizes different aspects
of the idea of energy conservation compared to trad-
itional forms-based approaches. In a forms-based ap-
proach, energy conservation is a primarily quantitative
concept that emphasizes that the sum of all involved
forms of energy remains equal (Gray et al.,, 2019). The
transfer-only approach, however, reflects a qualitative
notion of conservation: it emphasizes that energy always
has to be in some system, i.e., when the energy of a sys-
tem changes, there has to be another change in energy
in some other system. In sum, conservation in a forms-
based approach emphasizes how energy can work as an
accounting tool (Feynman, 1965), something that ultim-
ately becomes useful when setting up equations to de-
scribe phenomena. In contrast, conservation in a
transfer-only approach emphasizes how energy, similar
to matter, is always localized, i.e., has to be tied to a
physical system (Quinn, 2014).

Emphasizing the qualitative notion of energy conserva-
tion can help turn energy into a powerful lens allowing
reasoning about phenomena. When students acknow-
ledge that energy always has to be in some system, this
naturally leads to questions like “Where is the energy
coming from?” or “Where is the energy going to?” when
facing a new phenomenon. These questions implicitly
acknowledge that energy is conserved (Tobin et al,
2019) and attempting to answer these questions can lead
to deep insight as the example of the Neutrino
demonstrated.

The implicit notion of energy conservation in a ques-
tion like “Where is the energy going to?” can support
students in using energy ideas in dissipative phenomena.
In such phenomena, it is often not obvious where energy
is being transferred to. Daane, McKagan, Vokos, and
Scherr (2015) and Tobin, Lacy, Crissman, and Haddad
(2018); Tobin et al. (2019), however, provide evidence
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from multiple vignettes that emphasize transfers of en-
ergy between systems and provide a framework of re-
lated questions like “Where is the energy going?”. It
supports students in using energy in order to reason
about the systems and changes therein in dissipative
phenomena, e.g., an increase in temperature in the spot
of the floor where a falling ball hit it. Thus, the transfer-
only approach may support students in applying conser-
vation ideas productively (see Tobin et al., 2019), mean-
ing that they consider aspects of phenomena that would
not have been considered without applying energy ideas.

Another class of phenomena where the involved sys-
tems and processes are not obvious are those that in-
volve interactions-at-a-distance such as a falling ball
attracted by the force of gravity. To discuss such phe-
nomena in a transfer-only approach, the concept of
fields needs to be introduced as energy must always be
associated with some system. In the example of the fall-
ing ball, energy is transferred from the gravitational field
between the ball and the earth to the ball. This descrip-
tion aligns with the Framework for K-12 Science Educa-
tion which states that “Energy [ ...] can be modeled as
either motions of particles or as stored in fields” (Na-
tional Research Council, 2012 p. 124).

Fields

Many studies suggest that learning about fields is chal-
lenging for students (Bradamante & Viennot, 2007; Furio
& Guisasola, 1998). However, fields are typically intro-
duced as mathematical abstractions in the context of
forces (see e.g., Halliday, Resnick, & Walker, 2005) and
usually reserved for older students (Herrmann, 1989;
Hobson, 2013). In contrast, the transfer-only approach
introduces fields in the context of energy and presents
them as entities that energy can be transferred to or
from. Treating fields as any other system and not just a
mathematical representation is consistent with modern
physics (Furio & Guisasola, 1998; Herrmann, 1989; Hob-
son, 2013) and, more generally, may be considered a
major goal in developing an understanding of fields
(Furio & Guisasola, 1998; Herrmann, 1989).

In the transfer-only approach, two ideas about fields
are required: 1) fields are entities that mediate
interactions-at-a-distance and 2) energy can be trans-
ferred to and from fields. Interactions-at-a-distance may
either occur between macroscopic objects or atomic
scale objects. Examples of interactions-at-a-distance be-
tween macroscopic objects are magnets attracting or re-
pelling each other or freely falling objects on Earth.
Examples of interactions at-a-distance between atomic
scale objects explain how energy can be transferred from
a trampoline to a person or from a bow to an arrow, i.e.,
phenomena that involve elasticity. Consider, for ex-
ample, a bow being bent. At the atomic level, the
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particles that make up the bow change in relative pos-
ition. This results in a transfer of energy from the person
bending the bow to the field between those particles.

Including these fields ideas may support students
using energy ideas in phenomena that include
interactions-at-a-distance. In traditional forms-based in-
struction, potential energy is required in order to discuss
such phenomena, e.g., in a falling ball, potential energy
is transformed into kinetic energy. However, students
are often confused about the location of potential en-
ergy, i.e., the system to associate potential energy with,
and wrongly associate potential energy with single objets
which in turn may lead to difficulties in learning about
energy more generally (Doménech et al., 2007; Lindsey
et al, 2012). Similarly, students sometimes question
whether potential energy is real (Hecht, 2003), thus
likely leading to difficulties in progressing towards con-
servation. Fields — when considered as existing, physical
entities — provide such location for energy that is not
manifest in single objects (Quinn, 2014) and may help
students acknowledge that potential energy is real. How-
ever, including fields may also be a source of additional
difficulty as students may also develop new non-
normative ideas about both, fields and energy, when
those two ideas are introduced together. Further, if stu-
dents do not develop at least some understanding of
fields, they will struggle with using energy ideas in order
to explain and interpret phenomena that involve
interactions-at-a-distance.

Research questions

In order to investigate to what extent the transfer-only
approach provides a feasible alternative way to ap-
proaching energy conservation, we asked the following
research questions:

1. To what extent do 7th grade students progress
towards an understanding of conservation and
apply it over the course of a transfer-only unit?

2. How do students use fields and energy ideas in
conjunction in order to explain everyday, physics
related phenomena?

Methods

In this section, we will first provide an overview of the
overall design, instruments, and sample. Next, we will
describe the transfer-only unit and data sources in more
detail. Finally, we will describe how we analyzed the nu-
merous data sources to answer our research questions.

Design and instruments

Figure 1 gives an overview of the overall design and as-
sessments used in this study. For more details on the as-
sessments and examples see Fortus et al. (2019). Our
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study is situated in a design-based research and develop-
ment project. In consequence, the curriculum was
enacted multiple times, allowing for data driven revi-
sions between enactments. Depending on the focus of
the enactment, different data was collected. Students in
our study participated in an approximately 10-week
transfer-only energy unit that fell into four-lesson sets
which we describe below. Students took open-ended,
standard-based energy assessments directly before and
after the unit. In addition, we conducted interviews with
selected students before and after the unit, as well as
two interviews during the unit. The interviews required
students to explain both known and unknown phenom-
ena, thus allowing us to see how students’ ability to
apply conceptual energy understanding from the energy
unit progressed throughout the teaching sequence.

Unit enactment and sample

We draw on data from an enactment of the transfer-
only energy unit that was carried out in 2017. The unit
consists of four-lesson sets of roughly equal length. The
unit was designed as a replacement for the 7th grade
energy unit in the INVESTIGATE' curriculum (Fortus
et al, 2012) that the participating schools employ.
Therefore, all students entered the study after similar
curricular experiences and in the first half of 7th grade.
The unit was taught in a midwestern, rural school to
181 students (53% male, 47% female) in 2017 by two ex-
perienced teachers. The teachers received 4 days of pro-
fessional training concerning the transfer-only approach
before/during each enactment. Since the teachers were
familiar with project-based pedagogy and the curriculum
in general, professional development focused mostly on
the conceptual differences between traditional forms-
based energy instruction and the transfer-only approach
as well as the issue of fields. In addition, researchers pro-
vided continuous support during the enactments, for ex-
ample providing teachers with required materials or
discussing questions that surfaced during the enact-
ments. Videotaped classroom observations indicate that
teachers generally adapted the unit with high fidelity. A
more detailed account of how teachers experienced
teaching the transfer-only unit is presented in Touitou
et al. (2018).

The transfer-only unit
In this section, we provide a summary of the transfer-
only unit as it was taught. For more details see Nordine,
Fortus, Lehavi, Neumann, and Krajcik (2018).

The unit was designed as a replacement for the 7th
grade energy unit in the INVESTIGATE curriculum
(Krajcik, Reiser, Sutherland, & Fortus, 2012) that the

'INVESTIGATE is a Pseudonym
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10 weeks total unit length

(2-3 weeks per learning set)

Standard-based

assessments

Systems-Transfer Unit

&N ES

Standard-based

assessments

Fig. 1 Overall design and data sources. LS = Lesson set

Interviews T2 Interviews T3 Interviews T4

participating schools had adopted. The unit follows
project-based pedagogy (Krajcik & Shin, 2014). In line
with this framework, we conceptualize learning as stu-
dents building increasingly well integrated knowledge
around core ideas of the unit (Bransford, 2000; Clark &
Linn, 2013; Linn, 2006). This should be evidenced by
students activating and connecting increasingly focused
sets of ideas around fields, energy, and systems in order
to make sense of phenomena as the unit progresses. To
achieve this, the unit is designed to build up students’
knowledge systematically and coherently over time, e.g.,
through a unit-level driving question which is regularly
revisited as the unit progresses: “Why do some things
stop and others keep going?”. Further, the unit was de-
signed to allow three-dimensional learning by integrating
scientific practices, disciplinary core ideas, and cross-
cutting concepts (NGSS, 2013). Lastly, our overarching
design principle in addressing the complexities of en-
ergy, systems, and fields was to only introduce the abso-
lutely necessary ideas and design the curriculum in such
a way that new ideas answer a need-to-know.

While the unit generally focuses on the vision of
three-dimensional learning across all scientific practices,
the systems-transfer unit emphasizes the practice of
modeling by engaging students in a representation called
Energy Transfer Model (ETM, see Fig. 2 for an ex-
ample). Students construct ETMs throughout the unit in

order to interpret and explain increasingly complex phe-
nomena. Despite the increase in complexity, the ETMs
always encompass three main components: The systems
between which energy is transferred (solid-line boxes),
the energy transfer (arrows between systems), as well as
the occurring processes (both observable and non-
observable; square brackets).

The unit develops the ideas of energy, systems, and
fields across four learning sets during which these ideas
are used for interpreting increasingly complex phenom-
ena. The following summarizes key ideas and activities
in the learning sets. Details about the contents of each
set are described in Nordine et al. (2018). The full edu-
cational materials will be made available as open educa-
tional resources.

LS 1: modeling interactions between systems

In this learning set, students learn that every
phenomenon involves at least two interacting systems
that each undergo some process. In line with the Frame-
work for K-12 Science Education (National Research
Council, 2012), systems are effectively defined as the
relevant parts of the world under study. Students use a
simplified version of an ETM to construct and refine
simple models of phenomena that represent the interact-
ing systems, how the systems interact, and the processes

Ball A

[speed decreasing]

brackets describes the energy-related processes in the systems

)

Fig. 2 ETM fort wo balls A and B colliding. The boxes represent the systems, the arrow represents the direction of energy transfer, and the text in

N

Ball B

[speed increasing]
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that occur in the interacting systems, e.g., students de-
veloped models of a radiometer or a Hero’s engine.

LS 2: modeling balanced processes

Here, students take a closer look at the processes in the
interacting systems and learn how to connect them to
changes in energy and, subsequently, energy transfers
between systems. Thus, the definition of systems is
slightly extended to emphasize that energy can be trans-
ferred to or from systems. A series of investigations al-
lows students to recognize that, anytime energy is
transferred to/from one system, it must have been trans-
ferred from/to another system that undergoes an oppos-
ite energy change. Thus, a first implicit notion of energy
conservation is introduced. At the end of learning set 2,
students should be able to represent the interacting sys-
tems, processes, and energy transfers in various phe-
nomena such as in Fig. 2 using the ETM. Phenomena
covered include colliding carts or melting of ice.

In sum, Learning Sets 1 and 2 serve to develop a
substance-like model of energy, emphasizing that energy
is localized in a system and always has to go or to come
from somewhere, i.e., is never created or destroyed which
reflects a qualitative notion of energy conservation.

LS 3: energy transfers to and from fields

This learning set introduces the idea of energy trans-
fers to and from fields in order to interpret phenom-
ena that involve interactions-at-a-distance, such as
gravitational and magnetic interactions. In an investi-
gation using iron fillings or a ferro fluid, students
learn that the magnetic field changes its shape when
magnets interact at a distance. The investigation es-
tablishes that objects interact at a distance via fields
and that the shape of those fields changes as the dis-
tance between the object changes. To establish the
connection between fields and energy, two magnetic
carts are held together and then released. Students
then model this phenomenon using an ETM. They
quickly realize that they miss a system that transfers
energy to the carts as they speed up. The magnetic
field addresses students’ need to know what the miss-
ing system is and where the energy is coming from.
This episode is not only an example of how energy is
presented as a useful idea that helps gaining new
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insight into phenomena in the systems-transfer unit,
but also shows how fields are introduced in a sub-
stantially different way compared to traditional in-
struction: Fields are not introduced as a mathematical
abstraction, but as a concept that fills a conceptual
void. In their ETMs, students represent fields as
boxes like any other system (Fig. 3).

Phenomena that students covered include e.g., a pen-
dulum, a bouncing ball, or repelling magnets.

LS 4: modeling complex phenomena and continuing
processes
The last learning set explores energy transfers in more
complex phenomena that include continuing processes.
Students learn how to extend the Energy Transfer Model
to account for relative rates of energy transfer (e.g., in a
pendulum that dissipates some of its energy to the sur-
roundings while getting slower). In their ETMs, students
mark these differences via varying arrow width (see
Fig. 4). This allows students to go back to the driving
question and explain that some things keep going as
there are balanced energy transfers into and out of the
observed system (e.g., electricity being supplied at the
same rate to the system of an ideal pendulum as heat is
being dissipated from the system to the surroundings)
and things stop because energy is dissipated out of the
system of interest into the environment.

In this last learning set, phenomena that students
model include objects rolling and sliding down a ramp
and a battery-powered pendulum.

Instruments

Standard-based assessments

To assess students’ understanding of energy, we used
the same instrument as Fortus et al. (2019) as a pre- and
post-test. The assessments were developed following a
refined version of the procedure by Harris, Krajcik, Pel-
legrino, and McElhaney (2016) that synthesizes
evidence-centered design (Mislevy & Haertel, 2007) and
construct-mapping (Wilson, 2005). The resulting
standard-based, open-ended tasks are aligned with energy
related performance expectations for the middle school
level in the Next Generation Science Standard. The tasks
require students to blend disciplinary knowledge, science
practices, and cross-cutting concepts in order to make

Magnetic field
of Carts

[distance increasing]

)

Fig. 3 ETM for two repelling magnetic carts that are held together and then released

Carts

[speed increasing]
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[speeding up]

Pendulum

Pendulum-Earth System

ﬁ [distance decreasing]

Pendulum / Earth
gravitational Field
[distance increasing]

[slowing down]

Environment

[heating up]

Fig. 4 ETM for a pendulum swinging in air. Arrow thickness represents relative rates of energy flow

sense of real-world phenomena. The goal of the tasks,
therefore, is not simply to measure knowledge, but
knowledge-in-use (Harris et al, 2016). All tasks were
reviewed by external experts for alignment with the learn-
ing set learning goals, appropriateness of the context, ap-
propriateness of wording, and whether the task required
any additional knowledge. For more details and psychomet-
ric properties see Fortus et al., 2019. The tasks and scoring
rubric are available in online supplement S1.

The tasks were scored by experienced scorers who were
trained by the researchers following a rubric that empha-
sized the integration of scientific practices and disciplinary
knowledge. Depending on the task, students could score
up to a maximum of four or six credits. Higher scores re-
flect a better integration of the scientific practice in the
task (e.g., modeling or constructing a scientific explan-
ation) with the relevant disciplinary core idea about energy
(e.g., When the kinetic energy of an object changes, there
is inevitably some other change in energy at the same
time. MS-PS3.B). All student responses were mixed so
that scorers could not tell to which measurement time-
point the student answer belonged. 10% of the student an-
swers were scored by a second rater. We found
satisfactory interrater agreement (mean = 84%, SD = 10%).
We focus our analysis on the six identical tasks that were
administered in 2017 and 2018. The tasks had satisfactory
reliability (Cohen’s alpha = 0.74, 95% CI [0.72, 0.76].

Interviews
To gain deeper insight into students’ thinking beyond
what the written assessments revealed, we conducted
student interviews across the transfer unit.

A subsample of N = 30 students were asked by the
teachers to participate in an interview study stretching
four interview timepoints across the systems-transfer

unit (in the following: T1-T4): just before the unit (T1),
after learning set 2 (T2), learning set 3 (T3), as well as
shortly after the end of the unit (T4). Based on a request
from the researchers to identify a sample of students
who they felt would be comfortable being interviewed
and who represented a range of student abilities in their
classes, the participating teachers selected two to three
interviewees from each of their classes. All interviews
were conducted by authors of this article. Based on their
total score on curriculum-based tasks, the interview
sample is representative for the sample as a whole
(#(230) = 0.94, p = .35,d = 0.2).

At each of T1-T4, students were interviewed according
to a structured interview protocol (Online Supplement
S2), following an adapted version of the interviews-
about-instances method (Osborne & Gilbert, 1980). In
this protocol, students were shown short videos (ca. 10s)
of a series of phenomena and asked “How would you ex-
plain this phenomenon?”. Students were not specifically
asked to use energy ideas or other concepts from the
unit to make sense of the phenomenon. After students’
initial response, non-instructional follow-up questions
using the language of the students were used to clarify
ambiguous or unclear student statements. The inter-
viewers were instructed not to use directional prompts,
directional feedback, or conceptual clarification ques-
tions. If interviewers accidently used any of these, the re-
spective sections of the interviews were not considered
for analysis.

Table 1 gives an overview of the phenomena used in
the interviews — falling ball/bouncing ball, melting ice,
golf ball, and spinning cup. The phenomena were gener-
ally familiar to the students as similar ones were ad-
dressed in the unit at some point.
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Table 1 Overview of phenomena in the interviews-about-instances at the different measurement time points (T1-T4)

Measurement
point

Phenomenon and explanation

T1, T4

T2, T3

T2

T1, T4

T1, T4

Bouncing ball. A basketball is being let go by
a person, drops to the ground and then re-
bounds until it stops.

Phenomenon addressed in the curriculum be-
fore T4.

Falling ball. A ball is being let go and falls out
of the frame.

Phenomenon addressed in the curriculum be-
fore T3.

Golf ball. A golf ball rolls into the frame and
stops on a pile of gravel.

Similar phenomenon addressed in the curricu-
lum before T4.

Spinning cup. A paper cup with tilted ventila-
tion slits is suspended upside-down over a
small sterno candle. As the warm air over the
candle rises, the cup starts spinning.

Phenomenon addressed in the curriculum be-
fore T3.

Melting ice cubes. Two similar ice cubes are
each placed on a plate, the latter of which be-
ing identical in temperature, size, and color.
Unbeknownst to the interviewee (at T1), one
is made of high-density foam the other of alu-
minum.

Phenomenon addressed in the curriculum be-
fore T4.

Sample picture
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The phenomena bouncing ball, melting ice, and spin-
ning cup were used at T1 and T4 to investigate how stu-
dents use ideas about fields when they explain
phenomena that involve interaction-at-a distance be-
tween atomic scale and macroscopic objects. Further,
the phenomena involve dissipation. Phenomena that in-
volve dissipation are interesting because students are
known to struggle with conservation in dissipative phe-
nomena and the transfer-only perspective may support
students in developing conservation ideas.

For T2 and T3, we employed fewer and simpler phe-
nomena (falling ball, golf ball) in order to account for time
limitations and in order to use phenomena that focused
more closely on the ideas students had learned about at
the respective points in the unit (see design proposal for
interviews-about-instances, (Osborne & Gilbert, 1980)).

Analyses

Due to the qualitative nature of our research questions,
we mostly drew on the interview data in order to answer
them. All qualitative analysis followed the framework for
qualitative content analysis by Mayring (2014). In the
following two sections, we describe how we developed
the coding frameworks for each research question based
on the relevant literature.

Research question 1

In order to investigate to what extent students pro-
gressed towards an understanding of conservation and
how they apply it, we drew on the interviews because
the follow-up prompts allowed to clarify the often am-
biguous language use of students (Lemke, 1993). For ex-
ample, when a student writes “energy is lost” it is often
not possible to determine whether the student thinks
that energy is being used up, contradicting the idea of
energy conservation, or thinks that energy is dissipated
but uses language more rooted in everyday language.

A qualitative understanding of conservation can be
characterized by acknowledging that energy has to be
somewhere at all times, i.e., when the energy in a system
changes, there needs to be a transfer to or from some
other system. This aligns with how energy conservation
is characterized at the middle school level in the NGSS
energy framework (Gray et al, 2019) and how, eg,
Herrmann-Abell and DeBoer (2017) align the intermedi-
ate level of conservation in their energy learning pro-
gression. Thus, students that have developed a
qualitative understanding of conservation should a) track
energy successfully, i.e., explain changes in the energy of
one system by transfers to or from other systems, and b)
not violate the principle of energy conservation. Further,
we argue that applying a qualitative understanding of
conservation allows reasoning productively about phe-
nomena, e.g., when a student tries to track the energy of
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a ball that hit the ground, that may initiate multiple sci-
entific practices such as asking questions, thinking about
possible investigations, or model based reasoning (Tobin
et al,, 2018, 2019).

In order to investigate to what extent students’ usage
of energy ideas in the interviews was in line with a quali-
tative understanding of conservation and showed evi-
dence of applying that understanding productively, we
conducted a deductive qualitative content analysis based
on Mayring (2014). We focused our analysis regarding
students’ development of a qualitative understanding of
conservation on the three phenomena that were part of
the T1 and T4 interviews (bouncing ball, spinning cup,
melting ice) in order to allow for a meaningful compari-
son, as we could expect explanations related to conser-
vation ideas from them. With respect to the analysis of
productive reasoning, we also drew on the phenomena
that were administered only once. In addition, we also
coded to what extent student answers aligned with a
forms-based or transfer-only perspective across all inter-
view timepoints.

In our analysis, phrases served as a coding unit and
the complete explanatory account of one phenomenon
as an evaluation unit. All categories were revised mul-
tiple times and formulated using positive and negative
coding instructions, as well as anchoring examples. Fol-
lowing recommendations by Mayring (2014), an analysis
of inter-rater reliability was conducted with roughly 18%
of the units of analysis and two raters. We found good
agreement K = 0.88 + 0.03 SE (Landis & Koch, 1977) be-
tween the raters. Online Supplement S3 shows the cat-
egory system.

Research question 2

In order to investigate how students used fields ideas in
conjunction with energy ideas, we proceeded analo-
gously to research question 1 but used a mixed approach
of deductive and inductive elements: we used deductive
categories to analyze to what extent students used fields
ideas in normative ways. The deductive categories are
based on the fields-related energy ideas in the transfer-
only unit and the Next Generation Science Standards
(e.g., energy can be stored in and transferred to and
from fields). We formulated inductive categories for
non-normative usages as we went through the material.
The categories for non-normative uses were revised in a
second run through the material. Online Supplement S3
shows the final category system.

In order to compliment the qualitative picture from
the interviews, we drew on quantitative data from the
standard-based assessments students took as part of the
post-test. This test included one task that required fields
ideas and five tasks that did not. I order to investigate to
what extent fields introduce additional difficulty that
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may limit the accessibility of the transfer-only approach,
we compared how differently-achieving students scored
on the task that requires fields ideas and those tasks that
do not require fields. We split the sample based on stu-
dents’ average grade across mathematics, science, and
English as a proximal measure for general achievement:
low-achieving students with a grade average below the
25th percentile, high-achieving students with an average
grade above the 75th percentile, and medium-achieving
students whose grade was between the 25th and 75th
percentile.

Results

Research question 1

Students’ progress towards conservation

We first provide a broad picture of how students’ usage
of energy ideas when explaining phenomena changed
over the course of the unit.

Figure 5 shows that at the beginning of the unit, stu-
dents rarely used energy ideas in order to explain the
bouncing ball, the spinning cup, and the melting ice
phenomenon, all of which involve dissipation. About half
of the energy-based explanations aligned with ideas
about energy forms. In most of the energy-based expla-
nations, students violated energy conservation. At T2
and T3, students’ usage of energy ideas had increased.
By T3, most explanations aligned with a transfer-only
perspective, i.e., in their explanations, students identified
energy transfers between systems and processes that
those systems undergo. At the end of the unit, only a
small number of the energy-based explanations relied on
forms of energy. In addition, the vast majority of energy-
based explanations showed correct tracking, i.e., at the
end of the unit most explanations that used energy ideas
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tracked energy successfully in dissipative phenomena as
it transfers across systems. In some cases, the interviews
did not allow us to decide whether students tracked en-
ergy successfully or violated conservation.

I order to illustrate how these changes are manifested
in students’ explanations, we focus on the example of
the bouncing ball phenomenon (observed patterns are
generally similar across phenomena). At T1, only few ex-
planations used energy ideas and most explanations, like
the following, drew on force related ideas:

Example 1: Student A, TI,
phenomenon — Force-related ideas;
Student: So, it keeps on bouncing up and down be-
cause gravity pulls it down and the ball has air in it,
so it goes back up. And it continues to do so until it
doesn’t have enough pull, I guess.

bouncing ball

While ideas about forces and gravity can be used to
explain the bouncing of the ball, the quote shows the
student’s struggle in using these ideas in a norma-
tively correct way. Similarly, students that use energy
ideas struggle to explain the phenomenon. Energy
ideas are used descriptively, not going beyond label-
ing, or energy is used in non-normative ways, violat-
ing conservation:

Example 2: Student B, T1, bouncing ball
phenomenon — Labeling;

Interviewer: Can you describe what’s happening to
the ball?

Student: Um, as it goes down it has um, kinetic, if
I'm correct, ‘cause it’s moving.

Interviewer: Ok.

90
80

% of Explanations
= N w H (9] [e)] ~
o o o o O o o

H Transfer-only Forms-based

T1 T2 T3 T4

Timepoint

B Correct tracking

Fig. 5 Distribution of codes for students’ usage of energy ideas across the unit and all phenomena

B Conservationviolated
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Student: Then when it’s going up, I forgot what the
other one was called. But it turns into another one.

Example 3: Student C, T1, bouncing ball
phenomenon — Violating conservation

The ball, like, it’s filled with air, and then when
it hits the ground, we can’t see it because it hap-
pens too quick but it pushes down and then falls
down. And then, the kinetic energy pushes it
back up. And then, it does that until it runs out
of kinetic energy - because it can’t, like, mix po-
tential and kinetic energy. So, it doesn’t have all
of its’ energy. And, eventually, it just runs out of
energy and stops.

At the end of the unit, most students drew on a
transfer-only perspective to explain the bouncing ball.
While not all explanations are normatively correct, e.g.,
students get the direction of energy transfers wrong, al-
most all students track energy successfully, that is, do
not violate conservation. I order to illustrate this, we
present the corresponding T4 answers for the student
that initially drew on force ideas:

Example 4: Student A, T4, bouncing ball
phenomenon

Student: When the ball drops, it obviously releases
energy to the air and to the ground so, therefore,
when it's going back up, it's not going to have
enough energy to go all the way up.

Interviewer: Ok, how would you be able to prove
that, somehow, that energy is transferred to the
ground and to the air?

Student: At the very top, it has no energy but as it
falls; the energy from the gravitational field basically
transfers energy to the ball which speeds it up and
when it hits the ground it loses some of that energy
which transfers back to the gravitational field when
it goes back up. That has energy and then when it
goes back, it continues to keep on doing that and
then, yeah, it eventually stops, because it has no
more energy to transfer back.

The student explains the decreasing height of the ball
with an energy transfer from the ball to the air and the
ground which over time leads to a decrease of energy in
the ball system. While the student says that the ball loses
energy after the question by the interviewer, the initial
statement makes it clear that “lose” referred to a transfer
to the air and ground. In sum, the student has pro-
gressed towards a correct, transfer-only based explan-
ation of a dissipative phenomenon.
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The student that initially used energy mostly by label-
ing energy forms (Example 2), provided this explanation
at T4:

Example 5: Student B, T4, bouncing ball
phenomenon

Student: When he drops the ball and it hits the
ground, it transfers energy to the gravity field, then
it transfers energy to the ball which it makes it go
up. Like it wouldn't have as much energy in step
four, that's why it isn't about as high as he dropped
and it keeps repeating that until there is no energy
left.

Interviewer: Why is it not going so high on the sec-
ond bounce and the third bounce?

Student: It is because it has less energy than before
it was dropped because it keeps transferring energy
to the gravitational field every time it hits the
ground.

Here, the student confuses the system to which energy
is transferred when the ball hits the ground. Thus, this
answer cannot be considered normatively correct but
still presents an instance of tracking energy successfully.

Lastly, the student that initially violated conservation
(Example 3) explained the bouncing ball like this at the
end of the unit:

Example 6: Student C, T4, bouncing ball
phenomenon

Every time the ball drops, energy is transferred a lit-
tle bit into the floor and the surroundings each time
until eventually it runs out of energy and can't
bounce any higher.

While this student’s explanation does not elabor-
ate on the role of the gravitational field, it explains
the decreasing height of the bouncing ball from a
transfer-only perspective and in contrast to the
earlier explanation at T1 without violating
conservation.

In sum, students’ explanations of the bouncing ball
at the end of the unit were not all normatively cor-
rect (only 19 out of 30), but perhaps more import-
antly, we only found one case where a student did
not track energy successfully in this dissipative
phenomenon as compared to eight cases prior to the
unit. This change becomes more significant when one
considers that prior to the unit, only 10 students used
energy ideas at all whereas 29 students used energy
ideas at the end of the unit. In other words, prior to
the unit, 4 out of 5 students who used energy ideas
violated energy conservation, while after the unit, this
was practically absent.
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How students apply conservation ideas

We found evidence of students using energy product-
ively in the falling ball and golf ball phenomenon at T2.
When students tried to explain the falling ball at T2,
they had not been introduced to the concept of fields
yet. Thus, it remained unclear for students where the en-
ergy in the falling ball phenomenon that was evidently
transferred to the falling ball was coming from:

Example 7: Student D, T2, bouncing ball
phenomenon

Interviewer: Let's just focus on the dropping part.
Let's ignore that it hits the ground at some point.
[Here the interviewer is redirecting the student to ex-
plain the actual phenomenon in the video. Previously,
the student talked about how the ball would transfer
energy to the ground when it hit the ground, how-
ever, this is not actually visible in the video]

Student: Gravity just pulls it down.

Interviewer: Okay. So, is energy transferred here?
Student: I don't know. I don't know. It's confusing.
Somehow it has to be.

Interviewer: Why?

Student: Because it's moving.

Interviewer: Right. So, you know that energy has to
be transferred because it started moving?

Student: Yeah. Maybe energy transferred from the air
because I don't think he pushed it down or anything.

In example 7, the interviewer first refocuses the stu-
dent on the actual phenomenon. Then, the student
voices their confusion. The ball is starting to move, thus
there has to be an energy transfer to it. However, there
is no obvious other system that the energy is being
transferred to. Thus, the student speculates that energy
might have been transferred to the air. The excerpt
shows how the implicit notion of energy conservation in
the transfer-only approach, i.e., that energy has to be
somewhere at all times, leads to productive reasoning
about a system where the energy that is transferred to
the ball might have come from.

In the golf ball phenomenon, students saw a golf ball
rolling into the frame and stopping on sand. However,
there was no visible evidence of the gravel undergoing
some change, leading to students hypothesizing about
what change the sand might undergo in consequence of
energy being transferred from the golf ball to the sand:

Example 8: Student E, T2, golf ball phenomenon
Student: The golf ball is rolling and then the sand,
and it hits a patch of sand and it stops.

Interviewer: Right, okay, can you explain that to me?
Student: The golf ball is losing energy, so it would
stop.
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Interviewer: Okay, now wait. You said a few things
and I want to follow up on. So, you said the golf ball
is losing energy.

Student: Yeah, because it stopped.

Interviewer: Okay, so your indication of losing energy
is what?

Student: Stopping. And the sand if it gains energy, I
don’t know because of whether the sand doesn’t
move.

Interviewer: Okay, so that’s actually interesting. Why
are you assuming that the sand gained energy?
Student: Because that has to, the energy has to go
somewhere.

Interviewer: Ok, so you said, “Sand,” but then you
said it couldn’t be the sand.

Student: No.

Interviewer: Why can't it be the sand?

Student: Because it’s not moving anywhere. It’s not
doing really anything.

Interviewer: Right because if the golf ball was actually
transferring energy to the sand, the sand ...

Student: Would move.

Interviewer: Is that its only option?

Student: Temperature?

Based on the premise that energy has to “go some-
where”, the student questions their first choice, the sand,
because they could not observe any change occurring in
the sand system. This then leads to a dialog of product-
ive reasoning about other possible changes that the sand
might have undergone when energy from the ball was
transferred to it.

The instances of productive reasoning guided by the
notion that energy always has to be somewhere, ie.,
qualitative conservation, presented here have not lead to
normatively correct answers (the energy transferred to
the falling ball does not come from the air). However, it
is easy to see how the related questions reflect first steps
in scientific practices like asking questions that could
easily be built upon in a classroom setting and generate
new insight into phenomena for students.

Research question 2

In the interviews at T3 and T4, roughly two thirds of the
students used fields ideas in the phenomena that in-
volved macroscopic interactions-at-a-distance. Those us-
ages were distributed across the different ways in which
students used fields in the following way: 11% only men-
tioned fields but did not relate them to energy or
interactions-at-a-distance, 26% used fields in order to ac-
count for interactions-at-a-distance, 39% used fields in
the sense that energy can be transferred to or from
them, and about 24% used fields in the latter two ways.
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Example 9 from the falling ball phenomenon illustrates
the usage of fields to account for interactions-at-a-
distance:

Example 9: Student G, T2, falling ball phenomenon
Interviewer: What happened in the video?

Student: A girl dropped a basketball from a signifi-
cant height and Earth’s gravitational field pulled it
down.

For these students, fields appear to primarily mediate
interactions-at-a-distance and they use this idea norma-
tively correct in the interviews.

Example 10 reflects a normatively correct usage of
fields in the sense of systems that energy can be trans-
ferred to or from:

Example 10: Student ], T3 falling ball phenomenon
The ball gets energy from the gravitational field as it
gets closer to the ground. Then energy goes to the
ground and the it goes back up. And the rest keeps
going through the ball and the gravitational field.
And the ball stops because eventually all energy
goes in the ground.

Further, 25% used both aspects of the fields idea to-
gether, ie., fields as mediating interaction-at-a-distance
and fields as systems that energy can be transferred to
or from. In all of these instances, students talk about
fields similarly to the way they talk about any other sys-
tem such as the falling or bouncing ball, i.e., students
treat fields like entities.

However, when students used fields ideas in the sense
of systems that energy can be transferred to or from, we
also observed non-normative uses in about a third of the
instances where students used fields ideas. In these
cases, such as in example 11, students confused the dir-
ection of the energy transfer, e.g., some students said
that energy is transferred from the ball to the gravita-
tional field:

Example 11: Student I, T3, falling ball phenomenon
Interviewer: So what happens here?

Student: A guy drops a ball.

Interviewer: Right.

Student: And then when it’s dropping, it gives en-
ergy to - well, yeah, it gives energy to the gravita-
tional field.

These non-normative uses can be conceptualized
in two ways: First, students appear to mix up fields
and related systems within a chain of energy trans-
fers. Second, when they use the term field, it ap-
pears to be a receptacle for energy that is currently
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not clearly observable, without need to focus more
closely on how energy is stored in and given off of
the field (e.g., by a stretch in the fields between
atoms).

The aforementioned results focused on fields that me-
diate interactions-at-a-distance between macroscopic
objects. We also introduced fields as interactions-at-a-
distance between atomic scale objects. However, only
three students used the idea of fields on the atomic scale
level, both in the bouncing ball phenomenon:

Example 12: Student J,
phenomenon
Student: Um, a guy is holding a ball up. It has
stored uh, energy in the gravitational field by hold-
ing it there. Then he releases it. It hits the ground.
When it hits the ground, it distributes a little bit of
energy and it, like, puts energy into the particle
field. But a little bit of it goes into the ground,
which distributes. And then it un-smooshes and
goes back up, but a little bit of the energy was lost
to the ground so it doesn’t go all the way back up.

T4 bouncing ball

In example 12, the student correctly asserts that when
the ball compresses, some energy is transferred to the
field between the atoms of the ball and some energy is
transferred to the ground and then explains the decreas-
ing height of the ball's bounces via the energy that is
transferred to the ground. While this student used fields
on the atomic scale level correctly, the low number of
students using fields on the micro level suggests that
fields on the micro level are more challenging or appear
less useful/accessible than fields on the macro level, es-
pecially, since student overall did use ideas about parti-
cles and particle motion in their explanations.

With regards to research question 2, we were also able
to draw on the analysis of quantitative data from stu-
dents’ post-tests after the unit. The analysis of the quan-
titative data revealed no evidence that the fields concept
poses an undue challenge to students at the macroscopic
level: Fig. 6 shows the average scores for low, medium,
and high-performing students for each task on the post
test. MS.E_08 was the only task that required fields
ideas. As the figure shows, low-achieving students’ aver-
age score on this task is similar to low-achieving stu-
dents’ average score across tasks that did not require
fields (horizontal line) and well within the respective
95% confidence interval. This suggesting that low-
performing students were no more challenged by tasks
that required them to use fields than tasks that did not.

Discussion
Conservation is at the heart of the energy concept as it
provides a lens for investigating and analyzing a wide
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Fig. 6 Average score of low, medium, and high-achieving students on the post-test. Horizontal line and grey box represent average scores of
low-achieving students in non-fields tasks and 95% confidence interval. MS.E_08 is the only task that required fields ideas
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range of phenomena. However, in the predominant ap-
proach of conceptualizing energy in terms of forms, only
few students develop an understanding of conservation
(e.g., Herrmann-Abell & DeBoer, 2017). We studied to
what extent students in a transfer-only approach that
does not require forms progress towards an understand-
ing of conservation.

A potential challenge associated with the transfer-only
approach is that it requires introducing fields. Similar to
energy, fields are a fundamental concept in physics
which is challenging — even for students at the under-
graduate level. However, students’ difficulty in under-
standing may be related to how fields are usually
introduced — as mathematical abstractions in the con-
text of forces.

Research question 1 - a different pathway towards
conservation

Our results indicate that students in the transfer-only
unit progress towards a qualitative understanding of
conservation without relying on forms ideas. Students
appeared to be using energy in a productive way so that
they might be pushed towards investigating the respect-
ive phenomenon more deeply.

Our finding that students’ progress towards a qualita-
tive understanding of energy conservation — as they suc-
cessfully track energy across systems and do not violate
conservation — adds a new perspective to the existing
energy learning progressions literature (Herrmann-Abell
& DeBoer, 2017; Liu & McKeough, 2005; Neumann et
al, 2013) as it points towards a productive alternative

pathway in order for students to develop a set of robust
and useful ideas about conservation. This is substantially
different from prior studies that investigated specific
curricular approaches and found that only few students
progressed towards conservation (Bichtold & Munier,
2018; Nordine et al., 2011). The main difference between
these studies and the study at hand is that all earlier ap-
proaches to energy teaching introduced energy forms at
some point while the transfer-only approach does not.
This suggests that energy learning progressions may not
have to go through forms; a different pathway may in
fact be more productive.

This different pathway may be more productive be-
cause the approach aligns with a substance metaphor for
energy. Numerous authors have argued that using a sub-
stance metaphor with energy emphasizes that energy is
conserved and may thus support students in progressing
towards conservation (Amin, 2020; Brewe, 2011; Duit,
1987; Falk et al, 1983; Scherr, Close, McKagan, &
Vokos, 2012b; Swackhamer, 2005). These arguments
have been supported by episodic evidence from several
studies indicating that energy representations which
align with a substance metaphor support students in
tracking energy successfully and using energy ideas pro-
ductively to reason about phenomena (Daane et al,
2015; Kubsch, Nordine, Fortus, Krajcik, & Neumann,
2019; Lacy, Tobin, Wiser, & Crissman, 2014; Scherr,
Close, Close, & Vokos, 2012a; Tobin et al., 2019). When
students in the transfer-only unit locate energy in sys-
tems and talk about how it transfers between them, this
aligns with a substance metaphor. Essentially, this allows
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students to use their long-learned knowledge that matter
does not simply disappear or appear, i.e., that matter is
conserved. In turn, productive question like “Where has
the energy gone?” (Tobin et al, 2019) turn into a pro-
ductive heuristic that allows students to apply conserva-
tion ideas when reasoning about phenomena. A
potential problem of emphasizing the substance meta-
phor is that it may promote the conception that energy
is a substance. However, this potential problem has not
yet been supported by empirical evidence (Scherr, Close,
McKagan, & Vokos, 2012b) and neither has our study
found such evidence. Further, Vosniadou & Skopeliti
(2019) found that drawing on existing reasoning patterns
in learning about new complex ideas does not lead to an
increase in students’ misconceptions, thus suggesting
that using a substance metaphor must not necessarily
lead to more misconceptions about the nature of energy.
Lastly, one may argue that relying on a substance meta-
phor in introductory energy instruction will lead to con-
fusion later because at some point, one will have to
discuss that energy is not a substance. However, empha-
sizing that the substance metaphor is a model of energy
(Gray et al.,, 2019; Harrer, 2017; Scherr, Close, McKagan,
& Vokos, 2012b) provides valuable opportunities to inte-
grate the scientific practice of modeling into the discip-
linary core idea of energy to foster knowledge-in-use,
e.g., by discussing the applicability, usefulness, and limits
of the substance metaphor, all important aspects of the
practice of scientific modeling (NGSS Lead States, 2013).

When emphasizing a substance metaphor in energy
instruction supports progress towards conservation, this
raises the questions about the need for energy forms on
a purely qualitative level. While forms can align with a
substance metaphor (Scherr, Close, McKagan, & Vokos,
2012b), e.g., when kinetic energy is transferred in a colli-
sion between two balls, transformations of energy forms
do not necessarily align with a substance metaphor
(Reiner, Slotta, Chi, & Resnick, 2000). However, without
transformations of energy, an analysis of only energy
forms adds little insight into phenomena (Kaper &
Goedhart, 2002a). This changes when energy instruction
transitions towards a quantitative perspective. Now, the
formulas associated with forms clearly become useful. In
consequence, we suggest rethinking the energy learning
progression and the need-to-know about forms: At least
in introductory middle school instruction, forms may
provide more insight when they are introduced in order
to answer quantitative questions after students have de-
veloped a qualitative model of energy rooted in a sub-
stance metaphor.

Research question 2: fields in the context of energy
We found that, when treated as real entities and intro-
duced in the context of energy, middle school students
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can develop a beginning understanding of fields between
macroscopic objects as mediating interactions-at-a-dis-
tance and systems that energy can be transferred to or
from. They seem to readily assign fields with an onto-
logical status (at least in terms of energy transfer) that is
similar to that of an object.

When middle school students account for
interactions-at-a-distance by drawing on the idea of a
field, e.g., an energy transfer from the gravitational field
between the earth and a ball to a falling ball, they have
made promising progress. First, students’ language sug-
gests that they consider fields as physical entities or sys-
tems. This is an important part of a Maxwellian
conceptual profile of fields (Furio & Guisasola, 1998)
that is foundational to modern physics. Conceptualizing
fields as physical systems may support long-term learn-
ing about electromagnetism (Herrmann, 1989). Second,
when students locate the energy that is transferred to
the falling ball in the gravitational field between the ball
and the Earth, they assign what would be labelled ‘po-
tential energy’ in a forms-based approach to the correct
system. As results by Lindsey et al. (2012) show, this
alone is already a substantial step. For example, in the
case of the falling ball, students in a forms-based ap-
proach often assign potential energy to the ball alone or
they do not identify potential energy at all (e.g., Forde,
2003). Further, it supports the argument put forward by
Quinn (2014) that fields may help students correctly lo-
cate potential energy. Lastly, it demonstrates that em-
phasizing the close connections between fields and
energy stressed in the Framework for K-12 Science Edu-
cation and the US Next Generation Science Standards is
feasible in middle school. While generally positive, our
results also suggested that some students seemed to use
fields as a catch-all phrase when there was no obvious
system that energy could be transferred to. This is simi-
lar to forms-based approaches where non-normative us-
ages of heat, thermal energy, and potential energy have
been recorded (Kaper & Goedhart, 2002a, 2002b).

Limitations

Our results from the interviews are limited in
generalizability by the relatively small number of differ-
ent phenomena and their focus on mechanics. In future
studies, it would be interesting to explore how students
in a transfer-only approach use fields, energy, and sys-
tems ideas to make sense of biological and more pro-
nounced chemical phenomena.

Another limit to generalizability comes from the rela-
tively small sample. Thus, our results do not reflect the
whole bandwidth of progress towards conservation or
usages of fields and energy ideas in explanations. Further
qualifying these results remains for future work while
the present study rather provides proof of existence.
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While we found no evidence that fields put lower-
achieving students at a disadvantage based on students’
performance on the post-test, the robustness of this
finding is limited as the number of tasks is limited. Fu-
ture research would benefit from developing a larger in-
ventory of tasks to compare the difficulty of tasks that
require fields and tasks that do not.

Lastly, fields between atomic-scale objects appear to
be a limit in 7th grade. To what extent these two chal-
lenges in introducing fields in the context of energy are
generalizable or rather rooted in the specifics of our
sample or instructional unit remains an issue for future
research.

Conclusion and future directions

Taken together, our findings add to the literature by
demonstrating that an alternative, potentially productive
pathway towards conservation exists and providing first
insights into the promises and challenges of introducing
fields as real entities in the context of energy rather than
mathematical abstraction in the context of forces. To
what extent long term progress towards quantitative
conservation is possible in a transfer-only approach will
need to be explored in future research.

While the research into energy learning progressions
has repeatedly demonstrated that students rarely pro-
gress towards conservation, research into alternative
progressions has been rare. Instead, research has focused
on different pedagogical approaches (e.g.Bichtold &
Munier, 2018; Papadouris & Constantinou, 2011). The
open exploration of alternative pathways may have been
halted by what Kapur (2016) calls unproductive success,
i.e., initial promising progress that does not translate
into long-term competence. After all, learning progres-
sions research showed that students readily progress
from forms to transformation. We wonder to what ex-
tent learning progressions in other challenging domains
such as evolution may also be stuck in unproductive
success and hope that an open exploration of possible
alternative pathways will be considered.
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