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Abstract. The growing awareness of serious difficulties in the learning of energy issues has

produced a great deal of research, most of which is focused on specific conceptual aspects. In
our opinion, the difficulties pointed out in the literature are interrelated and connected to other
aspects (conceptual as well as procedural and axiological), which are not sufficiently taken into
account in previous research. This paper aims to carry out a global analysis in order to avoid

the more limited approaches that deal only with individual aspects. From this global analysis
we have outlined 24 propositions that are put forward for debate to lay the foundations for a
profound reorientation of the teaching of energy topics in upper high school courses, in order

to facilitate a better scientific understanding of these topics, avoid many students’ miscon-
ceptions and enhance awareness of the current situation of planetary emergency.
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1. Introduction

There is a general agreement among science teachers on the importance of
choosing the teaching of energy as a focus of interest in the science curric-
ulum, since this is a central idea which provides an important key to our
understanding of the way things happen in the physical, biological and
technological world (Driver & Millar 1986).
Moreover, the slow and painstaking development of the concept of en-

ergy and the related concepts of heat and work is a marvellous example of
how concepts and theories are built and evolve in science.

* This paper has been conceived as a contribution to the Decade of Education for
Sustainable Development, established by the UN General Assembly for the period 2005�2014.
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Furthermore, energy issues have personal, social and environmental
implications that may help to enhance students’ interest in learning. Under-
standing these implications is necessary in order to make informed decisions
concerning the current situation of planetary emergency (Bybee 1991). As a
result of the seriousness of this situation, the United Nations has established
a ‘Decade of Education for Sustainable Development’ from 2005 to 2014.
This agreement on the importance of a sound understanding of this field

has been accompanied by growing awareness of the existence of serious
learning difficulties, even among university students. This has stimulated a
great amount of research and discussion about how to teach this field of
knowledge.
Most of this research addressed specific conceptual aspects such as the

confusion between force and energy, or the idea of energy as a substance
(some kind of fuel) contained in objects, thanks to which changes may
occur (Black & Solomon 1983; Watts 1983; Brook & Driver 1984; Brook
1986; Nicholls & Ogborn 1993). These learning difficulties gave rise, in the
1980s, to a wide debate about how to introduce energy into the curriculum
(Duit 1981, 1986; Sexl 1981; Warren 1982; Hicks 1983; Solomon 1985).
This research, and the innovation derived from it, was associated, in gen-

eral, with the conceptual-change learning model (Posner et al. 1982; Driver
& Oldham 1985; Tobin et al. 1994; Duit 2004). This model proposed basi-
cally to elicit alternative conceptions and to create cognitive conflicts in pu-
pils, generating dissatisfaction with their current ideas (Trumper 1997) and
preparing them for the introduction of scientific conceptions.
The effectiveness of these conceptual-change strategies, compared to the

simple transmission of knowledge, was supported by considerable research
undertaken in different fields of science education. However, these also
showed some limitations (Shuell 1987; White & Gunstone 1989). For this
reason, researchers in the field of science education began to question the
‘reductionism’ of the conceptual-change proposals (Gil-Pérez & Carrascosa
1985; Hashweh 1986). Duschl and Gitomer (1991) criticized the hierarchi-
cal view of conceptual-change, which assumes that changes in central com-
mitments to a theory of science bring simultaneous changes to other
ontological, methodological and axiological commitments within the con-
ceptual framework: ‘‘if we are to produce radical restructuring of concepts,
the personal correlate of Kuhn’s revolutionary science, then it seems that
we must also teach the procedural knowledge involved’’ (Duschl and Gi-
tomer 1991, p. 847).
In other words, it is necessary to pay attention to how students reason

(Gil-Pérez & Carrascosa 1985; DiSessa 1993).
It also began to be understood that the construction of knowledge has

axiological commitments and, in sum, that we cannot ignore the strong
links of the conceptual, procedural and axiological dimensions of science
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learning at all levels, including upper high school (Hodson 1992; National
Research Council 1996; Gil-Pérez et al. 2002). This has made it possible to
move away from the typical reductionism of the activities included in sci-
ence teaching and the incorporation of aspects which give a more adequate
view of science as an open and creative activity. An activity centered in a
contextualized approach of problematic situations (Gil-Pérez et al. 2002) �
or, in other words, large context problems (Stinner 1995) � relevant to the
construction of knowledge and/or the attainment of technological innova-
tions, capable of satisfying human needs.
This teaching strategy, which transforms the conceptual-change learning

model into a conceptual, procedural and axiological change model, aims
basically to involve pupils, with the aid and orientation of the teacher, in
an open and creative work, inspired in that of scientists and technicians,
thus including essential aspects currently ignored in science education, such
as the discussion of the possible interest and worthiness of studying the situa-
tions proposed in particular, taking into account the science�technol-
ogy�society�envionment (STSE) implications, in order to make this study
meaningful and prevent students from becoming immersed in the treatment
of a situation without having had the opportunity to form a first motivat-
ing idea about it (Gil-Perez et al. 2002). In this way pupils, as members of
the scientific community, will have the occasion to practice decision-
making about undertaking (or not) a certain research or innovation
(Aikenhead 1985).
From this perspective, which conceives science learning as an immersion

in a scientific culture (Gil-Pérez & Vilches 2005), that is to say, as a pro-
cess of oriented research that enables students to participate in the (re)con-
struction of scientific knowledge, we have assumed that the different
learning difficulties concerning energy issues noted in the literature are
interrelated and connected to other aspects � conceptual as well as proce-
dural and axiological � that are not sufficiently taken into account. In
other words, a satisfactory approach to this or any other field of knowl-
edge, demands global treatment, avoiding approaches that deal with indi-
vidual aspects and are therefore, less effective (Morin 1999). With this
assumption as a guide, we have proceeded to carefully analyze the litera-
ture published on the learning and teaching of energy issues (including
high school and university textbooks, papers published in science educa-
tion journals, etc.) followed by an in-depth discussion about the many
debatable points.
As a result, we have formulated 24 interrelated propositions that we at-

tempt to justify in this paper. They are presented with the explicit aim of
favouring the exchange of different points of view, in order to advance to-
wards a possible consensus about how to orient the teaching of energy at
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upper high school. The discussion on what to do with younger pupils is
not tackled in this paper: while some authors such as Warren (1982) main-
tain that the concept of energy should not be taught until students have at-
tained a high abstract reasoning level, others, such as Solomon (1983) or
Trumper (1993), hold that we should begin as soon as possible, at the pri-
mary level. These authors’ papers may be consulted for a first approach to
this important debate, but our study concentrates on what to do when we
teach theoretical physics, where conceptual reductionism and decontextualized
learning are generally � and, in our opinion, erroneously � accepted.
The paper is structured in seven closely related sections:

• interest and relevance of the study of energy;
• strategies for the tentative construction of scientific knowledge about

energy issues;
• first approach to the meaning of energy;
• systemic and relative nature of energy;
• the meaning of work and heat and their relation to energy;
• conservation and transformation of energy;
• degradation of energy;
• conclusion and perspectives: towards a real understanding of this sci-

entific domain.

2. Interest and Relevance of the Study of Energy

Among the many studies on high school pupils’ alternative conceptions
about energy issues (Pfundt & Duit 1998; Duit 2004) or other learning dif-
ficulties, we have found very few contributions related to the interest and
relevance of this field. In effect, as we have already indicated, research and
teaching are centered, in general, on conceptual aspects, paying little atten-
tion to the STSE relationships (Solbes & Vilches 1997), to such an extent
that no effort is made to show the importance of the subject or to gener-
ate students’ interest. However, concentrating almost exclusively on con-
ceptual aspects transmits a limited view of science, which paradoxically,
harms conceptual learning. Effectively, science education research has
shown that ‘Students develop their conceptual understanding and learn
more about scientific inquiry by engaging in scientific inquiry, provided
that there is sufficient opportunity for and support of reflection’ (Hodson
1992, p. 551). A meaningful understanding of concepts requires overcom-
ing conceptual reductionism and orienting science learning as an activity
close to scientific research, which integrates conceptual, procedural and
axiological dimensions (Gil-Pérez & Carrascosa 1985; Duschl & Gitomer
1991). Three propositions are outlined in accordance with these general
considerations.
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(1) If one wants to stress the rational character of scientific knowledge,
one must be aware of the problems that led to the introduction of the
concepts of energy and the entire associated body of knowledge. Students
(and teachers!) have to perceive that concepts are not introduced arbi-
trarily, but are constructions, of a tentative character, made with the pur-
pose of solving ‘problems’ (Otero 1985; Burbules & Linn 1991; Hodson
1992).
(2) It is useful to encourage pupils to discuss the interest of the problems

dealt with and help them to understand the reasons why the scientific commu-
nity has been interested in these problems.
These two propositions are clearly related, and they express basic ele-

ments in any scientific study. Both contribute to making this study mean-
ingful and prevent pupils from finding themselves involved in the treatment
of a situation without having had the possibility of thinking why they are
working on it.
It is possible, for instance, to associate the study of energy with the dis-

cussion of changes undergone by matter: to know why these changes take
place, how to favour them, whether or not there are limits as regards the
changes that may occur, how to avoid those that are undesirable, etc. In
particular, it is beneficial to discuss the possible environmental and social
repercussions of the use of energy resources. This leads us to the last prop-
osition of this section:
(3) Regard for STSE interactions has to be an essential aspect in teaching

this and any other scientific field, if we want to avoid the transmission of a
decontextualized, socially neutral view of science and to prepare citizens
capable of understanding the world they live in and of adopting responsi-
ble and well-founded attitudes to scientific and technological develop-
ments and their possible consequences (National Research Council 1996;
Gil-Pérez & Vilches 2005).
In the specific case of energy, this means, among other things, reflecting

on the human needs for energy resources; analyzing the problems associ-
ated with the use of the various energy resources (extraction, transport,
residues, ...); studying machines as aids to facilitate changes � without for-
getting the current debates about reduction in energy use, alternative en-
ergy sources, lack of equilibrium between developed and underdeveloped
countries, that are associated to the situation of planetary emergency
(Gil-Pérez et al. 2003; Vilches & Gil-Pérez 2003).
Naturally, we cannot impose a particular view in questions that have

been and continue to be debated, but we must not disregard � as is nor-
mally the case � the role of this axiological dimension in scientific work.
In the next section we refer to other dimensions (procedural and epistemo-
logical) of scientific work that should also be taken into account.
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3. Strategies for the Tentative Construction of Scientific Knowledge

about Energy Issues

If pupils are to stop conceiving science as a dogmatic body of knowledge,
which is often incomprehensible and often generates a lack of interest and
even rejection, it is necessary to involve them in the (re)construction of this
knowledge. This is the gist of the following propositions:
(4) Knowledge should not be directly presented in its final form as some-

thing to be accepted. On the contrary, we should guide the students to fol-
low, to a certain extent, the process of construction of knowledge,
enhancing the open and tentative nature of this process (Duschl 1990;
Hodson 1992; Gil-Pérez et al. 2002). Doing this, pupils may follow the his-
torical development of knowledge about energy (Bècu-Robinault &
Tiberghien 1998) and understand the hazy origin of the concepts and the
close links between scientific and technical work, so frequently ignored
(De Berg 1997; Kuhn 1977).
(5) This also means that students must have the opportunity to use strate-

gies of elaboration and criteria of validation which are characteristic of scien-
tific work (namely, to make assumptions, conceive experimental designs,
etc.) and then compare their tentative constructions with those of the sci-
entific community (Driver et al. 2000; Gil-Pérez et al. 2002). In this way
pupils can become acquainted with the scientific criteria that led to the
acceptance and later transformation of different energy conceptions, with-
out ignoring the difficulties encountered (which are quite similar to some
of these met by pupils themselves). It is useful to know the caloric theory
(which conceived heat as a substance, so close to their own conceptions)
and how and why it was later rejected, on establishing the relationship
between mechanics and heat.
(6) It is necessary to stress the search for generality and global coherence

that characterizes scientific endeavour, which allows the integration of
apparently unconnected fields. Pupils should particularly understand that
the integration of mechanics and heat was a profound scientific revolution,
which made possible an understanding of the nature of heat and the estab-
lishment of the principle of energy conservation and transformation
(Harman 1982; Kuhn 1977). It is also necessary to emphasize the universal
validity of this principle � applicable to processes of any nature, at both
macroscopic and microscopic level � which became, for this reason, one of
the major milestones in the establishment of the unity of matter (Arons
1997).
In short, to make an adequate understanding of this or any other field

of knowledge possible, it is necessary to consider, from the beginning of
the study and throughout the whole process, axiological and procedural
aspects such as those contemplated here, without falling into distorted and
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inefficient conceptual reductionisms. In this way pupils may achieve a
sound and fruitful understanding of the meaning of concepts.

4. First Approach to the Meaning of Energy

Many studies have shown pupils’ serious misunderstandings of the nature
of energy (Watts 1983; Brook 1986; Nicholls & Ogborn 1993; Pfundt &
Duit 1998), and this has generated keen debates on how to define this con-
cept. Some authors have proposed beginning by conceptualising energy as
a kind of quasi-material substance that participates in any process taking
place around us. Duit (1987) affirms that this conception basically coin-
cides with its everyday meaning, which facilitates pupils’ learning. None-
theless, as Duit himself points out, this definition becomes an obstacle to
the learning of the scientific conception.
Contrary to what Warren (1982) calls the materialist view of energy as ‘a

substance, something of the nature of a pervasive fluid, which has objective
existence’ (p. 295), he asserts that ‘teachers of physics should eliminate the
word energy entirely from elementary teaching and should in more ad-
vanced work teach the scientific concept of energy, firmly based on the
concept of work’ (p. 297). It should be introduced as ‘an abstract idea in-
vented by scientists to help in the quantitative investigation of phenomena.
It is defined as capacity for doing work’ (Warren 1982, p. 295). This con-
ception of energy ‘as capacity for doing work’, whose origin goes back to
the 17th century (Trumper 1990), was still used by many 19th century sci-
entists such as Maxwell (1877). However, when the Second Law of Ther-
modynamics was established, it became clear that not all energy is able to
perform work. For this reason, Planck predicted at the beginning of the
20th century that the traditional way of introducing energy in association
with the concept of work would disappear in about twenty years (Duit
1986). Now we know that he was wrong: successive analyses of physics
textbooks have shown that most of them still introduce the concept of en-
ergy as the capacity to do work (Lehrman 1973; Hicks 1983; Duit 1986;
Doménech et al. 2001), in spite of the many disadvantages of this defini-
tion (Sexl 1981; Hicks 1983; Trumper 1990). For instance, Sexl (1981)
states that this definition is not useful in thermodynamics, because ‘the
internal energy of a system cannot be transformed completely into work’
(p. 287). Duit (1986) insists that this definition is only valid in mechanics;
therefore, when pupils approach non-mechanical phenomena (e.g., chemi-
cal reactions) they will apply an inadequate conception of energy.
In an attempt to overcome these obstacles, it has been suggested that

energy should be defined in a more general way, as the capacity to pro-
duce changes (Rogers 1965; Chisholm 1992; Arons 1997; Bunge 1999).

TEACHING OF ENERGY ISSUES 49



This definition has also been criticized, because what makes a process take
place is not related to variations of energy but to an increase of entropy
(Gailiunas 1988; Resnick et al., 1992).
None of the above approaches seems completely acceptable because all of

them have disadvantages. This has given rise to serious debate (Warren
1982; Duit 1986; Trumper 1990; Prideaux 1995). Perhaps for this reason
many authors have decided to introduce energy just in an operational way
(Trumper 1991). Feynman et al. (1963), for instance, affirm that it is impor-
tant to realize that in physics we do not know what energy is, but we do
have formulae to calculate certain numerical quantities, and when we add
all of them up we always obtain the same result. In the same direction,
Shadmi (1984) proposes basing the teaching of energy on the conservation
principle, putting aside qualitative considerations. Hicks (1983) warns
against the use, even as an initial definition, of the idea of energy as the
capacity to produce work, because it is so short and easy to memorize that
pupils may continue using it even after its limitations have been shown. For
this reason Hicks proposes to avoid any qualitative definition of energy.
In our opinion, these merely operational introductions are inadequate

for several reasons. First, this does not prevent the formation of distorted
qualitative views, or the persistence of naı̈ve conceptions acquired by envi-
ronmental impregnation, regardless of any formal education (Gil-Pérez
et al. 2002).
Second, pupils need to know that scientists do think qualitatively: before

they begin to calculate, they already have the course of their reasoning in
their minds. This, in most cases, can be expressed in simple words. Calcu-
lus and formulae are the next step. Directly introducing the quantitative
treatment transmits a distorted and impoverished view of science that
obstructs the knowledge construction process and generates inhibition and
rejection.
Finally, we stress that the initial qualitative considerations about energy

should not be judged in light of the body of knowledge accepted today
(after much development), but in light of their capacity to facilitate the
construction process, during which the initial ideas will evolve to more
elaborated and fruitful conceptions. In a nutshell the point is not to look
for a ‘correct’ conception as a starting point, but to accept that knowledge
is a tentative, necessarily evolving, construction. The construction of mean-
ings has to be conceived as the result of successive approaches, without
renouncing the basic requirement of meaningfulness in each stage. The
following propositions seek to express this two-fold necessity:
(7) The transformations that a system undergoes are due to interactions

with other systems or to interactions among its parts; in other words, they
are due to the capacity of matter to interact in different ways (Arons 1997).
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It is not a question of starting to define energy, but rather of approach-
ing the problem of changes, explaining them as the product of interactions.
A first qualitative idea of energy can be introduced afterwards.
(8) The idea of energy may be associated qualitatively with the configura-

tions of systems and with the interactions that they allow. For example, the
wind has energy because the particles in air can strike a windmill’s sails
and make them turn against friction (Resnick et al. 1992). In this way, as
stated in the next proposition, energy is not deemed to be a physical fluid.
(9) Energy is not a kind of fuel needed to produce transformations, as

students often conceive it (Ogborn 1986; McClelland 1989; Trumper 1993),
but a capacity of transformation determined by the configuration of the
intervening systems and by the properties of matter responsible for interac-
tions. It is the specific reference to the interactions and to the configuration
of a given system (e.g., a stone and the Earth) that explains why such a
system may undergo or produce transformations, overcoming the concep-
tions of energy as a fluid or a fuel.
(10) In accordance with the above propositions, energy may be conceived,

in a first approximation, as the capacity to produce transformations
(Chisholm 1992; Arons 1997). Hence, transformations in the configurations
of systems can be associated with variations in the energy of these systems
(Trumper 1993).
(11) One may introduce various forms of energy (kinetic, gravitational

potential, etc.) associated with various configurations of the system and with
different forms of interactions. In other words, the diversity of qualifica-
tions that usually accompany the word energy indicates the property or
properties of the system that will (or may) act in a certain process, or even
the type of process in which the system will participate (Arons 1989;
Resnick et al. 1992; Kaper & Goedhart 2002). For example, a battery has
electric energy because the separation of electric charges of different signs
in the battery poles provides the system with the capacity to produce
transformations when the circulation of charges is allowed.
The above propositions constitute initial approximations to the concept

of energy that are meaningful and useful to begin the study of transforma-
tions, although further studies will oblige us to enrich and modify these
initial conceptions. Some of these enrichments and modifications, whose
global comprehension is essential to prevent pupils from remaining prison-
ers of alternative conceptions, are referred to in the following section.

5. The Systemic and Relative Nature of Energy

Several studies have shown that most pupils attribute energy to specific
bodies and not to the system formed by the ensemble of objects which
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interact (Bauman 1992; Mallinckrodt & Leff 1992; Van Huis & Van den
Berg 1993; Arons 1997; Van Heuvelen & Zou 2001). The next proposition
deals with this misconception.
(12) Energy is a property of systems, and speaking about the energy of an

isolated object lacks scientific meaning. When, for instance, we speak about
the gravitational potential energy of a stone, we know that it is due to the
interaction between the stone and the Earth, and that therefore this energy
belongs to the system formed by the two of them, not only to the stone
(Bauman 1992; Resnick et al. 1992; Arons 1997). If we consider a body
that is isolated, far enough from others to make gravitational interaction
negligible, it is obvious that we cannot speak of gravitational energy. As
Mallinckrodt and Leff (1992) state, potential energy always appears in the
context of a pair (or ensemble) of objects that interact. There is no reason
to attribute it solely to any of the objects.
All the studies we have found on pupils’ misconceptions in relation to

the systemic character of energy refer to potential energies. We have not
found any reference to similar considerations about kinetic energy. On the
contrary, even university textbooks always refer to the kinetic energy of an
object, without explaining that this energy expresses the capacity of this
object to interact with other objects, because it is moving towards them
with a certain speed. In short, we deem kinetic energy to also be a property
of the system formed by objects that can interact among themselves.
We stress the importance of clarifying the systemic character of kinetic

energy, because this aspect is not dealt with in the literature and it is not
easily accepted: its discussion even provokes initial rejection among teach-
ers and even university professors.
To overcome the conception of energy as a physical fluid that objects

possess, it is necessary to carry out a qualitative analysis of the pro-
cesses that take place during the transformations undergone by a system.
This makes the systemic character of energy clear in all cases and allows
one to overcome a second obstacle: the notion of absolute values of
energy.
(13) It is meaningless to speak of the energy of a system in absolute terms:

we can only determine its variations when a certain process takes place. This
is something generally pointed out in the literature (Beynon 1990;
Chisholm 1992; Prideaux 1995), although the frequent use of relative val-
ues (corresponding to arbitrarily assigning zero energy to a certain configu-
ration of the system) may mislead pupils, who take these relative values as
absolute, unless we insist sufficiently on the relative character of the quan-
tities used. This is important because the misconception of absolute values
reinforces the interpretation of energy as something possessed by the
objects themselves.
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The difficulties faced by pupils (and teachers!) when trying to understand
and meaningfully use the concept of energy affect the related concepts of
work and heat. The meaning of both concepts and their relation to energy
is discussed in the following section.

6. The Meaning of Work and Heat and their Relation to Energy

The large number of papers about how to introduce the concepts of work
and heat is indicative of the existence of serious learning difficulties in both
cases. Accordingly, some authors have proposed not to use them and in-
stead just speak about energy exchanges between the system and its sur-
roundings (Kemp 1984; Barrow 1988). This approach hides the
mechanisms by which the energy of a system changes, thereby rendering
the comprehension of the transformations difficult (Mallinckrodt & Leff
1992; Van Roon et al. 1994; Alonso & Finn 1997). It is essential, for this
reason, to pay attention to the meaning of these concepts, avoiding purely
operational treatment. One cannot, for instance, define work just as the
product of force and distance. This approach might favour a dogmatic
view of science that distorts its tentative character: concepts are hypotheti-
cal inventions that have their origin in qualitative considerations.
The next two propositions aim to introduce both concepts (work and

heat) coherent with this tentative, meaningful and evolutionary character
of the scientific construction of knowledge.
(14) Qualitatively work may be conceived as the act of transforming mat-

ter by applying forces. This is the conception proposed by Maxwell (1877)
and it reflects the idea of work in everyday life: any elementary example of
what is considered work (digging the ground, lifting heavy objects, etc.)
appears as a process of transformation of matter by means of forces. The
operational definition of work as the product of force and distance corre-
sponds to this qualitative idea for the simplest case of an object that is
moved.
On the other hand, as energy is conceived as the capacity to cause

change (see Proposition 10), work � that is to say, a process of changing
matter by means of forces � may be related to variations of energy or,
more precisely, to interchanges of energy between different systems or
among parts of the same system. This allows us to conceive work as a form
of energy exchange, in other words, of modifying the configurations of the
parts of the system that interact (as we stated in Propositions 8�10).
Difficulties associated with the construction of the concept of heat have

been even bigger than in the case of work, and they include the confusion
between heat and temperature, the conception of heat as a material fluid �
which corresponds historically to the caloric theory � or the current
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interpretation of heat as a form of energy (Tarsitani & Vicentini 1991;
Bauman 1992; Alonso & Finn 1995; Arons 1999). These ideas must not be
simply rejected as errors, but positively valued as part of the construction
process of the current conception of heat. In this process, a serious diffi-
culty was the endless ‘extraction’ of the caloric ‘contained’ in an object,
when one strikes or rubs it. This and other difficulties led to the hypothesis
of the equivalence between heat Q and work W, taking into consideration
the microscopic interactions occurring in the system, namely, accepting the
corpuscular conceptions on the nature of matter. As Alonso and Finn
(1969, chapter 9) explain, ‘Q is composed of a sum of a very large number
of very small individual external works, which are such that they cannot
be expressed collectively as an average force times an average distance’.
(p. 263). The concept of ‘internal energy’ can be introduced similarly
(Arons 1999). Therefore, the following proposition may be formulated:
(15) From the kinetic-molecular theory, heat arises as a statistical magni-

tude which aggregates a large number of very small works performed at a
microscopic level. Therefore, heat, like macroscopic work, is not a form of
energy but rather a mechanism of exchange of energy between the particles
of the system and the surroundings (Atkins 1984; Tarsitani & Vicentini
1991; Alonso & Finn 1995; Arons 1997). An exchange that, in the case of
heat, takes place when systems at different temperatures (i.e., systems
whose particles have different average energies) are put together and their
particles interact. The energy of the ensemble of particles of the system may
be included in the concept of internal energy.
Heat, therefore, is neither a substance (caloric) nor a form of energy, as

is frequently said even in textbooks (Doménech et al. 2001). A system does
not have heat in the same sense that it does not have work.
It is not correct, for instance, to speak about the conversion of kinetic

energy into heat when one describes what happens when a car stops:
this should be described as transformation of kinetic energy into internal
energy (Arons 1999). Actually, it is not a problem of words but of
interpretation: When, for instance, someone talks about a ‘sunrise’, this
is understood to happen because the Earth is spinning around its axis.
In the same way we can keep saying that ‘the wheels got hot’, but it
must be understood that this means that the internal energy of the
wheels (and that of the surroundings) increased. As Solomon (1983)
writes,

pupils must never lose the ability to communicate. It would indeed be a poor return
for our science lessons if they could no longer comprehend remarks like ‘wool is

warm’ or ‘we are using up all our energy’. What we are asking from our pupils, then,
is that they should be capable to think and operate in two different domains of
knowledge and be capable of distinguishing between them (Solomon 1983, p. 50).
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It is also necessary to avoid the frequent error of conceiving internal
energy as a magnitude that includes exclusively the kinetic energy of the
particles (Besson 1999). That would be true in the case of perfect gases,
whose particles are not linked, but in other cases the continuous interac-
tions that take place at microscopic level make the kinetic and potential
energy of the particles inseparable. Thus, internal energy embraces both
the kinetic and potential energy of the ensemble of particles.
As we can see, advances made in the understanding of energy, work, and

heat were related to the corpuscular theory (Ellse 1988; Arons 1989; Bau-
man 1992; Koliopoulos & Ravanis 1998; Kaper & Goedhart 2002). These
advances led to the integration of mechanics and heat, two branches of sci-
ence that had developed autonomously and seemed to have nothing in com-
mon (see Proposition 6). This integration, associated with the works of
Carnot, Rumford, Joule, Thomson, Mayer, etc., made it possible to estab-
lish the law of conservation of energy and better explain the causes of trans-
formations. We shall approach these questions in the final two sections.

7. Conservation and Transformation of Energy

Several authors have pointed out that the current conception of energy
emerged when its conservation was established, thanks to the comprehen-
sion of the role played by the interactions at a microscopic level between a
system and its surroundings and the consequent integration of mechanics
and heat (Bècu-Robinault & Tiberghien 1998; Goldring & Osborne 1994;
Trumper 1990). Accordingly, this proposition may be enunciated:
(16) A variation of energy in a system, DE, may be due to exchanges with

other systems at a macroscopic level (work) or at a microscopic level (heat).
So we can write W þQ ¼ DE, where W represents the work performed by
forces external to the system and Q encompasses the microscopic works
done when the system is in contact with surroundings at a different tem-
perature. This expression W þQ ¼ DE, which was advanced as a daring
hypothesis that integrated mechanics and heat, received empirical support
and became the ‘first law of thermodynamics’. This law implicitly affirms
the conservation of energy when a system remains isolated, although cer-
tain forms of the energy of the system may change into other forms. This
may be expressed in the following way:
(17) The changes a system undergoes may involve the transformation of

some kinds of energy into other forms of energy (for instance, gravita-
tional potential into kinetic), or the transfer of energy from some systems
to other systems, or from some parts of a system to other parts of the
same system (as happens when objects at different temperatures are
brought into contact with each other). However, there is a restriction to
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the possible transformations: only changes in the properties that make the
total energy of an isolated system (including internal energy) remains con-
stant can happen.
Some textbooks present the conservation of energy as a generalization of

the conservation of the so-called mechanical energy that occurs in some
transformations, for instance, the free fall of a stone (with the help of
Newton’s second law, it can be demonstrated, that during a free fall
DEk þ DEp ¼ 0). However the conservation of energy in all processes can-
not be derived from the laws of dynamics and it is an independent state-
ment (Arons 1999). The establishment of the law of conservation required,
as explained, awareness of the interactions at a microscopic level and the
associated forms of internal energy. This was only possible when the rela-
tionship between mechanical and thermal effects was understood (Alonso
& Finn 1969). One cannot therefore accept attempts to present the princi-
ple of conservation of energy as a generalization of the work-energy rela-
tionships established in mechanics. This confusion, which shows an
inadequate understanding of the law of conservation of energy, has been
widely discussed in science education (Sherwood 1983; Bernard 1984;
Sherwood & Bernard 1984; Arons 1989, 1999; Mallinckrodt & Leff 1992;
Bauman 1992; Leff & Mallinckrodt 1993; Van Heuvelen & Zou 2001).
Another confusing aspect that has not received as much attention is the

consideration of W þQ ¼ DE as a general expression of the conservation
of energy that is always valid. Instead, it should be noted that:
(18) Energy variations may take place, not only through work or heat, but

also by means of other processes, such as radiation exchange (Chabay and
Sherwood 1999, p. 149). Astonishingly, this aspect is rarely contemplated in
high school courses and science education research. Although we agree that
the study of radiation, as a mechanism of energy transfer, should not be
fully developed at this level, given its complexity, it is absolutely necessary to
make qualitative references to this process. It cannot be forgotten that most
of the energy resources available on Earth (including fossil fuels) have their
origin in solar radiation; neither can it be ignored that gaining a grasp of the
greenhouse effect is not possible without reference to exchanges of energy by
radiation. It is therefore necessary to state that the first law of thermody-
namics, in the form W þQ ¼ DE is not always applicable, although the con-
servation of energy in an isolated system remains a valid statement.
The conservation of energy has led some authors to question the idea of

energy as a ‘capacity to produce changes’ (Duit 1986; Ogborn 1986; Pintó
1991). According to Ogborn (1986), the total energy remains constant
whatever the process, so changes in energy cannot be the reason for a pro-
cess to happen. It is important to discuss this conclusion. This is the aim
of the following proposition.
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(19) Although the total energy of an isolated system remains constant,
whenever such a system experiences irreversible changes energy transfers
and/or transformations of energy take place in its interior. Expressions such
as E = constant or DE ¼ 0 seem to indicate that energy is not related to
transformations, but DE ¼ 0 encompasses a set of variations of energy
that have to be made explicit:

DEk þ DEp gravitational þ DEp electric þ � � � ¼ 0

This justifies the usual association of energy and change, although this
association does not explain in itself which sequence of changes are possi-
ble and which are not; it also demands that attention be paid to the energy
‘degradation’ that accompanies any process.

8. Degradation of Energy

As Duit (1986) states,

No other aspect in physics instruction is treated in such disproportion to its signifi-
cance. Without the aspect of energy degradation, understanding of the physical energy

concept is incomplete; without it the energy concept must fail in applications to nat-
ure, technology and everyday life (Duit 1986, p. 89).

However, it is not difficult to approach this essential characteristic of
energy qualitatively:
(20) As a result of the interactions and consequent transformations of a

system, energy degrades or, in other words, is distributed more homoge-
neously. In other words, isolated systems evolve towards more disordered
states, of a larger probability: the many particles in a system are more like-
ly to move randomly than in an orderly fashion. This evolution towards
more disordered configurations reduces the possibility of further transfor-
mations of the system (Atkins 1984; Duit 1986; Ogborn 1990). For this
reason, a new magnitude � ‘entropy’ S � is introduced as a measure of
the ‘disorder’ of the system, of energy degradation. This magnitude is
defined in such a form that, in an isolated system, every irreversible pro-
cess that takes place increases its entropy (while the total energy of the sys-
tem remains constant) and this increase diminishes the probability of
subsequent changes. These ideas can be understood by pupils without too
many difficulties: they understand, for instance, that it is easy to transform
all the kinetic energy of a system into internal energy (for instance, when a
car stops), while the reciprocal process is much less efficient, because it is
highly improbable to completely transform the random agitation of the
large number of particles that make up a system into a synchronized
movement of all of them in the same direction (Frish & Timoreva 1972;
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Atkins 1984). It is true that in many open systems (such as living beings)
the entropy decreases (systems become more ordered), but the total
entropy of the isolated system formed by these living beings and its sur-
roundings increases.
The comprehension of these processes of degradation or homogenization

of energy (increase of entropy) provides a clear explanation of the appar-
ent contradiction between expressions such as ‘energy crisis’ or ‘energy
depletion’ and the law of conservation of energy:
(21) Expressions such as ‘energy consumption’ or ‘energy crisis’, do not

mean, that energy disappears but that it is no longer useful (the new config-
uration of the system does not facilitate other changes to occur). There-
fore, the apparent contradiction between ‘energy conservation’ and the
‘need for energy resources’, disappears (Duit 1986; Ogborn 1990).
(22) The process of energy distribution (or the increase in entropy) of a

system reduces the probability of that system undergoing further macro-
scopic transformations. It is necessary to insist on this point (one that has
not been dealt with in science education literature), because the interac-
tions (and therefore, the transformations) keep on occurring at a micro-
scopic level. However, what is really quite unlikely (although not
impossible) is that macroscopic transformations occur which lead to more
‘ordered’ configurations.
This section on energy degradation may be summed up by one last

proposition:
(23) Two conditions have to be met in changes that an isolated system may

experience:
• Transformations of energy and/or energy transfers between parts of

the system must necessarily satisfy the principle of energy conserva-
tion.

• Initially energy cannot be uniformly distributed. The system evolves
towards configurations globally more uniform (of greater entropy),
although the entropy of some parts of the system may decrease.

Now pupils can understand that initial definitions of energy, such as
‘capacity for performing work’ or ‘capacity for producing changes’ are not
generally valid; we need another concept (entropy) to determine the possi-
bility of producing these changes. And they may well also understand,
more importantly, that scientific concepts evolve.
These are some of the key ideas that have to be learned in order to

achieve a sound conceptual comprehension of this basic area of physics.
However, it must be emphasized that a fair scientific knowledge cannot be
limited to conceptual aspects; it must also incorporate procedural and axi-
ological aspects like those introduced in the first two sections. Moreover,
students are not expected to attain a correct conceptual understanding
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without taking into consideration such aspects. This central idea is devel-
oped in the last section of our paper.

9. Conclusion and Perspectives: Towards a Real Apprehension

of this Scientific Domain

Proper learning of scientific knowledge implies, among other things, the
capacity to use the new concepts in the resolution of problems and in the
qualitative interpretation of different situations (corresponding, for in-
stance, to questions concerning everyday phenomena). In the case of en-
ergy and associated concepts, it is necessary, in particular, to overcome
students’ tendency to disregard the use of the energy approach in solving
problems of motion, and to use only the kinematics-dynamic approach
(Driver & Warrington 1985; McDermott 1993; Doménech et al. 2001).
However, it is not a question of regretting ‘pupils’ tendency’ to ignore

the energy approach. The important thing is to realize that it is necessary
to give pupils more opportunities for using the new knowledge (not only
the new concepts!) in a variety of situations, and so overcome the usual
conceptual reductionism:
(24) A meaningful appropriation of this field of knowledge demands sev-

eral specific actions:
• To put special emphasis on the STSE relationship. This should include

the construction of scientific and technological products (engines, solar
generators, ...), thus overcoming excessively bookish approaches, as
well as the discussion of the close relationship of energy issues (its role
in our lives, problems associated with obtaining and using energy re-
sources...) with the current situation of planetary emergency (Gil-Pérez
et al. 2003).

• To show the coherence of the new knowledge with other scientific
areas, thereby favouring alternative approaches and syntheses.

• To foster pupils’ ability to conceive new problematic situations, there-
by avoiding any impression of dealing with a finished and closed body
of knowledge, and awakening interest in further developments.

This set of 24 propositions attempts to offer a global view of what we
consider an adequate ‘initial’ comprehension of energy issues at high
school. Our basic assumption is that the above propositions are mutually
interdependent and cannot be addressed separately. In other words, we
consider that the student difficulties pointed out by numerous researchers
may be due to the fact that usual teaching practice does not pay attention
to a good number of the aspects that have been discussed above. For this
reason, we consider that an in-depth discussion is necessary to better orient
the teaching of this fundamental domain, in order to avoid the current
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mere operational treatments and integrate the conceptual, procedural and
axiological dimensions.
In this respect, it is commonly argued that preparing specialists in biol-

ogy, physics and chemistry necessitates an approach focused on the con-
cepts, principles and laws of these disciplines. At the same time, science
education for responsible citizenship (with its emphasis on STSE issues and
the development of critical awareness) is seen as an alternative form of
education for non-specialists. The pursuit of citizens’ education instead of
the training of future scientists generates considerable opposition among
those who argue, legitimately, that society needs scientists and technicians.
Why can’t we do both? It is our contention that a science education fo-
cussed exclusively on the conceptual dimension is equally negative for the
education of future scientists and technicians (Gil-Pérez & Vilches 2005).
As we have already pointed out, this orientation transmits a distorted and
impoverished view of science that not only diminishes the interest of young
people in scientific careers (Matthews 1991; Solbes & Vilches 1997) but
negatively affects conceptual learning. Together with Hodson, we contend
that ‘students develop their conceptual understanding and learn more
about scientific inquiry by engaging in scientific inquiry, provided that
there is sufficient opportunity for and support of reflection’ (Hodson
1992, p. 551). If we are to achieve a meaningful understanding of con-
cepts and theories, we must reorganize science learning into an activity
that integrates conceptual, procedural and axiological dimensions (Duschl
& Gitomer 1991). This paves the way for a more creative, open and
socially contextualized view of science, in accordance with the real tenta-
tive nature of techno-scientific activities, in which critical awareness and
questioning of what seems ‘natural’ and ‘obvious’ plays an essential role.
This is the basic aim of our study and the subsequent proposals.
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