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8.1           Introduction 

 What can Epistemology and the History of Science and Technology (EHST hereafter) 
contribute to the fi eld of teaching energy? Is it enough simply to evoke them as a 
way of broadening the learning after teaching the concept, that is, once students 
have mastered it, in order to offer them a few historical reference points and to spark 
off philosophical debate on the subject? That is not our point of view. On the 
contrary, we think that EHST could play a fundamental role in teaching energy, 
especially in regard to teacher training. Beynon wrote in 1990: ‘I have no doubt at 
all that the problem of teaching energy will remain insoluble until teachers, them-
selves, have a clear understanding of the concept of energy’ ( 1990 , p. 316). We share 
this point of view. Indeed, for students to successfully understand and correctly 
apply the concept, it seems essential that their teachers themselves fi rst master it, 
which is far from given. The highly abstract nature of the concept of energy (which 
is inseparable from the principle of energy conservation), its many possible forms 
(e.g. kinetic energy, thermal energy, nuclear energy), the distortions of meaning to 
which it is subject in everyday use (e.g. saying that energy can be ‘produced’ and 
‘consumed’) all make it diffi cult to defi ne the concept. 

 As we will try to demonstrate in this article, EHST provides the keys to 
understanding what energy is and, in particular, to at least begin to answer these 
three questions:

•    ‘What is the origin of the concept of energy?’  
•   ‘What is energy?’  
•   ‘What purpose does the concept of energy serve?’    
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 This is why our strategy consists of developing a training programme for 
teaching energy based on EHST. We start by discussing how teaching energy is 
covered throughout schooling (in the case of France), the learning diffi culties 
associated with the concept and the main strategies presented in science educa-
tion literature to teach the concept (Sect.  8.2 ). Then we outline our methodology 
and our two lines of research:

     (i)    EHST as part of teacher training for teaching energy   
   (ii)    EHST as a means of rethinking how energy is taught (Sect.  8.3 )    

  In the context of the fi rst line of research, we present a framework for teacher 
training on the concept of energy based on EHST (Sect.  8.4 ). The second line of 
research will be addressed in a future article.  

8.2        Teaching Energy: A Brief Overview of the Current 
Situation 

8.2.1      Institutional Expectations and Teaching 
Energy: The Case of France 

 Energy appears as a concept across physical science programmes from primary 
through secondary school. Its progressive introduction throughout primary and 
secondary education has two main strands: the scientifi c approach to the concept 
and its implication in current social issues. Generally speaking, the emphasis is on 
a qualitative approach that prioritises the nature, role and properties of a concept 
that, although part of daily life, remains diffi cult to tackle. 

 In primary school (MEN  2008a ), this qualitative approach is based on an intro-
duction that aims to present energy via questions related to using and saving 
energy. In the further learning and consolidation stage, this does not involve intro-
ducing the scientifi c concept, but rather increasing pupils’ awareness of the diverse 
situations that require a source of energy (using everyday vocabulary), identifying 
the principal sources of energy and distinguishing those that are renewable from 
those that are not. In addition, the concept of thermal insulators and conductors is 
fi rst introduced, with the home providing a good illustration of this approach. The 
main goal of this initial contact with the concept of energy, which provides the 
opportunity for projects on the Industrial Revolution introduced in the history 
programme of the further learning stage, is to contribute to the education of the 
student as a future citizen. 

 This same goal also pertains to the educational programme at  collège  (the fi rst 
stage of secondary school, age 10–14), which equally stresses a qualitative 
approach to energy; however, at this stage, the scientifi c concept is introduced 
and a defi nition given. The concept of energy, used as an example in the ‘unity 
and diversity’ theme that underlies the college (MEN  2008b ) programme, is at the 
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heart of the curriculum. It is presented as an essential concept in core knowledge 
and skills and is treated as a subject that provides a focal point. 

 The two main strands mentioned above are fully formulated at this stage. The 
defi nition is formulated as follows: ‘energy is the capacity of a system to produce an 
effect’ – it can be transformed and conserved. This fi rst scientifi c approach to the 
concept proves necessary in order to introduce in a logical way a wide range of 
events that bring energy into play (e.g. day-to-day use of electric circuits, heat 
exchange, analysis of how living organisms function) and also constitutes essential 
knowledge for future citizens who need to be aware of the issues around energy that 
are central to debates in modern society. 

 In continuity with  collège , the fi rst year of  lycée  (high school, i.e. the second 
stage of secondary school, age 15–18) (MEN  2010a ) calls for scientifi c learning and 
citizenship that will aid all students to succeed, while in the scientifi c stream of the 
two fi nal years of  lycée  (MEN  2010b ,  2011 ), the approach concerns vocational 
preparation to allow students to work towards careers in science. The emphasis is on 
acquiring skills in the discipline, encouraging interest in the sciences and making 
connections between science and society. 

 The fi nal year of the scientifi c stream in  lycée  is structured around three axes: 
‘observe, understand,ct’. The purpose of these points of access to the scientifi c 
approach is to illustrate its main steps, giving a central role to the concept of energy, 
which is a sort of unifying theme throughout the 2 years of the course. In this way, 
the axis ‘understand’, dedicated to laws and models, presents energy as a common 
denominator of all basic interactions and the principle of conservation as an explan-
atory and predictive tool that allows awareness of the evolution of systems (second 
year of  lycée ). In addition, the study of the transfer of energy at different scales 
allows the introduction of the basic concept of thermodynamics (internal energy, 
thermal transfer, work, heat capacity) and a discussion of the irreversibility of 
phenomena and the causes of dissipation associated with these transfers (fi nal year 
of  lycée ). This approach underlines the universality of the laws of physics, for which 
energy is presented as a unifying principle. 

 In this initial introduction, which highlights the nature, role and properties of the 
principle of conservation, the educational programme introduces the social and 
environmental issues related to energy. This includes knowledge about the variety 
of energy resources and saving energy, problems related to the production of 
electricity and the transport and storage of energy as well as the environmental 
impact of energy choices; all these subjects combine scientifi c knowledge and 
current issues in society. The axis ‘act’ sets out to develop this aspect. 

 The goal of the educational programme is the progressive construction of scientifi c 
knowledge and the development of skills suitable for initiation to experimental meth-
ods and practice. To help achieve this goal, the programme recommends making use 
of the history of science. Creating a historical perspective is structured around two 
axes: one concerning the nature of science and the other the scientifi c method. The 
aim, by emphasising the process of how knowledge is constructed, is to show that 
scientifi c truth has a particular status; it is the result of a codifi ed process for which 
mistaken concepts and incorrect hypotheses are common. The history of science 
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demonstrates that science is a social activity that is part and parcel of the culture in 
which it develops and that new ideas sometimes collide with tradition or dogmatism. 
These elements should be taken into account to contextualise science and ‘ mettre la 
science en culture ’ (establish its place in a culture) (Lévy- Leblond  1973 ). This in turn 
should help to develop critical thinking, rethink the role of error and present the diver-
sity of scientifi c methods, which cannot be reduced to a simple sequence of ‘observa-
tion–modelling–verifi cation’, with the last having mainly a heuristic value.  

8.2.2    A Diffi cult Concept to Grasp and Master 

 Although in general use, the concept of energy is abstract, diffi cult to defi ne and 
subject to numerous recurrent conceptions noted by many writers. 1  The origins of 
these ideas are mainly found in everyday language, which contributes to the forma-
tion of imprecise or even mistaken concepts. The different meanings the term 
‘energy’ and other related words take on in ordinary language are distant from or 
sometimes even incompatible with scientifi c concepts. In French, as well as in 
English, for example, it is common to associate the terms  energy  and  energetic  with 
strength and vigour. These words are often employed to describe a highly active 
person. Whereas in physics, the quantity of energy associated with a system may be 
very low. Moreover, energy may be in a form that is not even noticeable (this is 
the case for potential energy). 2  

 In general discourse at least, people frequently speak about using, consuming, 
buying or selling energy, sometimes referring to fossil fuels themselves as ‘energy’. 
This creates confusion between sources and forms of energy and presents a real 
obstacle in the acquisition of the principle of conservation. 

 Apart from language, daily experience can also prove to be a source of confusion, 
particularly for the youngest pupils. The ease with which it is possible to make an 
appliance function simply by plugging it into a socket implies that something can be 
obtained without anything being consumed. In the same way, obtaining electricity 
in hydroelectric or thermal power stations (especially nuclear power stations) takes 
on a magical character in which electricity seems to be stored. 

 The diversity of concepts related to energy makes it diffi cult to provide an 
exhaustive overview. Thus, we have chosen to mention only those, often cited by 
writers, which seem to be the most recurrent. Watts ( 1983 ) groups these according 
to seven categories:

 –    The anthropocentric conception, in which energy is associated with what is 
living.  

1   See Solomon ( 1982 ,  1983 ,  1985 ), Watts ( 1983 ), Gilbert and Watts ( 1983 ), Duit ( 1984 ), Driver and 
Warrington ( 1985 ), Agabra ( 1985 ,  1986 ), Gilbert and Pope ( 1986 ), Trellu and Toussaint ( 1986 ), 
Trumper ( 1993 ), Ballini et al. ( 1997 ), and Bruguière et al. ( 2002 ). 
2   Fact sheet for Cycle 2 (basic learning in fi rst years of primary school) and Cycle 3 (further learn-
ing in last years of primary school) (MEN  2002 , p. 29) 
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 –   The conception of energy as a causal agent, in which energy is perceived as the 
cause of an event, as that which makes something happen. In this scenario, in 
which energy can be stored, the movement of a falling stone or a thrown ball is 
explained by the presence of potential and kinetic energy, respectively.  

 –   The conception of energy as a product deriving from a process, a product that 
rapidly disappears and is not conserved.    

 To these three ideas, identifi ed by Trumper ( 1990 ) as the most frequent, Watts 
adds the following four concepts. Energy can be perceived as an ‘element’ that lies 
dormant in certain objects and is released by a trigger. When energy is systematically 
associated with movement, Watts refers to the concept of ‘activity’ energy. This can 
be ‘combustible’ energy, where energy is equated to its source (oil, coal, natural gas 
and petrol are seen as energy), or ‘fl uid’ energy, where energy is equated to a fl uid 
that can be exchanged and transported. When this idea of energy as a fl uid, i.e. as 
something ‘quasi-material’, is taken as an analogy only, it may be a fruitful tool for 
initially grasping the concept and the principle of its conservation (Duit  1987 ; see 
also below). However, the danger of making use of it in physics education is that 
students may take it literally and thereby endorse a non-scientifi c conception that is 
very hard to overcome (Warren  1982 ). 

 In the same vein, Robardet and Guillaud ( 1995 ) synthesise the work of other 
writers to summarise the most common conceptions, grouping these in three broad 
categories: energy as life (anthropocentric conception), energy as source (i.e. as 
cause of phenomena), and energy as product (i.e. as consequence of phenomena). 
This overview highlights the fact that energy is more noticeable when the effect 
produced is visible and even more so when the effect has a practical aspect or is 
associated with comfort. Thus, potential energy is little recognised by students (this 
point will be dealt with in Sect.  8.4.2 ). 

 These different conceptions result in several frequent and persistent errors, even 
after traditional learning (Trumper  1990 ). Without listing them all, we can cite, for 
example, the substantialisation of energy, confusion between the form and mode of 
transfer of energy; between force, speed and energy; and between heat, temperature 
and internal energy.  

8.2.3    The Main Teaching Strategies 

 While educational programmes from primary to secondary school grant an 
increasingly large place to energy, the diversity, origin and consequences of 
mistaken ideas present a major obstacle to learning the scientifi c concept. Since the 
1980s, the trickiness of teaching the concept has led certain educators to seek ways 
to facilitate its acquisition by taking into account related preconceptions. Generally 
speaking, traditional teaching is judged dogmatic and abstract (Lemeignan and 
Weil-Barais  1993 ), reducing the concept to a group of systematic technical proce-
dures stripped of physical meaning. 
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 The main teaching strategies are based on taking into account students’ precon-
ceptions during the application of the principle of conservation of energy. Thus, 
Trumper ( 1990 ,  1991 ,  1993 ), in the context of a constructivist approach, leads 
students to identify any confl icts between their own ideas and the properties required 
to establish the principle of conservation. 

 In the same spirit, the work of    Agabra ( 1986 ) as well as Trellu and Toussaint 
( 1986 ) promotes the concept of ‘objective–obstacle’ defi ned by Martinand, who 
suggests linking educational objectives with students’ ideas, making the obstacles 
associated with the various preconceptions explicit and in each case indicating a 
specifi c way to surmount them. 

 Also in the constructivist framework, the work of Lemeignan and Weil-Barais 
( 1993 ), extended by Robardet and Guillaud ( 1995 ), aims at constructing the concept 
of energy and its conservation by encouraging conceptualisation and only subse-
quently introducing classical formalism. The objective is to defi ne, step by step, the 
semantic relationships that connect each object in the system studied with the next 
(e.g. an alternator powers a lamp in an overall system). By progressively establishing 
the semantic relationships, the energy exchanges that take place in the studied 
system can be defi ned. 

 Another teaching strategy consists of introducing energy as a ‘quasi-material’ 
substance. The supporters of this approach, which is in line with students’ ideas of 
energy, justify their choice in pointing out the eminently abstract character of 
energy. Based on this idea, Duit ( 1987 ) and Millar ( 2005 ) suggest examining the 
different types of energy in a qualitative manner before tackling a quantitative, 
mathematical approach. This is a controversial choice of strategy, whose opponents 
underline the risk of perpetuating an entrenched false idea (Warren  1982 ). 

 Finally, writers agree on the terminological pitfalls, due in large part to every-
day language – the meanings and uses of the term ‘energy’ vary considerably 
between informal and scientifi c contexts. Solomon ( 1985 ), Chisholm ( 1992 ) and 
Bruguière and colleagues ( 2002 ) argue that this problem could be mitigated by 
simplifying the vocabulary. 

 To this brief outline, it is fi tting to add the work of Koliopoulos and Ravanis 
( 1998 ), who group the various teaching strategies according to three categories. 
Their approach differs from those described previously as their classifi cation is 
based on collected curricula from various countries and not directly on research 
results. This categorisation thus includes the aims of institutions and the issues 
that they consider important. So curricula qualifi ed as ‘traditional’, ‘innovative’ 
and ‘constructivist’ are representative of these orientations. 

 The traditional curriculum corresponds to a classical mode of exposition in 
which energy, generally introduced as a concept derived from work, does not have 
a status in its own right. As a consequence, each fi eld of study in physics requires a 
specifi c presentation of the concept, refl ecting its many meanings. 

 The curriculum described as ‘innovative’ is based on ideas infl uential in the 
1960s that promote the concept of energy by giving it a structural character and 
granting it a central place in the educational programme. This approach also intro-
duces a social dimension to the learning of the concept. 
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 The constructivist curriculum takes into account the current research orientations 
presented above. It is characterised notably by the construction of models of the 
energy chain and draws on students’ prior conceptions. 

 In addition to the strategies outlined above, some writers suggest marshalling the 
history and philosophy of science in order to facilitate teaching energy. For the most 
part, the proposals revolve around aligning the diffi culties confronted by scientists 
in the context of the emergence of the concept and students’ ideas about energy. 
This is the case of Trellu and Toussaint ( 1986 ), who compare teaching centred on 
the conservation or transfer of energy; of Agabra ( 1986 ), who returns to the various 
models of heat; and of Duit ( 1987 ), who proposes that students could follow the 
same train of thought as certain nineteenth-century scientists; that is, start from a 
quasi-material conception of energy (see Sect.  8.4.2 ). 

 In contrast, Coelho ( 2009 ) draws from the work of Mayer and Joule to propose 
teaching centred on the notion of equivalence (e.g. heat and work), excluding the 
question of substantiality, which he supports is a source of confusion (see Sect.  8.4.2 ). 

 Generally speaking, the main aim of these proposals is to introduce elements 
of the history and philosophy of science in order to compare the diffi culties of 
students to those confronted by scientists in the nineteenth century. History is 
employed here as a useful didactic tool, but little place is given to the cultural and 
scientifi c context.   

8.3      Methodology for Designing a Teacher Training 
Programme for Teaching Energy 

8.3.1    A New Strategy: Starting with Teacher Training 

 Although the range of strategies for teaching energy indicates its interest and these 
strategies contain innovative ideas, none has really managed to impose itself over 
the others. Teaching energy is considered complex and fragmented. This fragmentation 
is a result of the lack of connection between the fi elds of study concerned, which 
tends to obscure the principal properties of energy and precludes an understanding 
of the role of the principle of conservation. There seem to be as many meanings of 
the term  energy  as there are uses and fi elds of study. 

 In fact, teachers themselves feel ill-prepared when they have to take on this subject. 
This is notably referred to in the study mentioned above (Koliopoulos and Ravanis 
 1998 ), which aims to identify how experienced teachers teach the concept of energy. 
While this study shows that the majority of teachers choose traditional teaching methods, 
it indicates that strategies similar to those described as innovative and constructivist 
are also used. The latter two strategies are motivated, respectively, by the desire to 
underline the role of energy, in particular its unifying character, and by the necessity 
of taking into account students’ prior ideas. However, some of the teachers who opt 
for an innovative approach in fact focus mainly on mechanical phenomena and 
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eventually come back to a traditional approach that introduces energy by deriving it 
from work, while teachers opting more for a constructivist approach consider them-
selves poorly armed for incorporating students’ conceptions in their teaching. 

 Furthermore, teachers themselves are not without mistaken conceptions concerning 
energy, especially in the case of primary school teachers (see, e.g. Summers and Kruger 
 1992 ; Trumper et al.  2000 ). Regarding secondary school teachers or students with sci-
ence training, Pintó and colleagues ( 2004 ) and Méheut and colleagues ( 2004 ) highlight 
confusions regarding irreversibility and real phenomena, cyclical processes and revers-
ibility as well as diffi culty in conceptualising the dissipation of energy in the context of 
its conservation (thus, energy dissipation and conservation seem contradictory). 

 These various factors regarding teachers’ ideas about energy and how it is learned 
prompt us to delve more deeply into what acts as an obstacle to implementing effective 
teaching and bring our attention to how teachers themselves are trained. It seems indis-
pensable for teachers to be suffi ciently at ease with the concepts to be able to undertake 
a critical analysis of their teaching practice and to rethink how energy is taught. 

 Clarifying the concept seems an essential fi rst step to dispel any ambiguities 
related to the defi nitions of terms and the properties of the various concepts brought 
up. The concept of energy is complex, abstract and polymorphous, and the principle 
of conservation that characterises it is a unifying principle, a ‘super law’ 3  that struc-
tures physics. Explaining the properties and role of the principle leads back to the 
context of the emergence of the latter in the nineteenth century, to theoretical 
problems (questions relating to the dissipation of energy and the nature of heat), 
to experimental situations (the issue of increasing the profi tability of machines), to 
mathematical formalism (the analytic expression of heat required to express the 
outcome during a Carnot cycle of operations) as well as to the philosophical con-
text, the period being the subject of many debates regarding the founding concepts 
of physics (Freuler  1995 ). 

 This clarifi cation of the concepts should allow the subsequent construction of teach-
ing that highlights the fundamental characteristics of the principle of conservation of 
energy, defi nes the concepts related to energy and takes into account, with appropriate 
vocabulary, the social orientations given by offi cial educational guidelines. 

 In this context, EHST seems to us an effective and fertile fi eld for elucidating the 
concept of energy and rethinking how it is taught (on this point, see also Bächtold 
and Guedj  2012 ).  

8.3.2    EHST in Teacher Training: The Case of France 

 The role of EHST in teacher training has long interested those who promote a full 
and authentic science education. In France, in 1902, the institutionalisation of 
science teaching in secondary school was coupled with the university-level 

3   This expression comes from Michel Hulin ( 1992 ) in his book entitled  Le mirage et la nécessité: 
pour une redéfi nition de la formation scientifi que de base . 
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development of a general history of science aimed mainly at teachers. Later, in the 
1970s, reforms stressed the necessity of transmitting historical knowledge in 
university programmes as well as in teacher training, including for primary teachers. 
In mathematics, these refl ections were largely the realm of the newly created 
IREMs. 4  The SFHST, 5  since its creation in 1980, has supported EHST initiatives, 
which have continued to develop. 

 In what she describes as the ‘long march’ of EHST education, Fauque ( 2006 ) 
points out that in the 1980s, the concerns of French researchers on the subject were 
shared abroad. She notes the reach of Bevilacqua’s work at the University of Pavia, 
leading to numerous educational publications that introduced elements from the 
history of science based on local archives (primary sources and scientifi c instru-
ments) into science teaching. In 1983, under the impetus of Bevilacqua and 
Kennedy, 6  the fi rst international conference was held in Pavia. Many others would 
follow: at the  Deutsches Museum  in Munich, at  La Cité des Sciences et de l’Industrie  
in Paris and in Cambridge, to mention only the fi rst three conferences. 

 This impetus also resulted in the production of literature by specialist organisa-
tions, which allowed teaching proposals to be supplemented by reports on the 
results of experiments. This was notably the case of the French Physicists’ Union 
( Union des Physiciens en France ) and the Association for Physics Education 
( Associazione per l’insegnamento della fi sica ) in Italy. The work of Shortland and 
Warwick ( 1989 ) in Britain was in the same spirit, with their publication (under the 
aegis of the British Society for the History of Science) of  Teaching the History of 
Science , as was that of Matthews 7  with the creation of the journal  Science & 
Education , as well as another work dedicated to this question (Matthews  1994/2014 ). 
Although far from comprehensive, this overview testifi es to a shared wish to 
integrate EHST in science education. 

 Likewise, in France, the place given to EHST in school programmes increased, 
with its inclusion in core knowledge and skills, 8  in recruitment examinations as well 
as in the guidelines for teachers’ skills, 9  all aspects of the same approach. 

4   Instituts de Recherche sur l’Enseignement des Mathématiques  (Research Institutes for Teaching 
Mathematics). 
5   Société Française d’Histoire des Sciences et des Techniques  (French Society of the History of 
Science and Technology). 
6   P. J. Kennedy was professor at the University of Edinburgh. 
7   University of New South Wales, Sydney. 
8   The core skills are those considered essential to master by the end of compulsory education. The 
section dedicated to scientifi c and technological knowledge emphasises: ‘The presentation of the 
history and the development of concepts, drawing from resources in all the disciplines concerned, 
is an opportunity to tackle complexity: the historical perspective contributes to providing a coher-
ent vision of science and technology as well as their joint development’ (pp. 12–13). 
9   Secondary school teachers should be able to ‘situate their discipline(s) within its history, its epis-
temological issues, its didactic problems and the debates that affect it’.  Framework of reference for 
teachers’ professional skills  (extract from the decree of 19 December 2006 containing guidelines 
for teacher training, MEN  2007 ). 
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 In 1999, Lecourt ( 1999 ) submitted his report concerning the role of teaching 
the history and philosophy of science in French universities in which discussed 
the many factors related to its instruction. Noting the disaffection with studying 
science, he stressed the necessity of breaking away from the highly technical 
nature to which science study is often reduced, emphasising the need to give 
meaning to scientifi c knowledge and situating it within other types of knowl-
edge – humanising it. Lecourt denounced the harmful effects caused by a lack of 
EHST education in the curriculum, leading students to adopt an implicit philoso-
phy close to scientism. Several studies reveal the frequent adoption of scientism, 
whether by students (Désautels and Larochelle  1989 ) or teachers (Abd-El-Khalik 
 2001 ). In the same vein is Paty’s (Paty  2000 –2001, pp. 56–57) assertion that 
EHST is essential for discussing the value of scientifi c truth, while the discourse 
in society tends to equate revealed truth and scientifi c truth. Paty reminds us that 
although scientifi c truth is relative in the sense that it is incomplete and prone to 
modifi cation, it has a specifi c status resulting from a mode of attribution of proof 
that is clearly identifi ed. 

 A central element in refl ecting on the sciences, in terms of content, methods and 
links with other fi elds of knowledge, EHST is essential for reintegrating science in 
culture. ‘Putting science (back) into culture’, in the words of Lévy-Leblond ( 2007 ), 
is not a question of creating effective means of transmitting scientifi c results to the 
wider public; it is rather about rethinking the sciences, their practice and their methods, 
in order to produce new, innovative knowledge. Taking up this challenge involves 
developing critical thinking, too often neglected according to this writer, and 
prompts consideration regarding the training of scientists. Although referring to the 
latter, the statement that follows could equally serve as an explanation for the guide-
lines for teacher training mentioned above:

  Can we continue to train professional scientists without giving them the least element of 
comprehension of the history of science – concerning their discipline fi rst of all – and of the 
philosophy, sociology and economy of science? The tasks they now face in practicing their 
occupation, and the social responsibilities that they can no longer ignore, require them to 
have a broad conception of scientifi c work. How can we believe any longer that science is 
different in this regard than art, philosophy or literature, fi elds of human activity that no one 
would imagine teaching independently from their history? (Paty  2000 –2001, pp. 13–14)   

 Training future scientists and educating the citizens of tomorrow necessitate 
bringing together diverse skills, which we should remember are already widely 
present in school programmes. Martinand ( 1993 , p. 98) comes to the same conclusion 
when he emphasises shortcomings in future teachers uninformed about the practices 
and culture of science: ‘The “mission” of the history and the epistemology of science 
is to enrich research and refl ection about its practice, evolution and foundation, 
without an immediate didactic aim.’ 

 Lastly, in a more specifi c way, EHST education supports the teaching of scientifi c 
disciplines through an epistemological examination of problems, concepts and 
theories. In the study previously mentioned, Martinand points out that thanks to its 
critical and prospective function, EHST allows encountered problems to be clarifi ed 
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and teaching content to be questioned in order to better understand its integration in 
school programmes. Epistemology ‘at the service of education’ should supplement 
the orientations developed above.  

8.3.3    The Proposed Approach 

 In the context of the study of energy, the aforementioned approaches lead to a 
re- examination of the foundations of the concept and its emergence in order to 
understand its role, properties and functions. This should allow the concept, its 
principle of conservation and its related concepts (in particular, work, force and 
heat) to be clarifi ed. All of these steps are essential for teachers. The development 
of this approach, which enlists the acquisition of ‘scientifi c culture’, is a fi rst line 
of research. Using EHST at the service of teaching energy will be a second, future 
line of research. 

8.3.3.1    EHST in Teacher Training for Teaching Energy 

 The rest of this article (see Sect.  8.4 ) will focus on the fi rst line of research. How 
should teacher training based on EHST be designed to help teachers acquire scien-
tifi c culture around energy? To develop the beginning of a response to this, we have 
drawn from many existing works, not only in the fi eld of EHST, 10  but also in science 
education. 11  Based on these works, we have created a general framework for teacher 
training on energy, which aims to include all the aspects of the concept and to intro-
duce them according to the most logical progression of ideas possible. We have 
striven to avoid the pitfall of drowning teachers in an overly complex and detailed 
history and epistemology of the concept of energy. In particular, the cultural and 
scientifi c contexts are not examined in detail, as they would be in a historical study. 12  
The aim is to make the use of history and epistemology functional and accessible to 
teachers. Furthermore, to be both relevant and enlightening, such a historical and 

10   Several historical and epistemological studies on energy were published by scientists and/or 
philosophers of science at the end of the nineteenth century and the beginning of the twentieth 
century (e.g. Mach, Planck, Poincaré, Meyerson and Cassirer). Later, Kuhn’s ( 1959 ) article 
encouraged science historians to carry out new investigations on the emergence of the concept in 
the nineteenth century (e.g. Elkana  1974 ; Truesdell  1980 ; Hiebert  1981 ; Smith and Wise  1989 ; 
Caneva  1993 ; Smith  1998 ; Ghesquier-Pourcin et al.  2010 ). It should be noted that the history of the 
concept of energy over the course of the twentieth century, with the advent of the theory of relativ-
ity (special and general relativity) and of quantum mechanics, as well as the importation of the 
concept in many other fi elds (chemistry, biology, economics, arts, etc.), has not yet been well 
studied. 
11   See in particular the literature indicated in Sect.  8.2 . 
12   For further information on these aspects, see the references in the previous footnote. 
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epistemological introduction must be centred on physical content. Hence, we 
suggest the teacher training programme could be organised around three points 13 :   

    What is the origin of the concept of energy?   
The investigation of this question aims to challenge the idea that the concept of 
energy, with the meaning attributed to it today, was always available for scientists. 
The goal of teacher training here is not only to make teachers aware that the current 
accepted scientifi c understanding of the concept only stabilised in physics in the 
middle of the nineteenth century but also to supply teachers with information to 
help them understand why it stabilised at this time and how the process of this sta-
bilisation came about.  

   What is energy?   
So that teachers can fully grasp the meaning of the concept of energy, teacher training 
should clarify all characteristics of the concept (i.e. energy is a quantity associated 
with a system, it can take different forms, it can be transformed and transferred; see 
Sect.  8.4 ), rather than reducing it to the principle of conservation of energy. When 
dealing with this question, it also seems appropriate to discuss incorrect ideas that 
can be obstacles to learning the concept.  

   What purpose does the concept of energy serve?   
So that teachers understand and can explain to students the omnipresence of the 
concept of energy in the curriculum, teacher training should clarify the different 
functions that this concept allows to be performed in scientifi c work.    

 This framework, which will be elaborated upon in Sect.  8.4 , makes up the fi rst 
step of the creation of a teacher training programme, which can then be enriched 
with examples of possible course outlines and teaching sessions on energy (see the 
second line of research presented below) and added to allowing for constraints on 
the ground (type of teacher, available time, equipment and resources, etc.). We then 
plan an experimentation phase for the training programme in order to assess its 
impact and attain an empirical response that will enable us to improve it.  

8.3.3.2    Using EHST to Rethink the Teaching of Energy 

 The second line of research mentioned above, that is, EHST at the service of teaching 
energy, is the subject of a study currently in progress that will be expounded in an 
upcoming article. Our fi rst hypothesis, which is the basis of this study, is that a 
teacher training programme on energy based on EHST should profoundly redefi ne 

13   The inspiration here is from Papadouris and Constantinou ( 2011 , p. 966), who ‘take the perspective 
that any attempt to promote students’ understanding about energy should primarily address the 
question ‘What is energy and why is it useful in science?’. However, we diverge from these writers’ 
approach on several points: we maintain that it is pertinent to include the question of the origin of 
the concept of energy; we suggest approaching the three questions drawing on EHST; and, lastly, 
we do not provide the same answers to the questions posed. 
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the way in which teachers themselves envisage teaching about energy. More 
specifi cally, this teacher training programme should lead teachers towards:

 –    A new insight into educational programmes (a better global overview as well as 
an understanding of the relationship between the different sections of these 
programmes)  

 –   A refl ection on their own ideas about energy and its related concepts (e.g. work, 
heat)  

 –   A new way of taking into account students’ prior conceptions  
 –   A review of practices in teaching energy (in terms of the coherence of planned 

teaching sessions, the organisation of the content, the method used to develop 
knowledge and, in particular, the relationship between theory and experimenta-
tion and the formulation of problems)    

 The objective of this research study is to come up with concrete proposals for 
course outlines and teaching sessions on energy making use of EHST. In these pro-
posals, we intend to supply examples of teaching about energy that do not call on 
the history of science as an optional extra (the ‘add-on’ approach; see Matthews 
 1994 , p. 70), but rather place it, and epistemology, at the centre of instruction. Our 
second hypothesis, which remains to be tested, is that such teaching should allow 
the many diffi culties related to the acquisition of the concept of energy to be more 
easily overcome (see Sect.  8.2 ).    

8.4         Framework for Teacher Training on Energy Based 
on the History and Epistemology of the Concept 

8.4.1      What Is the Origin of the Concept of Energy? 

 The absence of historical perspective encourages the illusion of the immutable 
nature of scientifi c concepts and theories, as if these have always been available for 
scientists and cannot be challenged or revised in the future. The same is true for the 
concept of energy. The fact that today it is omnipresent in physics and the other sci-
ences makes it diffi cult to imagine that only 200 years ago it was not yet fully part 
of the armoury of physics. So that teachers understand the concept of energy and 
can grasp its meaning and utility (see Sects.  8.4.2  and  8.4.3 ), it seems crucial that 
beforehand they are clear about its origin: where does the concept of energy come 
from – or, in other words, why and how was this concept introduced in physics? 

 The fi rst fundamental point that should be emphasised is:

  In its accepted scientifi c meaning, the concept of energy is inseparable from the principle of 
its conservation which was established in the middle of the nineteenth century.   

 This point is expressed by Balibar ( 2010 , p. 403) in this way: ‘The concept of 
energy only became a physics concept from the moment it was irreversibly estab-
lished that a law of energy conservation exists’. 
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 This initial point guides the rest of our discussion, since it leads us to replace the 
question ‘What is the origin of the concept of energy?’ with ‘What is the origin of 
 the principle of conservation  of energy?’ This latter question can be approached 
from two perspectives: one centred on the people who participated in the emergence 
of the principle and the second centred on the epistemic factors that played a role in 
this emergence, namely, experimentation and reasoning. These two perspectives 
should be combined to avoid the risk of a truncated answer. 

 Concerning the fi rst perspective, the history of energy is particularly instructive 
for teachers, whose historical idea of science often consists merely of a succession 
of ‘discoveries’ made by isolated geniuses – discoveries that are considered inde-
pendently of context (scientifi c, technological, philosophical, etc.) (see, e.g. Gil- 
Pérez et al.  2002 , pp. 563–564). The case of the principle of conservation of energy 
is illustrative of this. The historical study of its emergence is an opportunity to chal-
lenge and enrich the vision that teachers have about the history of science.

  The principle of conservation of energy emerged in the middle of the nineteenth century 
following different research projects led by several scientists (among others, by Mayer, 
Joule and Helmholtz) infl uenced by their scientifi c, technological, philosophical and reli-
gious context.   

 Three points merit emphasising to teachers. Firstly, the principle was not dis-
covered by an isolated genius. This point was underlined by Kuhn ( 1959 ), who 
lists no less than 12 scientists that ‘simultaneously’ participated in the ‘discovery’ 
of the principle. 14  

 Secondly, the term  emergence  is more relevant than discovery, because the latter 
suggests an image that does not comply with the history of the principle – as if it 
pre-existed all scientifi c research and was suddenly revealed. This misleading image 
obscures the work of  construction  carried out by scientists. In fact, energy with all 
its properties (see Sect.  8.4.2 ) is not directly observed in nature. Before scientists 
could accept energy as a physical reality, they fi rst had to construct and stabilise the 
concept. This construction was progressive, not the result of one action. During the 
seventeenth and eighteenth centuries, the precursors of the energy conservation 
principle (e.g. Leibniz, Huygens, Jean Bernoulli, Lagrange) prepared the ground-
work for this construction in the fi eld of mechanics by forging and developing the 
concepts of  vis viva  or living force (the ancestor of kinetic energy) and  vis mortua  
or dead force (the ancestor of potential energy) and by establishing as a theorem, in 
the middle of the century, the conservation of these two quantities in idealised and 
isolated mechanical systems – this theorem being identifi ed a century later as a 
particular case in the energy conservation principle (see Hiebert  1981 , pp. 5 and 95). 
It should also be pointed out that in the middle of the nineteenth century, scientists 
that contributed to the emergence of the principle ‘were not saying the same things’ 
(Kuhn  1959 , p. 322) or, as Elkana notes ( 1974 , p. 178), they came up with solutions 

14   In the order of occurrence in Kuhn’s text: Mayer, Joule, Colding, Helmholtz, Carnot, Séguin, 
Holtzmann, Hirn, Mohr, Grove, Faraday and Liebig. This list is not meant to be exhaustive, and 
other scientists could be added, such as W. Thomson (Lord Kelvin) and Rankine, whose contribu-
tions came later but were no less conclusive. 
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to ‘different problems’. It was only progressively, over the course of the 1850s, that 
the different quantities of living force, work, heat, etc. were identifi ed as examples 
of the same quantity – that is, energy – and that the new ideas defended by these 
scientists were recognised as equivalents, bringing to light the conservation of this 
quantity (see Elkana  1974 , p. 10, Guedj  2010 , p. 118). 

 Thirdly, the emergence of the principle cannot easily be understood independently 
of its scientifi c, technological, philosophical and religious context. In terms of the 
scientifi c context, the decisive elements were of both a theoretical and experimental 
nature. As we mentioned above, the principle of conservation of living force and 
dead force was established in the middle of the eighteenth century. However, this 
principle had limited impact and fell within the framework of nonconservative ratio-
nal mechanics, which took into account the existence of an observed loss of living 
force during collisions. It was not until a new generation of engineers (Navier, 
Coriolis, etc.) proposed a molecular approach that rational mechanics would be 
transformed to conservative mechanics, in which the loss of living force is considered 
only apparent. This was an essential step towards the construction of a general 
principle of energy conservation (on this point, see Darrigol  2001 ). To these 
concerns related to mechanics must be added those regarding heat. In the fi rst half 
of the nineteenth century, the idea that living force could be converted into heat 
(today we refer to the conversion of kinetic energy into thermal energy) appeared. 
During this period, many other conversion processes were experimentally brought 
to light, establishing the relationships between different fi elds (heat science, 
mechanics, chemistry, electricity, magnetism, animal physiology, etc.). 

 The technological context also had a major infl uence. The development of steam 
engines and electric machines played a signifi cant role in the theoretical developments 
of the fi rst part of the nineteenth century. For example, the scientifi c concept of 
work, essential in the formulation of the principle of energy conservation, was 
derived by scientists from accumulated experiments in the fi eld of mechanical engi-
neering (see Kuhn  1959 ; Elkana  1974 , pp. 40–41; Vatin  2010 ). 

 Lastly, historians of science also accept the infl uence of the philosophical and 
religious context, although these are more complex to grasp. The metaphysical idea 15  
of the equality of cause and effect, as formulated in particular by Leibniz, was shared 
by many of those involved in the emergence of the principle (e.g. Mayer, Helmholtz) 
and motivated them to search for a conserved physical quantity (see Mach  1987  
[1883], pp. 474–475; Meyerson  1908 , pp. 181–184; Kuhn  1959 ). Nor are religious 
considerations absent from scientifi c reasoning. Citing, for example, Joule:

  We might reason,  a priori , that such absolute destruction of living force cannot possibly take 
place, because it is manifestly absurd to suppose that the powers with which God has endowed 
matter can be destroyed any more than they can be created by man’s agency. (Joule  1847 )   

 This perspective centred on the participants involved contributes vital informa-
tion about the origin of the principle of conservation of energy and situates it in 
its context. However, it also seems important to combine this perspective with one 

15   By ‘metaphysical’, we mean an idea that precedes any scientifi c research. 
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centred on epistemic factors, namely, reasoning and experimentation, so that 
teachers have a full understanding of the nature of the principle. The question of 
the origin of the principle could be posed in the following terms: (i) Is the prin-
ciple an empirical law (an a posteriori law) resulting from experimental investigation 
or (ii) is it a metaphysical principle (an a priori principle) established by 
reasoning? 16  Teachers are inclined to opt for option (i), in accordance with the 
inductivist ‘naïve’ conception of the scientifi c approach that they tend to sponta-
neously adopt. 17  However, the history of science reveals that neither of these 
alternatives ‘conforms to the historical truth’, as Meyerson states ( 1908 , p. 175). 
The response is found midway between them:

  The principle of conservation of energy is the result of a mutual adjustment between an a 
priori question posed by scientists searching for a quantity conserved during all transforma-
tions and the experimentation that allowed what this quantity is to be determined.   

 How can this interrelationship between the empirical aspect and the a priori 
aspect in the emergence of the principle be illustrated in teacher training? Taking 
our inspiration from Meyerson ( 1908 , pp. 175–190), we suggest fi rst examining 
option (i) in light of Joule’s experiments and then option (ii) in light of the principle 
of the equality of cause and effect. 

 In an article from 1847, Joule claimed to have established on the basis of 
several experiments that living force can be converted into heat and that, 
inversely, heat can be converted into living force, 18  without anything being lost 
during the two conversions:

  Experiment […] has shown that, wherever living force is  apparently  destroyed, an equiva-
lent is produced which in process of time may be reconverted into living force. This equiva-
lent is  heat . […] In these conversions nothing is ever lost. (Joule  1847 , pp. 270–271)   

 This idea of mutual convertibility without loss is not strictly equivalent to 
the principle of conservation of energy, but is an important step towards it: it 
was yet to be accepted that living force and heat were two examples of the same 
quantity – energy – or to generalise the specific case of mutual convertibility 
without loss between living force and heat to all possible conversions between 
different forms of energy. Two of Joule’s experiments could be presented in 
teacher training to illustrate mutual convertibility: the first demonstrating the 
conversion of living force to heat (the famous experiment during which a fall-
ing mass rotates paddles in a liquid and through the effect of friction causes the 

16   It should be noted that advances in the mathematical sophistication of the laws of physics were a 
necessary precondition for the emergence of the principle. 
17   See, for example, Robardet and Guillaud ( 1995 , Chap. 3), Gil-Pérez et al. ( 2002 , p. 563), Johsua 
and Dupin ( 2003 , pp. 215–217) and Cariou ( 2011 , pp. 84–86). A survey of teachers would be 
worth carrying out to corroborate this hypothesis regarding their choice of option (i). 
18   In accordance with current terminology, one should speak of the mutual convertibility between 
kinetic energy and thermal energy (a form of energy, as distinct from heat, or ‘thermal transfer’, 
which is a mode of energy transfer). 
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temperature of the liquid to rise) and the second demonstrating the inverse 
conversion (the experiment on the expansion of heated air). 

 These two experiments carried out by Joule indeed demonstrate the mutual 
convertibility between living force and heat. The problem is that they do not prove 
the absence of loss during each conversion. To do this, the fi rst experiment would 
need to establish that a given quantity A of living force always results in exactly the 
same quantity B of heat, while the second experiment would need to establish that 
quantity B of heat always results in exactly the same quantity A of living force. Yet 
for the fi rst experiment, Joule’s initial results in the 1840s were marred by signifi -
cant dispersion and were obtained on a temperature scale too small to be accepted. 
This explains why, as Truesdell points out ( 1980 , p. 180), Joule’s contemporaries, 
such as W. Thomson, Helmholtz and Rankine, ‘were reluctant to accept his 
early results’. In the second experiment, the problem was even more serious: as 
W. Thomson ( 1852 ) indicated, ‘full restoration’ of heat in living force (Thomson 
speaks of ‘mechanical energy’) is in practice ‘impossible’ because of the phenom-
enon of the ‘dissipation’ of energy. For this reason, contrary to what he asserts in his 
writings, Joule was not in a position to be able to experimentally establish the 
mutual convertibility  without loss  between living force and heat. This examination 
of the case of Joule suggests the dismissal of option (i): historically, the principle of 
energy conservation was not drawn directly from experiments. 

 Turning to option (ii), according to which the principle was established by a 
priori reasoning, several scientists that contributed to the emergence of the principle 
(e.g. Mayer, Helmholtz) presented the principle of energy conservation as a conse-
quence of the principle of the equality of cause and effect. For example, here is what 
Mayer wrote in 1842:

  Forces are causes: accordingly, we may in relation to them make full application of the 
principle:  Causa aquet effectum . […] In a chain of causes and effects, a term or a part of 
a term can never […] become equal to nothing. This fi rst property of all causes we call 
their indestructibility. […] Forces are therefore indestructible, convertible, imponderable 
objects. (Mayer  1842 , quoted and translated by Truesdell  1980 , p. 155) 19    

 The principle of equality of cause and effect can certainly be interpreted in terms 
of the conservation of a quantity in a relationship of cause and effect (a quantity that 
is instantiated fi rst in the cause and then in the effect), but does not in any way deter-
mine what this conserved quantity is. In fact, different options have been favoured 
by scientists through history: in the seventeenth century, Descartes thought it was 
the ‘quantity of motion’ (the ancestor of momentum) 20 ; soon after, Leibniz suggested 

19   As stressed by Caneva ( 1993 , pp. 25–27, 46 and 323), Mayer came to this idea of the conservation 
of ‘force’ (an ancestor of energy) by making an analogy with the conservation of matter (the latter 
being still implicit in physics and chemistry at the time of Mayer and made explicit by him). This 
‘guiding analogy’ can also be considered as an a priori reasoning towards the principle of conser-
vation of energy. 
20   Unlike momentum as it is defi ned today, Descartes’ ‘quantity of motion’ ( quantité de mouve-
ment ) was a scalar and not a vector quantity. See Descartes ( 1996  [1644]). 
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it was living force 21 ; throughout the eighteenth century, scientists preferred Leibniz’s 
proposition; from the second half of the eighteenth century, Lavoisier put forward 
the caloric theory (the caloric being conceived as a conserved ‘fl uid’ that is the 
‘cause of heat’) 22 ; it was fi nally in the middle of the nineteenth century that a new 
concept of energy, conceived as a more general quantity capable of taking the form 
of living force and of heat, was accepted as the conserved quantity. In other words, 
although scientists indeed had an a priori idea of the existence of a quantity 
conserved during any transformation, energy could not be identifi ed as the quantity 
sought without the aid of experiments and, in particular, without the many conver-
sions demonstrated in the fi rst half of the nineteenth century. 

 One last point concerning the origin of the principle of conservation of energy 
warrants clarifi cation for teachers so that they grasp its role in the theoretical structure 
of physics. It should be noted that it was fi rst described as one of the two ‘principles’ 
of  thermodynamics  (as fi rst formulated in the 1850s) before being considered as a 
principle of  physics  (i.e. of thermodynamics but also of other physics theories that 
developed later, such as electrodynamics, special and general relativity and quantum 
mechanics). Establishing the conservation of energy as a principle has two 
implications: (a) this proposition is asserted as true without requiring that it be 
demonstrated by other propositions, and (b) it acts as an axiom on which other 
propositions in physics are based. 

 Points (a) and (b) each give rise to the questions: ‘What justifi es that the proposition 
of the conservation of energy is asserted as true?’ and ‘Why adopt this proposition 
as an axiom of physics?’ The history of energy that we have just outlined in broad 
strokes leads to an initial answer to the fi rst question: although neither experiments 
nor reasoning allows conclusive proof of the truth of energy conservation, both offer 
elements that corroborate this conclusion. A second answer can be found in 
Cassirer’s analysis ( 1929  [1972], p. 508) of the relationship between a principle and 
an experiment: it is legitimate to accept the ‘validity’ of a principle on the strength 
of the accordance of all the consequences that can be derived from experimentation. 
To the second question, a possible answer is the following: scientists choose the 
conservation of energy as an axiom of physics because of its functional character 
(see Sect.  8.4.3 ).  

8.4.2          What Is Energy? 

 It is diffi cult to describe what energy is and to give it a defi nition that encompasses 
a consensus. For this reason, some scientists put forward the minimal defi nition that 
describes energy as a quantity that is conserved. Thus, Poincaré argues ( 1968  
[1902], pp. 177–178): ‘As we cannot give energy a general defi nition, the principle 

21   On the controversy between Descartes and Leibniz on this point, see, e.g. Iltis ( 1971 ). 
22   See Lavoisier ( 1864  [1789]). 
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of conservation of energy simply means that there is  something  that remains 
constant.’ Likewise, Feynman writes:

  There is a fact, or if you wish, a  law , governing all natural phenomena that are known to 
date. There is no known exception to this law—it is exact so far as we know. The law is 
called the  conservation of energy . It states that there is a certain quantity, which we call 
energy, that does not change in the manifold changes which nature undergoes. That is a most 
abstract idea, because it is a mathematical principle; it says that there is a numerical quantity 
which does not change when something happens. […] It is important to realize that in phys-
ics today, we have no knowledge of what energy  is . (Feynman  1963 , 4.1–4.2)   

 It is true that the principle of conservation of energy is the integral core of the 
concept of energy. It is also true that the concept of energy is very abstract: not only 
does it describe a quantity of which we have only very indirect experimental access 
through the intermediary of the measurement of other quantities (such as speed or 
temperature), but additionally, it does not refer to a particular type of phenomena 
(e.g. mechanical or thermal), but to all phenomena. This is why certain science 
education writers, such as Warren ( 1982 ,  1991 ), argue the concept should not be 
taught in primary school, but only when students have mastered the mathematical 
tools that allow them to apply the principle of conservation of energy. 

 We believe that teaching energy by defi ning it uniquely as a conserved quantity 
and limiting it to mathematical operations of the principle of its conservation is 
largely inadequate for understanding its meaning. Teacher training should explicitly 
identify, explain and relate all the characteristics of energy (we distinguish eight) 
that remain implicit in traditional teaching. It seems useful, at the same time, to 
point out the recurrent incorrect ideas of students and teachers – on the one hand, so 
that they grasp what energy is  not  and, on the other hand, so that they are aware of 
the stumbling blocks of learning the concept. History and epistemology of the 
concept of energy should be included in teacher training as these bring valuable 
perspective on its different characteristics. Below we set out the eight characteristics 
of energy and outline one possible way to approach them. The fi rst is:

    (1)     Energy is a quantity associated with a system.     

  We suggest introducing this characteristic in a discussion of the substantialist con-
ception of energy, which is the idea that is most recurrent and most ingrained in 
students’ and teachers’ minds and thus also the most diffi cult to overcome. The 
merit of the substantialist conception is that it allows us to think more easily about 
the conservation of energy. This is why, rather than dismissing this conception out 
of hand, one could imagine taking advantage of it. The history of science is here a 
source of inspiration. As Duit notes ( 1987 , pp. 140–141), referring to Planck ( 1887 ), 
the analogy of the conservation of energy to the conservation of matter played an 
important role in the acceptation of the former. According to Duit, introducing 
students to the conception of energy as something ‘quasi-material’ allows this quantity 
to be presented as something more ‘concrete’ or ‘tangible’ and so aids in under-
standing it (see also Millar  2005 ). This proposal seems useful in the context of 
teacher training. However, it is important to stress to teachers, fi rst, that this conception 
is an  analogy  and, second, its limitations. 
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 The fi rst limitation of the substantialist conception is in fact characteristic (1): 
energy is a physical quantity associated with a system; that is, it does not exist 
autonomously, independent of a system. Or as Bunge writes ( 2000 , p. 459): ‘All 
energy is the energy of something.’ In order to avoid the erroneous conception that 
a system plays the role of a reservoir of energy (the ‘depository model’; see Watts 
 1983 ), it should be emphasised, as by Millar ( 2005 , p. 4), that energy is not  in  a 
system, i.e. it is not ‘contained’ or ‘stored’ by it, as can be gasoline in a tank, for 
instance. In physics, it is a question of the energy  of  a system, i.e. energy is a ‘state 
quantity’, a variable quantity determined by the state of the system and indicating 
the system’s capacity to produce change (see characteristic 3). 

 The second limitation of the substantialist conception concerns the two compo-
nents of mechanical energy that are characterised by a second level of relativity. 
Kinetic energy is relative to the frame of reference considered (because speed, 
which features in the expression of kinetic energy, is itself relative to the frame of 
reference). The potential energy is doubly relative: it depends on the presence and 
the position of other systems but also on the choice of the coordinate system used to 
determine its value. 23  This double relativity of potential energy was put forward by 
Hertz ( 1894 ), who noted that a quantity capable of assuming negative values would 
not be able to be interpreted as representing a substance. 24  

 We should add that, in the framework of special relativity, this second limita-
tion is generalised to the total energy of a system, which is relative to the frame of 
reference considered. 

 To sum up, comparing energy with matter appears to be a useful analogy 
favouring the acquisition of the principle of conservation of energy. Nevertheless, 
as is the case for any analogy, this quasi-material concept has some limitations: 
energy is not an autonomous substance and its value is not absolute. To avoid 
teachers taking this concept literally, it is essential to emphasise that it is only an 
analogy and explain its limitations. 

 The concept of ‘system’ used here may seem self-evident. However, as several 
science education writers have emphasised (Trellu and Toussaint  1986 , pp. 68–69, 
Arons  1999 , p. 1066, van Huis and van den Berg  1993 ), in order to understand the 
conservation principle and be able to unambiguously describe energy exchange, it 
is essential to clearly defi ne what a system is and to specify the boundaries of the 
system for each situation considered. In particular, when defi ning a system, it is 
important to stress the distinction between the system, which is the object (or group 
of objects) that we want to describe, and its ‘environment’, with which it can inter-
act, and thus exchange energy (see characteristics 6 and 7), and/or with which it can 
exchange matter. 

23   Note that, in classical mechanics, potential energy depends only on the relative distances 
between the interacting bodies. Therefore, if all these interacting bodies are included in the 
system, the potential energy of this system no longer depends on the choice of the coordinate 
system. 
24   Hertz actually rejected potential energy, emphasising the role of the kinetic energy of hidden 
masses. 

M. Bächtold and M. Guedj



231

 The second characteristic of energy is an extension of the fi rst:

    (2)      Energy is a universal quantity: it is associated with all systems and all fi elds of 
science.      

 As Bunge writes ( 2000 , p. 459): ‘Energy is the universal physical property.’ 
However, he restricts the fi eld of application of this property to material objects 
only. Yet it is important to underline that energy is also a quantity associated with all 
electromagnetic radiation. In addition, this quantity has a universal character due to 
the fact that it applies to all fi elds of science: physics, chemistry, biology, geology, 
physiology, etc. 25  

 When we express the universality of the quantity of energy in this way, it is 
important to draw attention to a possible inversion that should be avoided regard-
ing the historical process. Scientists did not fi rst identify energy in a particular 
branch of physics and then discover that this quantity was also associated with 
systems being studied in other branches of physics as well as in other scientifi c 
fi elds. On the contrary, it was the connection between the different branches of 
physics and other scientifi c fi elds (in particular, heat science, mechanics and physi-
ology) that led to the emergence of the concept of energy (see Kuhn  1959 ). Its 
universality and its correlative function of unifi cation (see Sect.  8.4.3 ) are the con-
stituent features of the concept. 

 For us, this partly explains the abstract nature of the concept of energy: if it is 
abstract, this is notably because of its universal reach. Indeed, the concept must 
achieve a certain level of abstraction in order to subsume all forms of energy and 
be universal. In other words, it was through a process of abstraction based on concrete 
phenomena in each branch of physics and fi eld of science that the concept of 
energy was formed. 

 Saying that energy is a quantity associated with a system is still a very limited 
characterisation of energy and does not enable it to be distinguished from other 
quantities. Certain science education writers (e.g. Warren  1982 ,  1991 ) argue that 
the energy of a system should be defi ned as its ‘capacity for doing work’, because 
this defi nition is necessary for thinking about the different forms of energy, as 
well as the conservation of energy. Other writers (e.g. Sexl  1981 ; Duit  1981 ; 
Trumper  1991 ) disagree with this defi nition as it is restricted to the fi eld of 
mechanics; in other words, it suggests that the effects or changes a system is able 
to produce by virtue of its energy are merely mechanical (i.e. work). This criti-
cism is understandable. But why not retain the defi nition of the energy of a system 
as its capacity to produce  change ? The main objection of Duit ( 1981 , p. 293) is the 
following: ‘The ability to bring about changes can also justifi ably be attributed to 
a number of other physical concepts (for example, force and torque).’ However, 
this objection is not admissible in our view. First, energy is a quantity that is the 
property of  one  system, while the quantities mentioned by Duit, such as force and 

25   It should also be noted that energy is equally employed in the social sciences: economics, psy-
chology, sociology, etc. However, the meaning of the concept of energy and the uses made of it are 
not necessarily the same as in the physical sciences. 
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torque, model the action of one system on another. Second, the changes produced 
by force or torque occur simultaneously with its application, while the changes a 
system can produce by virtue of its energy are only potential: that is, only energy 
describes the  capacity  of a system to produce change. 

 Even if slightly different defi nitions of energy may be available (namely, in terms 
of work or in terms of change), it is essential to provide teachers and students with 
this defi nition of the capacity to produce change. It not only aids in clarifying the 
physical meaning of the concept of energy and thus in distinguishing it from other 
physical quantities but is also necessary for thinking about characteristics (4)–(8) of 
energy. Taking our inspiration from several writers, such as Chisholm ( 1992 ), Bunge 
( 2000 ), and Doménech and associates ( 2007 ), without following them exactly, 26  and 
in line with French  collège  programmes (see Sect.  8.2.1 ), we propose the following 
defi nition, which we identify as the third characteristic of energy:

    (3)      The energy of a system is its capacity to produce change (within the system or in 
other systems).     

  Now let us turn to the other characteristics of energy and show why this defi ni-
tion is necessary to understand them properly. The fourth characteristic can be 
expressed as:

    (4)     Energy can take different forms.      

 Here it is worth restating the possible inversion of the historical process as men-
tioned above, though expressed in slightly different terms. Scientists did not 
fi rst discover energy as a well-defi ned quantity appearing in a particular form 
(e.g. kinetic energy) before searching for and discovering the other forms in 
which it can also appear (e.g. thermal energy, electric energy). They fi rst defi ned 
distinct quantities representing distinct physical realities (e.g. living force, 
work, heat), before making the connections between them and conceiving of 
them as examples of the same quantity. 

 Only by defi ning the energy of a system as its capacity to produce change gives 
meaning to the idea that distinct quantities representing distinct physical realities 
are examples of the same quantity. In fact, the only point in common between these 
different quantities lies in their capacity to produce the same changes. For this rea-
son, in our view, it is the equivalence of these quantities in terms of the capacity to 
produce the same changes that justifi es considering them as different expressions of 
one and the same quantity – energy. 

 The following historical fact supports our argument: the identifi cation in the 1850s 
of the different quantities of living force, work, heat, etc. as examples of energy 

26   Chisholm ( 1992 , p. 217) writes: ‘Energy […] produces changes.’ Bunge ( 2000 , p. 458) identifi es 
energy with ‘changeability’. For us, these two defi nitions do not adequately elucidate the idea of 
capacity. Doménech et al. ( 2007 , p. 51) defi ne energy ‘as the capacity to produce transformations’. 
We criticise this defi nition for the use of the term ‘transformation’ rather than ‘change’. The latter 
term is more general than the former and, in particular, can include variation in the value of a 
quantity (such as temperature or speed), which is not usually described as a ‘transformation’. 
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recognised as being the conserved quantity is concurrent with the introduction of the 
defi nition of energy as the ‘capacity to effect changes’ or ‘capacity for performing 
work’ (Rankine  1855 , pp. 125 and 129). 27  

 The adoption of this defi nition of the energy of a system as its capacity to 
produce change led to the reconsideration in a new light of the common conception 
of kinetic energy as ‘actual energy’ (to use Rankine’s term,  1855 ), a form that would 
appear directly to us through the movement of a material system. Certainly, the 
speed  v  and mass  m  of a studied system determine its kinetic energy, and we have 
relatively direct experimental access to these quantities. Yet that which justifi es con-
sidering the formula ½ mv  2  as the expression of  energy  is not the manifestation of the 
movement itself, but rather the potential effects of this movement, or in other words, 
the capacity of the system driven by this movement to produce change (e.g. the 
ascent of the system up a slope or the deformation of a second system following a 
collision). This is why we challenge the assertion of certain writers (see Agabra 
 1985 , pp. 111–112) that the concept of potential energy is much less accessible than 
that of kinetic energy. Although learners may easily accept the statement that a 
material system in movement possesses ‘kinetic energy’, that does not mean that 
they have understood the meaning of the concept of energy. Unless they recognise 
potential energy as a possible form of energy in the same right as kinetic energy and 
this by virtue of their common capacity to produce change, it is not guaranteed that 
the term ‘kinetic energy’ means anything else to them apart from movement (that is 
to say, a form of activity). 

 In addition, so that teachers have a global view of the forms of energy, we think it is 
important to eliminate the boundary raised in secondary and university education 
between energy in mechanics and energy in thermodynamics, which is at odds with the 
historical origin of the concept. As too few textbooks (e.g. Pérez  2001 , pp. 90–92) or 
science education writers (e.g. Cotignola et al.  2002 , p. 283) point out, the total energy 
of a material system is the sum of its mechanical energy (itself equal to the sum of the 
kinetic energy and the potential energy of the system considered at the macroscopic 
level and in relation to other systems) and its internal energy (equal to the sum of the 
molecular kinetic energy, or thermal energy, and the potential energy of interactions, 
such as chemical or nuclear energy, of the system considered at the level of its micro-
scopic constituents and independently of other systems). In mechanics, if only mechan-
ical energy is considered, this leaves out, on one hand, the processes of thermal transfer 
between the studied system and its environment and, on the other hand, the changes in 
the internal makeup of the system. In thermodynamics, if only internal energy is con-
sidered, this leaves out, on one hand, the movement of the system considered at the 
macroscopic level and, on the other hand, the external fi elds to which the system is 
subjected. As for electromagnetic radiation, the form of energy associated with this is 
unique – electromagnetic energy (which is the sum of the energy of the constituent 
photons in radiation). 

27   As observed by Roche ( 2003 , p. 187), ‘Rankine attributes this defi nition to Thomson’, who ‘in 
1849, in an almost casual way […] fi rst used the term energy in print more generally to mean the 
amount of work any system can perform.’ 
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 The defi nition of energy in terms of capacity to produce change helps to give 
meaning to characteristic (4) and, in correlation, to the following characteristic:

    (5)     Energy can be transformed or, in other words, can change form.      

 Certain writers’ main concern is to avoid establishing or reinforcing the substantialist 
conception of energy in learners’ minds. To this end, Coelho ( 2009 , p. 978) suggests 
describing conservation in conversion processes solely in terms of equivalence. In 
his view, in Mayer’s and Joule’s experiments on the conversion of work into heat, 
conservation can be understood simply through the idea that a quantity (of work) is 
converted into an  equivalent  quantity (of heat). The idea of the ‘indestructibility’ 
and the ‘transformability’ of the same entity (energy), thus acquiring the character-
istic of a substance, is simply not needed. The problem with this minimal approach 
appears when we pose the question: in what way are the quantities of work and heat 
equivalent? In our point of view, the only possible response is that they are equivalent 
in regard to the capacity to produce change. 

 These experiments on the conversion of work into heat can be described as trans-
formation experiments, or of changing one form of energy into a new form of 
energy. However, in the absence of a clear distinction between  form of energy  and 
 mode of energy transfer , confusion could arise in learners’ minds. This type of 
confusion is often found in certain textbooks in relation to the concept of heat (see 
Cotignola et al.  2002 , pp. 284–286, Papadouris and Constantinou  2011 , p. 970). 
Work and heat are modes of energy transfer. Although in Joule’s experiment there 
was indeed conversion from one form of energy into another, it was the transforma-
tion of kinetic energy into thermal energy, occurring simultaneously to a transfer of 
energy (namely, from the ‘paddle’ system to the ‘liquid’ system). The possibility of 
energy to be transferred or exchanged should thus be considered as a characteristic 
independent of its possibility to be transformed:

    (6)     Energy can be transferred from one system to another.     

  Given that the ideas of heat as a property of a body (a form of energy of a body) or 
as an independent substance (a sort of fl uid) are very frequently held by students 
and can also persist in some teachers (see Gilbert and Watts  1983 , pp. 78–79, Driver 
et al.  1994 , pp. 138–139), it seems essential to explicitly discuss them in teacher 
training. Three themes seem worth developing. The fi rst simply involves pointing 
out that the term ‘heat’ can be replaced by ‘thermal transfer’. The second consists of 
emphasising the meaning of each term in the usual mathematical formula of the fi rst 
law of thermodynamics: Δ U  =  Q  +  W.  The term on the left describes the change in 
internal energy  U , which includes the internal forms of energy  of the system , while 
the two terms on the right describe the modes of energy exchange ( Q  is thermal 
transfer and  W  is work performed on the system by its surroundings)  between the 
system and its environment  that are responsible for a change in the internal energy 
of the system (see Arons  1989 , p. 507, van Huis and van den Berg  1993  and 
Cotignola et al.  2002 , p. 287). A third theme consists of exploring the history of the 
theories of heat (see Brush  1976 ) stressing four stages: (i) the fi rst part of the nine-
teenth century, a period of confrontation between the substantialist conception in 
terms of a fl uid (a conserved substance distinct from living force) and the 
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mechanistic conception in terms of the movement of the constituent particles of a 
body; (ii) the rise and fall of the wave theory in the 1830s (one relic of which is the 
mistaken idea that heat can be propagated by electromagnetic radiation in the same 
way as conduction or convection); (iii) the interpretation of the experiments of the 
conversion of work into heat in the 1840s, contributing to the abandonment of the 
substantialist conception in favour of the mechanistic conception but with the idea 
that heat is a form of energy rather than a mode of energy transfer (there was still no 
clear distinction between ‘thermal energy’ and ‘thermal transfer’, the latter term 
being a synonym of ‘heat’); and (iv) the microscopic interpretation of heat in terms 
of microscopic work at the molecular level in the context of the kinetic theory of 
gases, allowing heat to be eventually understood as a mode of energy transfer. This 
historical approach allows teachers to consider the two recurrent mistaken concep-
tions mentioned above and to clarify why they have been ruled out, rather than 
simply asserting that they are incorrect. 

 As energy can be transferred from one system to another, it is possible 
that the energy of a system can be transferred to and, by the same token, split 
between large numbers of subsystems in its environment. In this case, one refers 
to ‘dissipation’:

    (7)     Energy can be dissipated in the environment.      

 Several writers (Solomon  1985 , p. 170, Duit  1984 , p. 65, Goldring and Osborne 
 1994 , p. 30) have suggested that students’ diffi culty in understanding the idea of 
the conservation of energy can be surmounted (at least in part) by fi rst introducing 
the concept of the dissipation of energy. 

 To deal with this concept of dissipation in teacher training, we suggest starting 
from the problem of loss that Thomson confronted and tried to resolve in his arti-
cles from 1851 to 1852 (Thomson  1851 ,  1852 , see Guedj  2010 ): in steam engines, 
it is observed that only part of the heat is converted into useful work 28 ; the other 
part is lost or ‘wasted’. What happens to the part that is lost? Is it a question of 
‘absolute waste’, that is, the destruction of part of the heat? Thomson’s response 
came in two stages. In his 1851 article, he developed Joule’s idea according to 
which energy can never be  destroyed  (‘mechanical energy’ in his words), but only 
 transformed . Therefore, the apparent loss of energy is a loss for human beings 
(who want to use it in machines) and not an absolute loss: the energy in question is 
‘lost to man irrecoverably; but not lost in the material world’. In his 1852 article, 
Thomson further clarifi es his response by introducing the fundamental concept of 
 dissipation . In a steam engine, part of the mechanical energy dissipates via heat 
because of friction between different parts of the engine, which are inevitable in 
practice. As it is ‘dissipated’, that is, divided between large numbers of subsystems 
of its environment, this energy is ‘irrecoverably wasted’. This historical approach 
has at least two points to recommend it. First, in experiments that they carry out 
and/or study, teachers are constantly confronted by this problem of the apparent 

28   In the viewpoint of current physics, it is a question of the transformation of ‘thermal energy’ into 
‘mechanical energy’. 
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disappearance of energy. Second, Thomson’s reasoning allows the clear distinction 
between the utilitarian aspect (loss of energy for the operation of a machine) and 
the physics aspect (dissipation of energy in the environment). 

 All of the elements are now in place to introduce the fi nal characteristic:

    (8)     The energy of an isolated  29   system is conserved.      

 This characteristic can only be fully understood in light of the other characteristics 
detailed previously, in particular those relating to transformation and transfer. As 
Duit writes ( 1984 , p. 59): ‘When energy is transferred from one system to another, 
or when energy is converted from one form to another, the amount of energy does 
not change.’ 

 Let’s reiterate these different characteristics and our defi nition. The conservation 
of the energy of a system can only be understood if the conversion between different 
quantities (what is today called ‘kinetic energy’, ‘thermal energy’, etc.) is interpreted 
as the transformation of the same quantity into different possible forms, that is, dif-
ferent possible expressions. If these different expressions can be seen as expressions 
of the same quantity, we argue that this is because they represent the same capacity 
to produce change. Additionally, the conservation of the energy of a system can only 
be understood as an idealised case where the system does not interact with its envi-
ronment. When it interacts with its environment, the system exchanges energy. In 
particular, in the presence of friction, part of the energy of the system dissipates in 
the environment. In order to avoid the obvious contradiction with the principle of 
conservation of energy, the total energy of the system and the environment with 
which it interacts should be considered: if this system and its environment are con-
sidered as isolated (which is also an idealisation), then their total energy is con-
served, although this is not the case of the energy of the system being studied.  

8.4.3       What Purpose Does the Concept of Energy Serve? 

 Why grant so much importance to the concept of energy in teaching? Why do students 
need to learn to use it? Ultimately, what purpose does this concept serve? To enable 
teachers to respond to these questions, teacher training should identify and explain 
the functions that the concept fulfi ls in science practice. The description of the 
emergence of the scientifi c concept of energy (see Sect.  8.4.1 ) and what energy is 
(see Sect.  8.4.2 ) offers a glimpse of these functions. Here we try to make them 
explicit:

    (F1)      Energy is an unvarying focal point for thinking about variations observed in 
phenomena.  This point was put forward by Mach as early as the end of the 
nineteenth century. Speaking about the principle of energy conservation, he 
wrote: ‘An isolated variation that is linked to nothing, without a fi xed point of 
comparison, is inconceivable and unimaginable’ ( 1987  [1883], p. 473). Or as 

29   An ‘isolated system’ is defi ned here as a system that does not interact with its environment. 
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Papadouris and Constantinou emphasise more recently ( 2011 , p. 966): ‘Energy 
[is] a theoretical framework that has been invented in science so as to facilitate 
the analysis of changes occurring in physical systems regardless of the domain 
they are drawn from.’ More precisely, describing phenomena in terms of  trans-
formation ,  transfer  and  conservation  of energy allows us to think about 
observed variations.   

   (F2)      Energy is a unifying focal point for referring to a large variety of phenomena 
and making links between them.  This point distinctly emerges from the history 
of the development of the principle of conservation of energy (see Sect.  8.4.1 ). 
To quote Cassirer ( 1929  [1972], p. 520), energy can be described as ‘a point of 
unity to grasp by pure thought’.   

   (F3)      The principle of conservation of energy allows predictions to be made.  This 
predictive function occurs at two possible levels. (i) The principle allows 
quantitative predictions to be made  in the context of a theory . For example, in 
mechanics, the principle of conservation of mechanical energy allows the pre-
diction of the speed of a body at time  t  2  given the position and speed of the 
body at a previous time of  t  1 . (ii) The principle also allows predictions to be 
made  in the development of theories , which can be described as a ‘heuristic 
function’. A famous example of this is that of the role of the principle in the 
anticipation of the existence of the neutrino. We could also mention the no less 
important examples of the development of special relativity and quantum 
mechanics, in which the principle played an explicit role (see, e.g. Einstein 
 1905 ; Heisenberg  1972  [1969], pp. 91–92). This heuristic function was 
emphasised as early as the nineteenth century, for example by Maxwell ( 1871 ) 
who attributes the principle as it was formulated by Helmholtz with an 
‘irresistible driving power’ (see Truesdell  1980 , p. 163). More recently, 
Feynman ( 1965 , p. 76) justifi es the recourse to the principle in new fi elds in 
this way: ‘If you will never say that a law is true in a region where you have 
not already looked you do not know anything.’    

8.5       Conclusion 

 As we have established in the case of France, energy is an omnipresent concept in 
school programmes from primary to the end of secondary education and has two 
main aims: educating students from a scientifi c point of view and preparing them as 
future citizens to enable them to take part in social issues that involve the concept of 
energy. Yet science education literature has shown that the concept of energy is 
particularly diffi cult to defi ne and to teach. This is due to the concept itself, princi-
pally to the fact that it is highly abstract and polymorphous and thus diffi cult to 
defi ne. The diffi culties in defi ning the concept lead to a multiplicity of conceptions 
(anthropocentric, substantialist, etc.) and confusions (force/energy, forms of energy/
modes of energy transfer, etc.) that are equally obstacles to learning. Several teaching 
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strategies have been proposed in science education literature over the last thirty 
years as alternatives to traditional teaching methods deemed too formal and dogmatic. 
However, none has distinguished itself as the most convincing method and been 
retained over the course of time in school programmes. 

 The new strategy that we advocate differs from previous proposals in two major 
ways. Firstly, we propose turning the attention to teacher training, which seems an 
essential precondition to teaching energy, given the complexity of the concept. The 
aim is thus to develop a teacher training programme that allows educators to better 
grasp the meaning of the concept, the role it plays in science and to be clear about 
all the characteristics of energy as well as the recurrent mistaken ideas about it. 
Secondly, our strategy grants a central role to EHST. We think EHST provides 
effective ways to throw light on the different aspects of the concept and should be a 
feature of teacher training. In this article, we have recommended a framework for 
teacher training based on EHST structured around three main questions: ‘What is 
the origin of the concept of energy?’, ‘What is energy?’ and ‘What purpose does the 
concept of energy serve?’ 

 We have highlighted several points that seem essential to include in teacher train-
ing. In particular, it is important that teachers understand that the concept of energy, 
as currently accepted, has not always been available for scientists and only became 
stable with the emergence of the principle of conservation of energy, itself resulting 
from a mutual adjustment between theory and experimentation. We have also tried to 
show that the defi nition of the energy of a system as its capacity to produce change 
is required in order to be able to understand that energy can take different forms and 
can be transformed. These characteristics, along with the transfer and dissipation of 
energy, allow the fundamental characteristic of the conservation of energy to be 
understood. Finally, it seems very important that teachers are aware of three opera-
tional roles that the concept of energy plays in scientifi c activity: its role as an unvary-
ing focal point for thinking about variation, its unifying role and its predictive role. 

 The teacher training framework on energy presented here needs to be further 
enriched (with examples of course outlines and teaching sessions on energy) and 
detailed (to allow for constraints on the ground) and to be subjected to experimenta-
tion. Our hypothesis is that this teacher training should lead teachers to profoundly 
rethink the way in which they approach teaching about energy: in terms of their 
interpretation of programmes, of their own ideas and those of their students and of 
their teaching practice. If teachers are clear about the concept of energy and adopt, 
in light of EHST, a new position regarding how to teach it, it becomes possible to 
envisage a teaching approach itself based on EHST that can thus truly distance itself 
from a formal, dogmatic approach. Our wager is that this type of teaching will 
enable the diffi culties in mastering the concept of energy to be overcome more eas-
ily. This teaching has yet to be developed.     
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