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Abstract

The aim of  this study is to investigate the impact of  a constructivist teaching intervention on 6th grade
students' cognitive progress on large-scale Energy Generation Systems (EGS), specifically on a Thermal
Power Plant (TPP). This intervention was designed according to the constructivist approach for teaching
and learning science,  and it  can be  described as  an autonomous teaching module appropriate for an
elementary science curriculum. With the application of  this intervention in real classroom settings, the
majority of  students were able to construct sufficient technological and scientific knowledge in order to
describe and explain the operation of  a TPP in qualitative energy terms, as our research data ascertained. 
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1. Introduction

Since the 1970s, there has been a growing body of  research on students’ understanding of  the concept of
energy; this has been under investigation before and/or after teaching interventions at various educational
levels and in various contexts (Driver & Millar, 1986; Lijnse, 1990; Millar 2005; Doménech, Gil-Perez,
Gras-Marti, Guisasola, Martinez-Torregrosa, Salivas et al., 2007; Lindsay, Heron & Shaffer, 2012; Vince &
Tiberghien, 2012; Chen, Eisenkraft, Fortus, Krajcik, Neumann, Nordine et al., 2014; Koliopoulos, 2014).
In recent years, there has been an increase in pertinent research that especially focuses on this issue in
primary education (Koliopoulos, Aduriz-Bravo & Ravanis, 2012; Colonnese, Heron, Michelini, Santi &
Stefanel, 2012; Lacy, Tobin, Wiser & Crissman, 2014; Papadouris & Constantinou, 2016; Boyer & Givry,
2018). Nevertheless, research that addresses how primary education students conceive this concept is still
limited  with  regard  to  the  phenomenological  field  and  context  of  large-scale  Electricity  Generation
Systems (EGS), such as Thermoelectric Power Plants (TPP), Hydroelectric Power Stations (HPS), Wind
Turbines (WT), and Photovoltaic Farms (PF). One possible explanation for the scarcity of  research in this
area  is  that  EGS  are  usually  presented  only  briefly  in  traditional  formal  education  curricula,  as
technological  applications  for a  generic  approach of  the energy concept,  and not  as  an autonomous
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teaching and learning objective.  Given this,  there are limited practical reasons that would prompt the
investigation of  students’ potential conceptual challenges. 

More  recently,  however,  it  appears  that  certain  educational  conditions  do,  in  fact,  encourage  the
introduction of  EGS in primary education as an autonomous thematic area. One of  these conditions is
the progressively growing acceptance of  the cross-curricular STEM (Science, Technology, Engineering,
Mathematics)  approach  by  both  educators  and  educational  systems  alike.  This  approach  creates  a
privileged field within which it is possible to include energy-related issues that carry social interest, even at
the level of  primary education (Wendell, 2014). Assuming that the proper conditions for the systematic
introduction of  EGS in education are present, then it becomes necessary to explore the various aspects of
this new endeavor. These aspects concern, among others, the nature and the characteristics of  the pursued
knowledge, the goals and limitations that derive from the curriculum, and younger students’ cognitive
capabilities and challenges. In this research, we mostly address the latter.

In order to explore students’ potential cognitive progress regarding the operation of  EGS, we designed a
teaching intervention in the form of  an educational science module for the last year of  primary school,
and we conducted interviews with participating students, aged 11 to 12-years-old. Our research objectives
include  (a)  the  brief  presentation  of  the  theoretical  framework  that  determined  the  design  of  the
intervention, (b) the description of  the structure and content of  the intervention, and (c) the presentation
of  the method and results of  this empirical research regarding students’ cognitive progress level on EGS
and, more specifically, on the operation of  the TPP.

2. A Framework for Analyzing and Designing Science Teaching Interventions and Activities

The teaching intervention we designed is based on a transposition procedure of  scientific knowledge
(reference  knowledge)  into  knowledge  to  be  taught  (school  knowledge).  In  the  French  educational
research tradition, this process is characterized as a “didactic transposition” (Arsac, Chevallard, Martinand
& Tiberghien, 1994). Thus, through this didactic transposition, content analysis of  a series of  Greek and
international  science  curricula  on  the  energy  concept  led  to  the  formation  of  a  science  curricula
classification.  According  to  this  classification,  these  curricula  can  be  categorized  into  three  broad
conceptual frameworks for the relevant type of  transposition of  knowledge into its school version: the
“traditional” framework, the “innovative” framework, and the “constructivist” frameworks of  the science
curriculum (Koliopoulos & Constantinou, 2012; Delegkos & Koliopoulos, 2020).

The “innovative” framework mainly concerns the curriculum’s conceptual content and an epistemological
analysis of  required school knowledge. Within this context, energy constitutes a broad thematic/conceptual
unit, or an organizing principle of  the entire curriculum, and it is introduced as a primary concept, wherein the
unifying  and  trans-phenomenological  character  is  emphasized  through  the  notions  of  storage,  transfer,
transformation and conservation. In the particular case of  EGS, we suggest that the reference knowledge
derives from the field of  Engineering Thermodynamics. More precisely, dealing with EGS requires combining
the following four conceptual dimensions of  this reference knowledge (Sissamperi & Koliopoulos, 2015):

1. The  phenomenological  dimension,  which  contains  the  definition  of  the  phenomenological
characteristics of  the studied technological systems (TPP, HPS, WT, etc.). Within this dimension,
school knowledge mainly involves the identification and description of  the external features of
EGS, either by using photos or visiting the real EGS.

2. The technological dimension, which distinguishes the different parts of  the technological systems
and also  clarifies  the  structure  and  the  operation  of  system components.  The size  of  these
systems  and  their  complexity  are  their  inherent  characteristics.  In  order  to  highlight  these
characteristics, and to deal with the difficulties arising from the limitations of  children’s thinking,
three-dimensional EGS representational models need to be constructed. These representational
models should be operational,  in that  students should be able to construct ideas not only to
understand the structure of  EGS, but their operation as well.
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3. The  scientific  dimension,  which  describes,  mainly  in  qualitative  terms,  the  thermodynamic
systems on which the storage, the transfer and the transformations of  energy occur. Within this
dimension,  the  aim  of  a  teaching  intervention  could  be  students’  construction  of  the
semi-quantitative conceptual model of  energy chains, as this model is an appropriate form for
teaching energy at different educational levels. The conceptual model of  the energy chains is (a) a
valid  epistemological  transformation of  scientific  knowledge,  since it  is  directly  linked to the
nature and the characteristics of  the first and second laws of  thermodynamics (Lemeignan &
Weil-Barais, 1994; Domenech et al., 2007), (b) to a certain level, compatible with the linear causal
reasoning  (Tiberghien,  2004),  activated  by  students  from  a  very  early  age  and  (c)  applied
successfully in various teaching programs at various levels of  education (Chen et al., 2014).

4. The  environmental  dimension  which  directly  connects  to  the  scientific  dimension  (Vince  &
Tiberghien, 2012; Besson & de Ambrosis, 2014; Johnson & Cincera, 2019) and, at the same time,
describes  the  environmental  impact  of  operating  different  natural  and  technological  systems.
Proposed school knowledge within this dimension includes: (i) knowledge concerning children’s
familiarity with the environmental problems mentioned above which are mainly related to TPP
operation,  and (ii)  knowledge highlighting the issue of  sustainability  of  natural resources and
related to the environmental impact of  EGS, which operate with renewable energy.

The “constructivist” framework of  the science curriculum –which can co-exist alongside the “innovative”
framework– is mainly characterized by the inherent integration of  students’ mental representations during
instruction (Fensham, Gunstone & White, 1994; Tiberghien, 1997; Leach & Scott, 2003). To begin with,
research highlights that even very young students are capable of  constructing systemic thinking skills
(Jacobson  &  Wilensky,  2006),  which  are  the  kind  of  skills  that  align  with  the  systemic  nature  of
technological  and  scientific  knowledge  required  for  describing  and  explaining  EGS  (Frank,  2000).
Additionally,  it  appears  that  the  systemic  thinking  as  cognitive  ability  can  be  cultivated  through  the
systemic approach of  complex technological systems (Ben-Svi Assaraf  & Orion, 2010; Hmelo-Silver &
Azevedo, 2006). In this context, the teaching suggestions of  Van Huis and Van der Berg (1993) and Jewett
(2008) are of  particular  interest,  since they refer to the teaching of  the energy concept in secondary
school. In addition, relevant research indicates that if  preschool and elementary school students activate
linear causal reasoning, they can achieve the construction of  a qualitative model for the description and
the scientific explanation of  simple and small-scale energy systems (e.g., “lighting a bulb with a battery”)
(Koliopoulos, 2013). More specifically, there is evidence suggesting that students at all educational levels
can describe many simple natural and/or simple technological systems either as a chain of  objects in
terms of  their function (e.g. “the bulb lighting is due to the battery”), or as a chain of  objects in terms of
their distribution, such as a transfer of  an action (e.g. “the battery is supplying energy to the lamp, and it
lights up”) (Lemeignan & Weil-Barais, 1994; Tiberghien & Megalakaki, 1995; Delegkos & Koliopoulos,
2020).  Such  pre-energy  mental  representations  are  spontaneously  activated,  even  before  a  teaching
intervention, and can be used as pre-existing conceptions for the construction of  school knowledge for
the  energy  concept.  Thus,  we  hypothesize  that  children  aged  11  to  12  years-old  can  use  the
aforementioned school knowledge characteristics to describe and explain not only the operation of  small
technological  systems  used  in  school  laboratories,  but  also  the  EGS  or  at  least  their  respective
representational models as well.

Introducing  a  series  of  proper,  interrelated  “problem-situations”  can  prompt  students’  mental
representations to emerge, so that they can subsequently be processed during instruction (Boilevin, 2005).
The  aim  in  engaging  students  through  these  activities  is  to  gradually  transition  students’  mental
representations toward more sophisticated representations that, in turn, more accurately reflect suggested
school  knowledge.  More precisely,  this  series  of  interrelated problem-situations  are  designed through
“hypotheses based on the elements of  students’ prior knowledge, from which they can construct new
knowledge, and not only on the prior knowledge which has to be modified” (Tiberghien, 1997: page 359).
The key characteristic of  the problem-situations included in this suggested teaching intervention is that
they engage students in discussions about interactions between various dimensions of  school knowledge.
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Establishing relationships between the world of  objects and events (phenomenological dimension) and its
various types of  modelling (technological, scientific, environmental dimensions) seems to lead students
toward building new knowledge through categorizations, causal explanations and other mental tools they
employ (Tiberghien, Vince & Gaidioz, 2009; Ruthven, Laborde, Leach, & Tiberghien, 2009). In the case
of  this study, the problem-situations were designed with the assumption that 11-12 year old students, by
using basic  systemic thinking and activating their  linear  causal  reasoning,  are capable of  constructing
precursory, and mainly qualitative, explanatory models for the structure and operation of  particular EGS,
within every dimension of  the required knowledge.

3. The Teaching Intervention: Cognitive Objectives, Structure and Content

The cognitive objectives of  the particular teaching intervention built for this study were set up in such a
way that prompted students to work through each of  the four dimensions of  knowledge construction for
EGS. Thus, for the (a) phenomenological dimension, the objective was for students to recognize and
name different types of  EGS; for the (b) technological dimension, the objective was for students to be
able to distinguish between the different parts of  each EGS and describe the operation of  each of  these
parts, for the (c) scientific dimension, the objective was for students to be able to describe the connection
and interaction between particular key components of  an EGS, using the semi-quantitative energy model
of  energy chains, and for the (d) environmental dimension, the objective was for students to be able to
identify  the  environmental  impact  of  operating  an  EGS.  The  conceptual  content  of  the  teaching
intervention was structured into four thematic units: (A) What is an EGS? - The TPP, (B) Renewable
energy sources, (C) Measurement of  energy in EGS and (D) EGS and daily life. Each unit consists of  2 or
3 subunits, which each utilized a main problem-situation to introduce proposed school knowledge. The
structure and content (11 subunits) of  the teaching intervention appear in Table 1.

Unit Subunit School knowledge 
(Dimensions of  knowledge)

Main problem situation

Α

1 Phenomenological What's behind the plug?

2 Technological How does a TPP works?

3 Scientific Why the lamps light up?

Β

4 Environmental 
Technological 
Scientific 

How can we reduce or avoid air pollution generated by 
the TPP?

5 Technological How does a HPS work?

6 Scientific How is a WT made, and how does it is work?

C 

7 Technological 
Scientific 

What will happen to a plant if  we need to use more 
electrical devices? What will happen to a HPS if  we 
need to use high power lamps?

8 Technological 
Scientific 

How do we measure the amount of  energy transferred 
from a HPS?

9 Technological 
Scientific 

How do we pay the Power Supply Company? How 
much energy is transferred to the lamps of  the 
classroom? Can we measure it, and if  so, how?

D 

10 Environmental 
Technological 
Scientific 

Why do we change the incandescent lamps?

11 Phenomenological Let’s visit a real HPS!

Table 1. The structure and content of  the teaching intervention

In order to overcome students’ difficulties in understanding the complexity of  these systems, a number of
different representational models of  EGS were used in this intervention. Tala (2008) emphasizes that “it is
through the material models that the concepts of  theories get empirical meanings” (page 279). Some of
these  models  help students  construct  and handle  conceptual  models  of  abstract  and non-observable
physical entities (Harrison & Treagust, 2000; Tobin, Lacy, Crissman & Haddad, 2018). Students consulted
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the  following  representations,  in  increasing  order  of  EGS idealization:  (a)  Illustrations  of  real  EGS
(Figure 1), (b) Two-dimensional models of  EGS (Figure 2), and (c) Three-dimensional operational models
of  EGS. Figure 3 illustrates a prototypical model of  a TPP with visible basic subsystems, such as burner,
boiler, turbine, generator, and (b) abstract representations (EGS energy chain - Figure 4).

Figure 1. Photo of  a real TPP (Kozani, Greece)

Figure 2. A 2-D representation of  a TPP

Figure 3. A prototypical 3-D representation of  a TPP

-133-



Journal of  Technology and Science Education – https://doi.org/10.3926/jotse.1137

Figure 4. Schematic representation of  the energy chain corresponding to the energy description of  a TPP model

Students filled out also a worksheet for each subsection, which were designed in a manner that simulated
the worksheets of  their existing textbooks. The aim was for students to perceive this  worksheet as a
familiar feature of  their lessons, controlling for the ways in which the final result might be affected by
factors external to the suggested knowledge. Additionally, the worksheets were designed to be interesting,
pleasant, comprehensible, and brief  enough in order to be completed by as many students as possible.
The language used in  the  titles,  as  well  as  in  the  rest  of  the  document,  was  of  moderate  formality
(Dimopoulos, Koulaidis & Sklaveniti, 2005), in order to achieve sufficient readability. These worksheets
included (a) questions students had to answer about the observed natural and technological phenomena,
(b)  activities  to  construct  symbolic  representations  of  the  energy  chain  model  for  the  various  EGS,
(c) problems that helped students approach school knowledge more thoroughly, and (d) brief  passages to
read, containing information about technological topics, or issues of  everyday life.

A typical example of  a unit included in the teaching intervention is that of  subunit 4, “How can we reduce
or avoid air pollution generated by the TPP?”. Within this unit we attempted to activate three dimensions
of  required school knowledge (technological, scientific, and environmental), using the environmental issue
of  air pollution as a triggering event. More specifically, students discussed and identified the root of  the
problem (carbon dioxide emissions), while prompted to measure the carbon dioxide levels before, during,
and after the operation of  the TPP representational model (Figure 3), in three different positions: in close
proximity to the TPP model, at a distance of  one meter, and at a distance of  five meters. Based on these
measurements, they came to some initial conclusions and, afterward, studied the supplementary document
labeled “Scientific reposting.” In the second activity, we posed the crucial question “How are pollutants
created?”  Consequently,  students  were  expected  to  seek  the  answer  in  the  system’s  technological
description, correlating pollutants to conventional fuel combustion. In the third activity, we attempted to
focus  the  discussion  on  the  kind  of  technological  system  that  could  replace  the  burner,  or  other
components, in order to tackle this environmental issue. The fourth and fifth activities aimed for student
discussion on the energy-related aspect of  the pollution issue, in order to realize its quantitative nature and
identify how it  is  connected to our energy needs.  Therefore,  our assumption was that  each of  these
problem-situations would lead students toward the construction of  the prerequisite  multi-dimensional
knowledge to sufficiently deal with these particular problems.

4. Methodological Framework
The main research question was posed as follows: Is it possible for 11 to 12-year-old students to make
progress in their cognition of  large scale and complex EGS, in order to be able to describe and explain the
operation of  these systems? In the present study, the research question is in reference to the TPP alone.
The following questions iterate the main research question:

After  their  participation  in  our  teaching  intervention,  were  these  students  able  to  think  through  a
multi-dimensional framework to:

1. Recognize and name different types of  EGS (phenomenological dimension)?

2. Distinguish  between  the  different  parts  used  to  construct  each  EGS  and  also  describe  the
operation of  these parts (technological dimension)?
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3. Describe  the  connection  and  interaction  between  the  components  of  each  EGS  using  a
qualitative/semi-quantitative energy model (scientific dimension)?

4. Identify the environmental impact of  each EGS operation (environmental dimension)?

The strategy of  this research is pre-experimental (Cohen, Manion & Morrison, 2007), the essential feature
of  which  is  to  intentionally  control  and  manipulate  any  conditions  that  define  the  instances  the
researchers are interested in. Our work belongs to so-called feasibility (Astolfi, 1993) or developmental
studies (Lijnse,  1995) which mainly focus on examining the potential  for students’  cognitive progress
within  an  in  vitro,  or  research,  environment,  rather  than their  cognitive  progress  in  real,  or  in  vivo,
teaching conditions.

The sample consisted of  21 students (13 girls and 8 boys) of  a public primary school in a suburban
district. All students were between 11 and 12 years old, which is typical for the last year of  primary school.
The teaching intervention was applied by one of  the two researchers in order to minimize the “instructor”
effect. All students were informed of  the reason and the purpose of  the research process in advance of
the intervention.

In order to evaluate students’ cognitive progress, individual pre- and post- guided interviews were used,
which were recorded and transcribed. Each interview lasted approximately 30 minutes. The interviews
included  eight  questions  that  related  to  the  TPP,  and  implicated  the  four  dimensions  of  knowledge
(phenomenological,  technological,  scientific  and environmental).  The post-interview developed in  two
parts. The first part included the exact questions presented in Table 2. The second part included questions
that referred to other types of  EGS (the HPS, which was a teaching objective, and the PF, which was not a
teaching objective). The analysis of  the data collected during the second part of  the interview did not
concern the current study. Additionally,  this study did not aim to investigate students’ representations
connected  to  teaching  intervention  unit  C  (subunits  7,  8,  and  9).  Unit  C  addresses  the  quantitative
approach of  a HP through the use of  the energy chain model.

No Dimensions of  knowledge Question

1 Phenomenological What do you see in the picture? Do you know what it is? What is it 
called? (TPP Photo)

2 Phenomenological What do you see here? Do you know what is it? What is it called? (3-D 
representation of  TPP - Fig 3) 

3 Technological What is this? (Identify each of  the “burner”, “boiler”, “turbine”, and 
“generator” of  the TPP 3D representation - Fig 3) 

4  Technological What is the function of  this? (Identify each of  the “burner”, “boiler”, 
“turbine”, and “generator” of  the TPP 3D representation - Fig 3)

5 Scientific Why do the lamps turn on? (TPP 3D representation - Fig 3)

6 Scientific

Place the cards in the correct order of  use. Explain why you organised 
them this way (Cards with the words “burner”, “boiler”, “turbine”, 
“generator”, and “lamps” written on them and arrow-shaped cards 
were given)

7 Scientific / Environmental 

It appears that the TPP creates air pollution, however the electric 
devices are important in our lives. What solution or solutions would 
you suggest so the TPP works without creating pollution? (TPP 3D 
representation - Fig 3)

8 Scientific / Environmental When we leave the classroom for a break, we turn off  the lights. Why 
do we do this?

Table 2. The content of  the interview questions

5. Research Results

To analyze the data collected from the interviews, we used the following classification to code students’
answers: (a) sufficient answers were fully compatible with the suggested school knowledge content (b)
intermediate answers were compatible with the suggested school knowledge content, but were incomplete
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in  formulation  or  included  elements  beyond  this  content  (c)  insufficient  answers  were  completely
incompatible with the suggested school knowledge content, and (d) no answer was provided. The results
presented here are derived from the quantitative results’ analysis (tables of  absolute frequencies of  the
categories  that  have been formed from the students’  answers and justifications),  as  well  as  from the
qualitative analysis (instances of  justifications provided by the students).

5.1. Phenomenological Dimension of  Knowledge

The  first  two  questions  of  the  interview  investigated  students’  mental  representations  about  the
phenomenological  characteristics  of  a  TPP.  The  main  difference  between  these  questions  was  the
phenomenological representation of  a  TPP,  which students  had to  observe  and report  on.  Question 1
explored whether students could recognize and name a photo of  a real TPP as such, while question 2 explored
whether students could recognize and name a TPP when they are presented with a 3D model of  one.

Based on the responses before the teaching intervention in the pre-test interviews, it can be concluded that
most students could not effectively recognize and name either a real TPP or 3D model of  a TPP. After the
teaching intervention, however, we noticed students’ transition towards efficient answers, as expected (Table 3).
Changes in the opposite direction, that is, toward less efficient answers, were not observed. This finding is
statistically significant (Test Wilcoxon, question 1: Z = -3.542, p < 0.001, question 2: Z = -3.035, p < 0.01).

Question 1
Pre-test

Question 2 
Pre-test

Question 1
Post-test

Question 2
Post-test

Sufficient - - 12 15

Intermediate 2 2 5 2

Insufficient 16 12 4 4

No answer 3 7 - -

Total 21 21 21 21

Table 3. The sufficiency of  mental representations in responses to questions 1 & 2 

5.2. Technological Dimension of  Knowledge

Questions 3 and 4 investigated students’ mental representations about the technological dimension of
knowledge. Students’ responses before the teaching intervention in the pre-test interviews indicated that
they were not only unaware of  the parts that construct the TPP, but also unaware of  their operation
(Table  4).  Specifically,  during the  pre-test,  students provided exclusively insufficient  answers  or didn’t
answer these questions. The common characteristics between these answers were that students (a) were
unaware of  the components of  the TPP representational model, (b) did not perceive the representational
model of  TPP as a whole system, and (c) as a consequence of  (b), could not identify functionality of
these components.

Question 3
Pre-test

Question 4
Pre-test

Question 3
Post-test

Question 4
Post-test

Sufficient - - 9 14

Intermediate - - 11 2

Insufficient 12 19 1 4

No answer 9 2 - 1

Total 21 21 21 21

Table 4. The sufficiency of  mental representations in responses to questions 3 & 4

However, after the teaching intervention, the majority of  students provided either sufficient (9/21) or
intermediate  (11/21) answers  to question 3 in  the  post-test  interviews.  Changes  toward the opposite
direction, that is, toward less efficient answers, were not observed. This finding is statistically significant
(test Wilcoxon Z = -3.017, p < 0.01). From these answers, it appears that students either learned all, or
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most, of  the parts of  the representational model of  TPP. Additionally, the majority of  students provided
either sufficient (14/21) or intermediate (2/21) answers to question 4 (16/21 in total) in the post-test
interviews. This finding is also statistically significant (test Wilcoxon Z = -3.557, p < 0.001). After the
teaching intervention, we also noticed that students were able to distinguish between the representational
model parts of  the TPP, while also describing their functions. Further, students were able to describe the
operation of  the parts of  the representational model of  TPP, even if, in some cases they didn’t remember
their respective names.

Student’s M4 response to question 3 in the post-test interview is a typical example of  these observations: 

“Number one is the burner and there is fire inside the burner…; the heat is transferred to number two, and therefore the
water evaporates due to the warmth; number two is the boiler and thus the steam is transferred through the pipe and goes
to number three…; number three is the turbine and, due to the steam, the turbine begins to turn while the movement goes
to number four, which is the boiler… hm… no, that’s wrong, it is the generator…; the generator converts the motion to
electricity, and electricity, through the wires, is transferred to the lamp and the lamp turns on.” 

This student gave the same answer to question 4 in the post-test interview: “The same applies here as in question
3.” From this,, we can claim that the scientific dimension of  knowledge (school knowledge for energy) did
not work completely autonomously, but rather also attributed meaning to the technological dimension of
knowledge (recognition of  technological components that belong to a technological system).

5.3. Scientific Dimension of  Knowledge

Questions  5  and  6  investigated  students’  mental  representations  about  the  scientific  dimension  of
knowledge.

Question 5
Pre-test 

Question 6
Pre-test

Question 5
Post-test 

Question 6
Post-test

Sufficient - - - 10

Intermediate - - 7 7

Insufficient 21 21 14 4

Total 21 21 21 21

Table 5. The sufficiency of  mental representations in responses to questions 5 & 6

As shown in Table 5, all of  the students gave insufficient answers to both questions 5 and 6 in the pre-test
interview, and the majority gave ineffective answers to these questions (5 in particular), in the post-test
interview. The results included answers that (i) either had no reference to the concept of  energy and were
to a great extent, phenomenological or tautological answers, or (ii) embedded energy-related concepts as
an expression of  pre-energy mental representation.

A typical example of  an insufficient response within category (i) was student M17’s answers. Responding
to question 5 in the pre-test interview, this student said: “I see how you have connected the machines with
some wires. The wires produce current, which moves from the vehicles to the wires, and the wires transfer
it to the lamps.” Moreover, in question 6 in the pre-test interview, the same student insufficiently justified
the way they ordered the  cards  to represent  the  TPP (surroundings,  arrow,  burner,  generator,  arrow,
turbine, arrow, boiler, arrow, lamp): 

“I started with the surroundings because the current is produced by the surroundings, then I moved on to the coal… I
saw the order you had placed them and then I added the surroundings at the beginning, and I placed the lamp because the
current goes to the lamp.”

As for an insufficient response within category (ii),  a typical example is that of  student M3’s answer.
Responding to question 5, this student said: “When it moves and produces energy, the machines connect,
and the energy reaches the wires. The wires at some point connect on the maquette, and the energy goes
to the lamp and turns it on.” Additionally, in question 6 the same student insufficiently justified way they
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ordered the cards to represent the TPP (generator,  arrow, turbine, arrow, boiler,  arrow, burner, lamp,
arrow, surroundings): 

“I believe that the generator is machine 1; then the energy goes to the turbine which is machine 2; then the energy leaves
toward machine 3 that is the boiler; the boiler sends the energy to the burner; then, the energy goes to the lamp and goes to
the surrounding.”

The examples above show that students, in both categories, did use elements of  systemic thinking, as well
as linear causal reasoning. However, these responses were classified as insufficient because they (a) used
imprecise or incorrect conceptions of  the components included in the technological system and/or (b)
expressed pre-energy conceptions that mainly reflected only a vague nature of  the intermediate action that
connects the source to the receiver.

After the teaching intervention, however, several of  the students’ responses made the transition toward
intermediate and sufficient explanations. In responses to question 5, the majority of  students continued to
provide insufficient answers, while some did provide intermediate responses (7/21). Nevertheless, this
finding is also statistically significant (test Wilcoxon Z = -2.226, p <0.05). Student M6 provided a typical
example of  an intermediate response to this question: 

“Because at the turbine there is kinetic energy, and because this kinetic energy is transferred to the generator, and from
that point, it converts to electric current. That electric current is transferred through the wires, and this is how the lamps
turn on.”

These results would have been discouraging without the more efficient responses to question 6 which
sketched  a  considerably  different  picture.  As  shown  in  Table  5,  the  majority  of  students  properly
constructed the graphic representation of  the energy chain, giving a sufficient (10/21) or an intermediate
response (7/21), for a total of  (17/21) efficient responses.  This finding is statistically significant (test
Wilcoxon Z = -2.226,  p <0.05). According to the following example, the same student (M6) made a
transition toward a sufficient response. They now correctly justified the correct order in which they have
placed their cards of  technological components and arrows/forms of  transferred energy (burner, heat,
boiler, movement, turbine, movement, generator, electricity, lamp, light/heat, surroundings): 

“First I put the burner, which is an energy storage. All chains start with an energy storage. Afterward, when the
combustive material  burns,  the heat is  transferred: it  goes to the boiler,  the boiler converts  the heat into movement;
afterward it goes to the turbine and it produces more movement; afterward, the movement is driven toward the generator,
which converts the movement into electricity; the electricity goes to the lamp and converts it into light/heat that goes to the
surroundings.”

Based on the examples mentioned above, we assumed that the majority of  students gained the capability
to construct a qualitative chain energy model to explain the function of  the TPP representational model.
Students’  poor  verbal  and/or  written  ability  to  express  their  mental  representations,  which  can  be
expected at  this  age,  could explain the considerable  difference in  student  performance between their
answers to questions 5 and 6. On the contrary, the use of  a “language” based on energy representations,
such as the energy chains, probably offered a more semiotically stable context,  within which students
could express their newly constructed knowledge.

5.4. Environmental Dimension of  Knowledge

Questions 7 and 8 investigated students’ mental representations within the environmental dimension of
knowledge.

As shown in Table 6,  before their  participation in the teaching intervention,  most  students  provided
mainly  insufficient  answers  to  both  questions  7  and  8,  as  they  failed  to  connect  the  environmental
problem and its solution(s) to the TPP’s structure and operation. Typical examples of  insufficient answers
to question 7 in the pre-test interviews included the following: “I would suggest installing a filter in the
plant, so they wouldn’t pollute the environment that much,” from student M6; and “The small tube that
emits smoke to the environment should not exist,” from student M14. Meanwhile, respective examples for
answers to question 8 in the pre-test interviews included: “To save money… we won’t give the electric
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company that much money,” from student M1; and “We obviously do not need it  since we are in a
different place,” from student M8.

Question 7
Pretest

Question 8
Pretest

Question 7
Posttest

Question 8
Posttest

Sufficient 1 - 13 5

Intermediate 3 1 7 14

Insufficient 14 20 0 1

No answer 3 - 1 1

Total 21 21 21 21

Table 6. The sufficiency of  mental representations in responses to questions 7 & 8

After the teaching intervention, the majority of  students did make a transition toward sufficient answers
to  both  questions  7  and  8  in  the  post-test  interview.  This  finding  is  statistically  significant  for  both
question 7 (test Wilcoxon Z = -3.624, p <0.05) and question 8 (test Wilcoxon Z = -4.065, p< 0.05). Most
students shifted effectively toward providing intermediate responses to question 8. It appears that students
did not associate environmentally friendly behaviors (i.e., turning off  the lights) with the structural and
operational features of  a TPP. Yet, in response to question 7 they were in a position to suggest,  as a
solution  to  the  environmental  problem,  a  change in  the  type of  electricity  production  by  proposing
renewable energy sources to replace the TPP, and specifically referred to hydroelectric power stations,
wind farms and photovoltaic farms.

Two typical  sufficient  answers  to the  post-interview questions  included the following.  To question 7,
student M8 replied:

“We would use the hydroelectric power station [more] because it uses a renewable material that can be used many times,
and it does not produce as many pollutants as the thermoelectric. But we can also use the wind farms, the wind turbines
that produce energy from the air” 

while to question 8, student M1 replied: 

“When the lamps are turned on, they spend some Watts that we pay for. We pay the energy we use, therefore, we turn
them off  so we do not waste the energy when we do not need them…; also, not to pollute the environment, not to burden
the environment, because for the plants to produce energy they pollute the environment with the fumes that come out, if  it
is produced by a thermoelectric plant.”

6. Discussion and Conclusions
In this research, we attempted to illustrate that designing a teaching intervention for 11 and 12-year-old
students aiming for their understanding of  complex technological systems, such as the EGS is, in fact, an
attainable goal. More specifically, we focused on presenting how our proposed teaching intervention (a) is
based  on  an  epistemologically  valid  didactic  transposition  of  the  required  knowledge  and  (b)  leads
participating students toward a respective cognitive progress in reference to this knowledge. 

Concerning  the  didactic  transposition  of  the  reference  knowledge,  we  suggest  that  the  required
knowledge for the description and explanation of  the various EGSs operation is multidimensional, since it
consists  of  at  least  four  dimensions (phenomenological,  technological,  scientific,  environmental).  The
basic elements of  our approach are the following:

1. The teaching intervention that we suggest in this paper is fully compatible with the international
trends in STEM and/or technoscience curricula design. According to Tala (2008), technoscience
education is a unified science and technology educational approach, which links abstract scientific
concepts to each other, and to the physical world; it facilitates the understanding and application
of  natural laws, and essentially, the construction of  scientific knowledge. Teaching energy –with
an emphasis on the technological characteristics of  the energy system– seems to be an emerging
approach in elementary education (Wendell, 2014).
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2. This  teaching  intervention  is  based  on  a  systemic  approach  on  science  and
technological/engineering knowledge. The phenomenological field of  EGSs, which consist of
large-scale complex technological systems, as well as the concept of  energy per se, do, indeed, call
for  this  systemic  approach on the  field.  This  is  particularly  important  for  introducing  young
students to the operation of  such systems. Domenech et al. (2007), in their emblematic article
“Teaching of  energy issues: A debate proposal for a global reorientation” give prominence to the
systemic nature of  the energy concept. Meanwhile Lacy et al. (2014) report the term “Energy
Lens” to describe an analytical tool for teaching energy in grades 3-5, and they, too, point out that
the in-depth understanding of  energy often requires thinking in terms of  systems.

3. The energy chain model plays a key role in our teaching sequence, since it facilitates coherence
between the phenomenological level and the “theory” level (Tiberghien, 1994; Tiberghien, 1996;
Meli & Koliopoulos, 2019) of  knowledge, which, in our case, combines technological, scientific
and environmental knowledge dimensions. Both contemporary and older scholarship puts the
energy chains or other thermodynamic models with a respective graphical representational power
forward  as  proper  explanatory  energy  models,  especially  for  younger  students  (Tiberghien  &
Megalakaki,  1995;  Papadouris  & Constantinou,  2016;  Scherr,  Harrer,  Close,  Daane,  DeWater,
Robertson  et al.,  2016; Boyer & Givry, 2018; Kubsch, Nordine, Fortus, Krajcik & Neumann,
2019; Delegkos & Koliopoulos, 2020). These models are compatible with linear causal reasoning,
common for all learners, regardless of  their age (Tiberghien, 2004).

4. The design of  all teaching activities is in line with the inquiry-based teaching approach (Minner,
Levy  & Century,  2010;  Harlen,  2013).  In  our  teaching  sequence,  this  approach  is  expressed
through students’ interaction with “problem-situations” that intend to make students connect the
phenomenological  knowledge dimension (actual  EGS,  static  or  functional  EGS models)  with
three  other  knowledge  dimensions:  technological  (EGS  basic  components  and  operation),
scientific (qualitative energy model), and environmental (connecting the EGS to environmental
pollution). Through these activities, students are called to interact with natural, technological or
conceptual models (Tala, 2008; Eilam & Gilbert, 2014). Research on model–based learning has
proven  to  be  an  effective  approach  for  teaching  energy,  mainly  when  the  key  issue  is
understanding of  energy in terms of  systems (Tobin et al., 2018). 

In any case, the epistemological content of  the school knowledge mentioned above must be compatible
with students’ explanatory schemes, which are developed when students confront natural or technological
systems.  Therefore,  regarding  the  sampled students’  cognitive  progress,  based on the  analysis  of  the
results  collected from the pre- and post-tests,  we can claim that our empirical  research illustrated the
following:

1. The data presented in Table 3 confirm Qualter’s (1995) respective results, in that children, who
were between the ages of  11 and 12years old didn’t know the term “power station” and didn’t
recognize  the phenomenological  characteristics of  a  TPP.  Following their  participation in the
teaching  intervention,  the  majority  of  students  seemed  to  recognize  the  TPP  (or  the  TPP
representational  model)  as  a  complex  operational  technological  system that  relates  to energy
transfer. This progress is attributed to students’ constant interaction with the various static or
dynamic EGS models (subunits 1-10) as well as their experience visiting the hydroelectric power
station,  where  they  were  able  to  easily  recognize  the  station’s  different  areas  and  basic
technological equipment. Also, this conclusion derives except from the data included in Table 3,
as well as from complementary results that were collected during the teaching intervention but are
not objectives of  this work. 

2. The data shown in Table 4 suggest that after the teaching intervention, the majority of  students
perceived a static TPP model as a whole system, within which the parts interact. These results
confirm the evidence presented in other research works suggesting that students of  this age are in
a position to approach complex technological systems using their advanced systemic capabilities
(Evagorou, Korfiati, Nicolaou & Constantinou, 2009; Lippard, Lamm, Tank & Choi, 2019). This
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finding  also  confirms  Malandrakis’s  (2007)  research  results.  Additionally,  as  shown  in  the
qualitative data collected, our most interesting research finding was students’ need to recognize
and describe the various components of  the TPP representational  model by using an energy
language. In other words, the qualitative model of  energy chains not only worked as a proper,
autonomous explanatory model for the operation of  EGS, but also attributed meaning in the
identification of  the technological  components  as a whole operational  system. The particular
design of  our teaching intervention worked toward this direction: the various subunits introduced
the respective technological elements of  the EGS that were followed by their energy explanation
(e.g. subunits 2/3 and subunits 5/6).

3. Regarding the scientific dimension of  school knowledge, Table 5 revealed that several students
successfully  made  the  transition  from  insufficient  to  intermediate  and  sufficient  answers,
according to the nature of  each question. Some of  the students who improved toward sufficient
energy  chain  representations  may have already constructed pre-energy  mental  representations
prior to the teaching intervention (Lemeignan & Weil-Barais, 1994; Koliopoulos & Ravanis, 2001).
Our study showed that such representations, which ordinarily appear when students are called to
explain the operation of  simple technological devices, can be reproduced, or can develop, even in
cases of  complex technological systems, like the EGS models. These original research findings
indicate  that  it  is,  indeed,  possible  for  students  to  overcome  the  difficulties  mentioned  in
Solomon’s (1985) work, in which it was posited that students of  this age were unable to grasp the
concept of  energy in complex systems as EGS. Other research also confirms that students can, in
fact,  approach a  qualitative  form of  energy-related  scientific  knowledge  in  the  context  of  a
complex  technological  system.  Dalapa,  Vayena,  Sissamperi  and  Koliopoulos  (2019)  have
confirmed that students of  this age can apply the energy chain model to qualitatively explain the
operation of  a hydroelectric power station 3-D model after a shorter teaching intervention during
an out-of-school project. It has also been shown that 12 and 13-year-old students are capable of
presenting cognitive progress through the construction of  a semi-quantitative energy explanation
of  an operating car, which involves a complex technological system (Stavropoulos & Koliopoulos,
2019; Stavropoulos, Lavidas & Koliopoulos, 2019).

4. According to Table 6, the majority of  students were unable to correlate air pollution with the
operation of  EGS prior to the teaching intervention. These findings are consistent with other
studies demonstrating that students have alternative conceptions not only about issues related to
the social  use of  energy (Solomon, 1985;  Skamp, Boyes, Stanisstreet,  Rodriguez,  Malandrakis,
Forther et al. 2019), but also about the advantages and disadvantages of  using different sources
of  electricity generation (Bodzin, 2012). After the teaching intervention, the results did indicate a
transition of  students’ conceptions from insufficient toward intermediate and sufficient answers;
however,  the percentage of  students  that  managed to connect  environmental  perspectives  or
actions to the operation of  EGS was still small. This result may derive from the limited emphasis
placed on the environmental dimension of  knowledge (in only subunits 4 and 10). We can assume
that students who improved toward sufficient answers had efficiently constructed elements of
both the technological and scientific dimensions of  knowledge. This hypothesis refers to how
coherence level of  the constructed school knowledge affects students’ performance and should
be confirmed through the use of  more sophisticated statistical methods that were not applicable
in this study, given the rather small sample of  students. Yet, every research endeavor intrinsically
carries  elements  that  can  introduce  doubt.  A  problem  presented  by  default  in  feasibility  or
developmental research (Lijnse, 1995) is the common use of  convenient samples which are used
to confirm or reject  cognitive hypotheses  are usually  not sufficient for generalizable research
outcomes  to  the  respective  population.  In  such  cases,  we  mostly  see  case  studies  that  are
particularly suited to illustrate (a) the attempted didactic transposition of  the reference knowledge
to school knowledge and (b) the potential for the construction of  this knowledge, rather than its
widespread diffusion.
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Therefore, a complementary direction in which to take the current research would be its extension to a
broader base of  actual classes from various socio-economic backgrounds. At the same time, pertinent
research  could  explore  the  potential  to  penetrate  students’  thinking  patterns  during  the  teaching
intervention, asking questions like: “How do students think while these activities take place?” and “Which
teacher-students  and/or  student-student  interactions  formulate  students’  thinking?”  Such  research
questions can be addressed merely by qualitative methodological approaches, like class observation, and
could greatly contribute to a more profound interpretation of  the results presented in this research.
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