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form. They explicitly show energy as flowing among objects 
and accumulating in objects. Instead of showing these flows 
dynamically, Energy Tracking Diagrams represent all the 
energy transfer and transformation processes that occur in a 
scenario in a single picture. The rules of an Energy Tracking 
Diagram are shown in Fig. 1.

Unlike bar charts, pie charts, and other common energy 
representations,12 an Energy Tracking Diagram includes all 
the interacting objects in the scenario. These objects may be 
grouped or subdivided according to the goals of the analysis. 
A system can be specified by designating certain objects as 
being “inside” and the rest as being “outside”: this supports 
the construction of equations corresponding to transfers 
of energy across system boundaries, e.g., “increase in en-
ergy inside = amount that transferred in.” Energy Tracking 
Diagrams embody the principle of conservation of energy 
whether an equation is constructed or not: energy units are 
explicitly shown to persist throughout the time development 
of the scenario.

The following examples of Energy Tracking Diagrams for 
various scenarios show how they may support learners in 
identifying transfer and transformation processes, locating 
potential energy, quantifying relative amounts of energy that 
are involved in distinct processes, and disambiguating flows 
of energy and other flowing quantities. While a combination 
of other graphical representations might be used to show 
these features of the scenarios under investigation, Energy 
Tracking Diagrams uniquely combine all elements into a 
single visualization.
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Energy is a crosscutting concept in science and features 
prominently in national science education docu-
ments.1–3 In the Next Generation Science Standards, the 

primary conceptual learning goal is for learners to conserve 
energy as they track the transfers and transformations of en-
ergy within, into, or out of the system of interest in complex 
physical processes.2–4 As part of tracking energy transfers 
among objects, learners should (i) distinguish energy from 
matter, including recognizing that energy flow does not uni-
formly align with the movement of matter,5 and should (ii) 
identify specific mechanisms by which energy is transferred 
among objects, such as mechanical work and thermal con-
duction.6 As part of tracking energy transformations within 
objects, learners should (iii) associate specific forms with 
specific models and indicators (e.g., kinetic energy with speed 
and/or coordinated motion of molecules, thermal energy with 
random molecular motion and/or temperature)7 and (iv) 
identify specific mechanisms by which energy is converted 
from one form to another, such as incandescence and metabo-
lism.8 Eventually, we may hope for learners to be able to opti-
mize systems to maximize some energy transfers and trans-
formations and minimize others, subject to constraints based 
in both imputed mechanism (e.g., objects must have motion 
energy in order for gravitational energy to change) and the 
second law of thermodynamics (e.g., heating is irreversible). 
We hypothesize that a subsequent goal of energy learning—
innovating to meet socially relevant needs—depends crucially 
on the extent to which these goals have been met. 

We describe an energy representation, called an Energy 
Tracking Diagram, that incorporates multiple learning targets 
for energy, including conservation, forms, tracking (transfer 
and transformation), and appropriate consideration of sys-
tems in complex real-world scenarios. Energy Tracking Dia-
grams prompt learners to recognize the mechanisms for and 
constraints on energy transfer and transformation processes. 
They support reasoning about the location of potential en-
ergy, quantifying relative amounts of energy that are involved 
in distinct processes, and disambiguating flows of energy and 
other flowing quantities. As powerful visual representations, 
Energy Tracking Diagrams uniquely illuminate learners’ un-
derstanding of energy dynamics and can therefore also be used 
for assessment purposes.

Energy Tracking Diagrams
Energy Tracking Diagrams are written representations 

derived from an embodied learning activity called Energy 
Theater. 9–11 Like Energy Theater, Energy Tracking Diagrams 
represent energy as being conserved, localized, and changing 

•	 Objects	are	represented	as	schematic	areas	on	a	whiteboard	or	on	
paper.

•	 Individual	units	of	energy	are	represented	as	individual	letters,	with	
the	specific	letter	representing	the	form	of	energy.

•	 Energy	transfers	and	transformations	are	represented	with	arrows.	
All	arrows	have	a	letter	at	the	head	and	the	tail.	Arrows	that	cross	the	
boundaries	of	object-areas	indicate	energy	transfers.	Arrows	that	
have	a	different	letter	at	the	head	than	the	tail	indicate	energy	trans-
formations.

•	 The	process	or	mechanism	through	which	a	transfer	or	transforma-
tion	occurs	(e.g.,	work,	metabolism,	conduction)	is	indicated	by	the	
color	or	pattern	of	the	arrow.

•	 The	time	order	of	energy	transfers	and	transformations	is	represent-
ed	by	sequences	of	arrows.	(The	time	order	of	processes	that	occur	
along	separate	tracks	is	not	represented.)

•	 Relative	amounts	of	energy	may	be	represented	by	adding	coef-
ficients	to	the	letters	that	represent	units	of	energy.

Fig. 1. Rules of Energy Tracking Diagrams.
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clude failure to distinguish work from energy18 and heat from 
thermal energy.19  Energy Tracking Diagrams clearly distin-
guish these quantities with different kinds of symbols: energy 
units are represented by letters, and processes of energy trans-
fer (work or heat) are represented by arrows. Energy Tracking 
Diagrams thus have the potential to assist learners in coming 
to understand these distinctions.

Energy Tracking Diagrams support learners in applying 
mathematical expressions such as the first law of thermo-
dynamics or the work-kinetic energy theorem to specific 
scenarios. To do so, a learner must specify a system, identify 
any transfers of energy across system boundaries, and apply 
the conservation of energy principle to the system in a math-
ematical form.20,21 For example, Fig. 2 illustrates the elastic 
and thermal energy of the spring increasing by an amount 
equal to the mechanical work done on the spring (purple ar-
rows). This could be written as ∆U + ∆Eint = W (using the 
definitions of these terms offered in Ref. 20).

Locating potential energy
A possible concern about Energy Tracking Diagrams is 

that they model energy as being located in objects. This de-
scription of energy might be problematic for gravitational 
and other forms of potential energy, which are properly locat-
ed in a system of objects or in a field, rather than in individual 
objects. The following scenario can promote conceptual un-
derstanding of the circumstances under which it is or is not 
acceptable to locate energy within objects.

Figure 3 is an Energy Tracking Diagram for a pair of at-
tracting magnets that start out in contact; magnet 2 (M2) is 
fixed in place as magnet 1 (M1) is pulled away by a person. 
This process involves exerting a force over a distance, which 
transfers kinetic energy (K) from the person to M1 through 
mechanical work (purple arrow in Fig. 3). The person moves 
M1 some distance away and then stops. If kinetic energy is 
not to accumulate in M1, it must transform into some other 
kind of energy. In Fig. 3, that form of energy is designated as 
“magnetic energy” (M) and is located in M1. In this model, 
there is magnetic energy in M1 that can turn into kinetic en-
ergy in M1, which is consistent with what we know happens if 
we release M1: it acquires kinetic energy, flying back toward 
M2. Gravitational energy is often modeled similarly in intro-
ductory physics, by substituting the Earth for M2 and an ob-
ject that we lift away from the Earth for M1; objects that have 
been lifted are said to “have” gravitational energy. We term 

Indicating processes of energy transfer and  
transformation

Figure 2 is an Energy Tracking Diagram for a person com-
pressing a spring at constant speed.13  In this scenario, chemi-
cal energy in the person transforms into kinetic energy (the 
person moves), which transfers to the spring through me-
chanical work.14 That kinetic energy is then transformed into 
elastic energy and thermal energy as the spring compresses 
and warms. The person also warms as he or she moves.15 In 
the diagram, C, K, T, and E represent chemical, kinetic, ther-
mal, and elastic energy, respectively. Orange, purple, green, 
and blue arrows represent metabolism, mechanical work, 
elastic compression, and dissipation, respectively. 

 Constructing Energy Tracking Diagrams includes recog-
nizing how many different tracks are needed to represent the 
energy processes in the scenario. In the spring compression 
scenario, the fact that there are at least three endpoints for 
sequences of energy processes (elastic energy in the spring, 
thermal energy in the spring, and thermal energy in the per-
son) indicates that at least three different tracks are required: 
one ending in E in the spring, one ending in T in the spring, 
and one ending in T in the person.

Because each arrow in an Energy Tracking Diagram cor-
responds to a process of energy transfer or transformation, 
learners creating an Energy Tracking Diagram are prompted 
to model energy dynamics in terms of identifiable physical 
processes. In so doing, they have the opportunity to recognize 
the mechanisms for and constraints on those processes. For 
example, if a learner initially showed the chemical energy 
in the person transferring directly to the spring as kinetic 
energy, she might then be unable to label the correspond-
ing arrow, recognizing that there is no mechanism by which 
chemical energy in a living organism could transfer directly 
to another non-living object. Instead, chemical energy may 
transform to kinetic or thermal energy within the organism, 
and only then transfer, often by mechanical work or thermal 
conduction. Learners may also recognize that transfers of 
kinetic energy from one object to another are typically as-
sociated with a contact force. Some learners using this repre-
sentation have asserted powerful rules such as, “When forces 
transfer energy, they transfer kinetic energy.”17 

Commonly reported difficulties in energy instruction in-
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Fig. 2. Energy Tracking Diagram for a person compressing a 
spring at constant speed. C, K, T, and E represent chemical, 
kinetic, thermal, and elastic energy. Orange, purple, green, and 
blue arrows represent metabolism, mechanical work, elastic 
compression, and dissipation.
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Fig. 3. Energy Tracking Diagram for a pair of attracting magnets 
when magnet 1 is pulled away from magnet 2. C, K, and M rep-
resent chemical, kinetic, and magnetic energy. Orange, purple, 
and green arrows represent metabolism, mechanical work, 
and displacement relative to a magnet. In this model, magnetic 
energy is located in a single magnet.
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Quantifying energy
Figure 5 is an Energy Tracking Diagram for an Atwood’s 

machine of unequal masses suspended over an ideal pulley, 
so that the larger mass falls and the smaller mass rises (this 
diagram uses the convention of locating gravitational poten-
tial energy inside the non-Earth object). Coefficients indicate 
relative amounts of energy along each track for the case that 
the larger mass is three times the smaller mass. In this sce-
nario, gravitational energy in the large mass transforms into 
kinetic energy (the mass falls); some of this kinetic energy ac-
cumulates in the large mass (it speeds up), and some transfers 
to the small mass through mechanical work.25 Some of the 
kinetic energy in the small mass transforms into gravitational 
energy as the small mass rises; the rest accumulates in the 
small mass as it speeds up. In the diagram, G and K represent 
gravitational and kinetic energy. Green and purple arrows 
represent vertical displacement in the gravitational field of 
the Earth and mechanical work.

Figure 5 includes coefficients representing the relative 
amounts of energy on different tracks. One means to deter-
mine appropriate coefficients is to assign a variable coeffi-
cient to each track, such as a, b, and c for the top, middle, and 
bottom tracks in Fig. 5. Because the quantity of gravitational 
energy lost by the larger mass is three times that gained by the 
smaller mass, a + b + c = 3a. Because the larger mass has three 
times the kinetic energy of the smaller mass, c = 3b.  The re-
sult is a system of equations permitting a = 2, b = 1, and c = 3. 
An advantage of this analysis is that it is independent of the 
reference point for gravitational energy: It shows the relative 
amounts of energy gained and lost by each mass without ref-
erence to a “zero” of potential energy.

In this model of energy dynamics, each transfer and 
transformation occurs through a specific mechanism or 
process. Such a model places constraints on allowed energy 
transfers and transformations. The Atwood’s machine sce-
nario illustrates one such model-based constraint:  Because 
gravitational energy is determined by height (and mass), and 
changes in height are intrinsically linked to the bulk motion 
of matter (i.e., kinetic energy), gravitational energy can only 
transform into kinetic energy in this model. Similarly, in the 
spring-compression scenario (Fig. 2), chemical energy in the 
person can only transform into kinetic or thermal energy in 

the process by which K transforms to M “displacement rela-
tive to a magnet” (green arrow in Fig. 3) as we would call the 
analogous process by which K transforms to G (gravitational 
energy) “vertical displacement.” 22 Thus far, the analysis does 
not require magnetic (or gravitational) energy to be located 
anywhere but inside the “lifted” object.

However, if after the magnets were separated magnet 2 
were then released, magnet 2 would gain kinetic energy, fly-
ing toward magnet 1. This situation is inconsistent with the 
representation of energy in Fig. 3, which shows no energy in 
magnet 2 that might be available for transformation. Since 
no work was done on magnet 2, no kinetic energy was trans-
ferred to it and no energy was made available for transfor-
mation to magnetic energy. The model in Fig. 3 is therefore 
insufficient to account for these simple known phenomena.

Experimentally, the energy that the person gives to M1 is 
available to either M1 or M2. We may amend the representa-
tion to accommodate this fact by having the kinetic energy 
in M1 transform into magnetic energy located in a zone be-
tween M1 and M2, with the understanding that energy in that 
zone is accessible to either of the two interacting objects.

Figure 4 is an Energy Tracking Diagram using this conven-
tion for the scenario of first pulling M1 away from M2 with 
M2 fixed (upper diagram), then fixing M1 and releasing M2 
(lower diagram).23 This representation illustrates what we 
mean when we say energy is “in the system” without being in 
a specific object: Its location is such that two or more inter-
acting objects all have access to it.

Alternatively, the shared zone may be termed “the field” 
and designated as a new object with special properties: it can 
only contain a certain kind of energy (the shared kind) and it 
only interacts with certain objects (the ones that do the shar-
ing). In general, it is necessary to locate energy in this shared 
zone if more than one of the interacting objects will move in 
the course of the scenario. If the scenario is such that only 
one object of the pair will be considered to move (as is often 
the case for small objects near the surface of the Earth), the 
potential energy may be represented as being located in the 
moving object without logical contradiction within the spe-
cific analysis.24 
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Fig. 4. Energy Tracking Diagram for a pair of attracting magnets 
when magnet 1 is pulled away from magnet 2 (upper diagram), 
then magnet 2 is released and moves toward magnet 1 (lower 
diagram). In this model, magnetic energy is located in a zone 
accessible to either of the two magnets.
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Fig. 5. Energy Tracking Diagram for an Atwood’s machine of 
unequal masses suspended over an ideal pulley. G and K repre-
sent gravitational and kinetic energy. Green and purple arrows 
represent vertical displacement in the gravitational field of the 
Earth and mechanical work.
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• Energy Tracking Diagrams are not well suited to sce-
narios in which the integrity of objects is not maintained 
throughout a scenario. For example, when ice melts into 
lemonade or an owl eats a mouse, the energy that had 
once been associated with the lemonade (or owl) becomes 
difficult to distinguish from energy associated with the 
melted ice (or mouse), and the associated Energy Track-
ing Diagram becomes difficult to interpret. For the same 
reason, Energy Tracking Diagrams are not well suited to 
scenarios in which energy transfer occurs by means of 
matter transfer (e.g., filling a car’s tank of gas).

• Energy Tracking Diagrams are consistent with quantita-
tive analysis (as shown in Fig. 5), but do not primarily fea-
ture quantitative comparisons; bar charts and pie charts 
serve quantitative analysis more directly. 

• When a complex dynamic process is captured in a static 
diagram, there can be a loss of information about the tem-
poral order of the component processes. Learners who 
want to represent the time ordering of energy transfer 
and transformation processes, especially along different 
tracks, may be better served by Energy Theater,9-11 which 
is a dynamic representation. Modeling the time order-
ing of energy transfers and transformations in Energy 
Theater may especially promote theorizing mechanisms 
of energy transfer and transformation.10-11 Learners 
who want to simplify their representation by excluding 
sequential ordering of transfers and transformations may 
be better served by bar or pie charts.

Assessing energy learning with Energy 
Tracking Diagrams

Instructors can use Energy Tracking Diagrams to assess 
learners’ use of energy conservation and tracking, includ-
ing their identification of processes of energy transfer and 
transformation. For example, if the number of energy units 
in a learner’s Energy Tracking Diagram is the same at the be-
ginning and end of a scenario, energy is being represented as 
conserved. If the energy units are connected to one another 
with arrows representing transfers and transformations, 
energy is being tracked as it flows through the scenario. If 
arrows are color-coded or labeled, the learner is identifying 
processes by which 
energy transfers and 
transforms in the 
scenario.

Analogously, 
instructors and re-
searchers often use 
free-body diagrams 
to assess learners’ un-
derstanding of forces. 
For example, imagine 
that a student provides the free-body diagrams shown in 
Fig. 7 for a block sliding down an incline at constant speed, 
one before and one after instruction. After instruction, the 

the person, because those are the only transformations asso-
ciated with a specific mechanism (metabolism). 

Disambiguating energy and other flowing quantities
In an incandescent bulb glowing steadily (Fig. 6), electrical 

energy (E) flows, through electrical conduction (green ar-
row), from the base of the light bulb into the filament, where 
it transforms into thermal energy (T) via the dissipative pro-
cess of joule heating (orange arrow).

Some of the thermal energy in the filament transfers to 
the environment through thermal conduction (red arrow), 
and some transforms to light energy that travels outward to 
the surroundings (incandescence; blue arrow).26 Thus, while 
the electric current flows in a closed loop around the circuit, 
some of the energy flows out into the environment.

Some learners are initially tempted to represent energy as 
flowing around an electrical circuit.7 While a correct Energy 
Tracking Diagram should not show electric current (just as a 
correct free-body diagram should not show the velocity of an 
object), the fact that current is conserved in a light bulb cir-
cuit is important to understanding its operation. Reconciling 
an energy model with a current model in circuits produces 
challenging questions, such as: By what means does energy 
enter (and possibly exit) the light bulb? The current appears 
to be the natural culprit, but the concept of current conserva-
tion states that the current is the same quantity when it leaves 
the bulb as when it entered. How can the current be the same, 
yet have less energy? Why does an electric circuit require a re-
turn of the current to the battery when energy is transformed 
in the light bulb? These nontrivial questions are discussed in 
current physics education literature.27 Our instructional per-
spective on these questions is that Energy Tracking Diagrams 
are an excellent context for disciplined model-based reason-
ing, including disambiguating energy flow and current flow, 
as well as theorizing mechanisms of energy transformation.10 

Limitations of Energy Tracking Diagrams
Energy Tracking Diagrams are useful for analyzing a wide 

variety of scenarios, and uniquely emphasize energy conser-
vation and tracking. There are, however, scenarios and learn-
ing goals for which Energy Tracking Diagrams are not ideal.

• Energy Tracking Diagrams do not represent negative en-
ergies.
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Fig. 6. Energy Tracking Diagram for an incandescent bulb glowing 
steadily. E, T, and L represent electrical, thermal, and light energy. 
Green, orange, blue, and red arrows represent electrical conduc-
tion, joule heating, incandescence, and thermal conduction.
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Fig. 7. Hypothetical free-body diagrams 
for a block sliding down a ramp, before 
(left) and after (right) instruction.
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Teachers were not asked to quantify the amounts of energy 
involved in various processes. One teacher offered the pre-
instruction (ring slider) response shown in Fig. 8. Analyzing 
her response for evidence of energy conservation, we observe 
that she alternates between appropriate language for track-
ing a conserved quantity (such as “energy is given to the ruler 
from your hand”) and language inconsistent with energy con-
servation and tracking (such as energy being “released” to an 
unspecified location). She identifies friction as the process by 
which “heat” is “created,” but does not explicitly identify any 
processes of energy transfer or transformation. Arrows in the 
diagram indicate the motion of material objects (the right-
ward motion of the ring and the bending back of the ruler); 
the conservation of energy itself is not represented through 
any of the graphic elements.

The same teacher offers the post-instruction (power 
plant) response shown in Fig. 9. In this response, the teacher 
explicitly indicates that energy is conserved by indicating the 
same number of energy units (four, in this case) at the begin-
ning and end of the scenario. She tracks energy as it moves 
through the system by laying out the path of transfers and 
transformations taken by each unit of energy. She identifies 
processes of energy transfer and transformation for each ar-
row in her diagram.

This teacher’s post-instruction response is incomplete in 
some senses (e.g., it does not include the energetically im-
portant process by which water turns to steam) and flawed 
in others (e.g., the conversion of kinetic to electric energy is 
shown as happening in the electrical tower rather than in the 
generator). Nonetheless, a comparison of this teacher’s pre- 
and post-instruction responses suggests that this teacher has 
learned to consistently demonstrate energy conservation, to 
track energy through a scenario, and to identify processes of 
energy transfer and transformation. This improvement may 
signify the development of either conceptual understand-
ing or representational competency— it may be that the 
respondent has learned about energy, or it may be that the 
respondent has learned to consistently use Energy Tracking 
Diagrams, which represent a particular model of energy. As 
with free-body diagrams, learner use of sanctioned represen-

hypothetical student: (i) represents forces as interactions 
between two objects by indicating the type of force and by 
including subscripts that denote the entities feeling and exert-
ing the force (B for block, E for Earth, and R for ramp); (ii) 
reflects the motion of the object in the relative lengths of the 
arrows (zero net force) and in the direction of the friction 
force (opposite the motion); and (iii) accounts for all relevant 
interactions. Since neither (i), (ii), nor (iii) is reflected in the 
student’s response before instruction, one might conclude 
that this student has learned about the interactional nature of 
forces and has understood Newton’s second law as applied to 
this scenario.

We have used written assessments that draw on Energy 
Tracking Diagrams to assess the extent to which our profes-
sional development courses advance our learning goals of 
energy conservation, tracking, and identification of processes 
of energy transfer and transformation among in-service K-12 
teachers. In 2013, 15 secondary teachers in a second-year 
professional development course were given assessments 
before and after instruction that requested energy analyses of 
a real-world scenario—before instruction, a “ring slider” (a 
metal ring smacked by a bent-back meterstick),28 and after 
instruction, a steam-turbine power plant.29 The assessments 
asked them to: 
(a) “Draw a diagram showing the energy transfers and trans-

formations within and/or among the objects in the sce-
nario.” (For the ring slider, teachers were asked to include 
the meterstick, the ring, the floor, and the surrounding 
air. For the power plant, they were directed to include the 
coal in the boiler, the water/steam, the turbine/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., me-
tabolism, conduction, compression, melting…).”

Fig. 8. Energy assessment before instruction, in which the 
respondent analyzes a ring slider scenario.

Fig. 9. Energy assessment after instruction, in which the respon-
dent analyzes a power plant scenario. Colors are in the original.
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“Cause and effect: Mechanism and prediction,” as well as stan-
dards 4-PS3-A, 4-PS3-C, and HS-PS3-A (Ref. 2).

9.   A. R. Daane, L. Wells, and R. E. Scherr, “Energy Theater,” Phys. 
Teach. 52, 291–294 (May 2014); L. J. Atkins, C. Erstad, P. Gude-
man, J. McGowan, K. Mulhern, K. Prader, G. Rodriguez, A. 
Showaker, and A. Timmons, “Animating energy: Stop-motion 
animation and energy tracking representations,” Phys. Teach. 
52, 152–156 (March 2014); 

10.   R. E. Scherr, H. G. Close, E. W. Close, V. J. Flood, S. B. McKa-
gan, A. D. Robertson, L. Seeley, M. C. Wittmann, and S. Vokos, 
“Negotiating energy dynamics through embodied action in a 
materially structured environment,” Phys. Rev. ST:  Phys. Educ. 
Res. 9 (2), 020105 1-18 (2013).

 11.  R. E. Scherr and A. D. Robertson, “Productivity of ‘collisions 
generate heat’ for reconciling an energy model with mecha-
nistic reasoning: A case study,” Phys. Rev. ST:  Phys. Educ. Res. 
010111, 1-16 (2015). 

12.  In an online-only appendix, we present an overview of three 
common representations of energy (bar charts, pie charts, and 
flow diagrams) to illustrate their limited support of the learn-
ing goals of energy conservation and tracking. A detailed dis-
cussion has appeared previously in R. E. Scherr, H. G. Close, S. 
B. McKagan, and S. Vokos, “Representing energy. I. Represent-
ing a substance ontology for energy,” Phys. Rev. ST:  Phys. Educ. 
Res. 020114, 1-11 (2012). The appendix can be downloaded at 
TPT Online, http://dx.doi.org/10.1119/1.4940173.

3.   A. R. Daane, S. Vokos, and R. E. Scherr, “Conserving energy 
in physics and society: Creating an integrated model of en-
ergy and the second law of thermodynamics,” in 2012 Physics 
Education Research Conference, edited by P. Engelhardt, A. D. 
Churukian, and N. S. Rebello (AIP Conference Proceedings, 
Philadelphia, PA, 2013), pp. 1513, 114–117.

14.   We use the term “work” to refer to the mechanical transfer of 
energy from one object to another (i.e., a transfer by means of 
a force exerted through a displacement), including objects that 
may both be part of the same system.

15.   Though a physics analysis tends to prioritize the mechanical 
conversion of kinetic energy into another form of mechanical 
energy— in this case, the elastic energy in the spring—the met-
abolic production of thermal energy is often the energetically 
dominant process in scenarios involving living organisms.

16.   Figure 2 does not include, but could be modified to include, 
other processes that would be present in real phenomena such 
as transfer of thermal energy from the person to the environ-
ment via conduction.

17.   L. J. Atkins and B. W. Frank, “Examining the Products of 
Responsive Inquiry,” in Responsive Teaching in Science and 
Mathematics, edited by A. D. Robertson, R. E. Scherr, and D. 
Hammer (Routledge, New York, 2015).

18.   B. A. Lindsey, P. R. L. Heron, and P. S. Shaffer, “Student ability 
to apply the concepts of work and energy to extended systems,” 
Am. J. Phys. 77, 999–1009 (Nov. 2009); B. A. Lindsey, P. R. L. 
Heron, and P. S. Shaffer, “Student understanding of energy: 
Difficulties related to systems,” Am. J. Phys. 80, 154–163 (Feb. 
2012).

19. See, for example, P. G. Jasien and G. E. Oberem, “Understand-
ing of elementary concepts in heat and temperature among 
college students and K-12 teachers,” J. Chem. Educ. 79 (7), 
889–895 (2002).

tations can (and often does, in practice) serve as a proxy for 
conceptual understanding. Energy Tracking Diagrams may 
be useful for assessing learner understanding of energy in the 
same way that free-body diagrams are useful for assessing 
learner understanding of forces.

Summary
Energy Tracking Diagrams, like the dynamic representa-

tions from which they are derived, articulate a conceptualiza-
tion of energy as conserved, localized, flowing among objects, 
accumulating in objects, and changing form. These diagrams 
contribute to the representational repertoire for energy in 
physical systems, with specific advantages for tracking energy 
transfers and transformations. Energy Tracking Diagrams 
offer a view of learners’ understanding of conservation, 
tracking, and transfer and transformation processes and thus 
provide a new means of assessing energy concepts, similar to 
free-body diagrams for force concepts.
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